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ABSTRACT 

Targeted drug delivery is of great importance in cancer treatment and has become the 

interest of many scientists worldwide. Targeted drug delivery renders local treatment of 

cancerous cells possible without affecting healthy cells. Hydrogels are promising materials to be 

used in targeted drug delivery systems due to their biocompatible nature and injectable behavior 

whereby they can be used to load drugs. However, considering that not all the drugs are water 

soluble, entrapment of some drugs in hydrogels is not practical in terms of poor drug solubility 

and burst drug release. An oil phase can be considered as a drug-carrying agent, and entrapment 

of this oil phase into the hydrogel would make it possible for the in-situ injection of a dissolved 

drug into the oil phase. Moreover, incorporation of hydrogels with magnetic nanoparticles can 

create a double effect, making hyperthermia treatment possible and also controlling the flow of 

magnetic nanoparticles out of the concerned region using a hydrogel matrix. 

In this study, oil-in-water (O/W)-type nanoemulsions were prepared using a combination 

of black seed oil (which is known to cause apoptosis via a p-53 dependent mechanism), water, 

and Triton X-100 and Span-80 surfactants. Three different oil percentages and three different 

surfactant percentages were tested, and the stability behavior of these nanoemulsions were 

investigated and compared. Dynamic light scattering analysis and zeta potential measurements 

were conducted for determining particles sizes and surface charges of the nanoemulsions. The 

most stable nanoemulsion with the smallest diameter and lowest polydispersity index (PDI) was 

used in the synthesis of nanoparticle-added magnetic nanoemulsion hydrogels (MNHs) for the 

hyperthermia study. Results have indicated that time, concentration, and magnetic field strength 

(MFS) can significantly affect the heating ability of the samples, which can be promising 

candidates for further hyperthermia studies.  
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CHAPTER 1 

INTRODUCTION 

Nanoemulsions are systems that are thermodynamically stable, and their size is in the 

range of 20 to 200 nm. They are used in numerous pharmaceutical products such as vaccines [1] 

and in potential drug delivery applications such as intranasal drug delivery [2], pulmonary drug 

delivery [3, 4], parenteral drug delivery [5], and transdermal drug delivery [6-8]. 

Targeted drug delivery is a trending approach in drug delivery, and hydrogels hold great 

potential in this field because of their biocompatible and biodegradable properties. Hydrogels 

have been used in drug delivery applications, and drugs have been entrapped in a hydrogel 

network [9-12]. The challenging part of this application is that the watery structure of the 

hydrogel does not always provide a good environment for drugs that are weakly soluble in water. 

At this point, the use of nanoemulsions, which consist of oil and water together, offers a great 

path for reaching the target. Drugs dissolved in the oil phase can be dispersed homogeneously in 

the water phase, so that the dissolved drug amount sent to the target area will increase. 

Moreover, release properties and treatment efficiency would also be enhanced. This renders the 

delivery of both hydrophilic and lipophilic drugs together possible.  

Nanoemulsion can be generated using various methods including high-energy 

emulsification methods such as high-pressure homogenization and ultrasonication, and low-

energy methods such as phase inversion composition, phase inversion temperature, and solvent 

displacement. Among these methods, ultrasonic emulsification is an easy, cost-effective, clean, 

and fast technique for nanoemulsion preparation [13]. Ultrasonic emulsification utilizes a probe 

that generates ultrasonic waves to break apart the macroemulsion by cavitation forces. 
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1.1 Significance of Study 

The importance of this study is that it shows how lipophilic drugs can be delivered to a 

targeted area of the body. Hydrogels as a water-based drug delivery material are not always 

appropriate for delivering drugs with low water solubility, because they cause a burst release of 

the drug, which can be toxic to healthy cells. However, by using nanoemulsions, entrapment of 

these drugs in a water phase can be made possible by means of an oil phase dispersed into a 

water phase. Here, water used in the system can be used in preparation of hydrogels with 

stimulus sensitivity. Once the stimulus-sensitive hydrogel is injected into the body, gelation 

occurs, and drugs dissolved in the oil phase can be delivered to the targeted area. 

1.2 Objectives of Study 

 One of the objectives of this study was to prepare nanoemulsions with different oil and 

surfactant percentages, and then investigate the long-term stability behavior of these oil-in-water 

(O/W) nanoemulsions. The hydrophilic-lipophilic balance (HLB) is crucial for nanoemulsion 

applications. In the current study, the effect of the HLB change on nanoemulsion characteristics 

was investigated. Results from numerous tests over the course of 30 days were used for further 

studies in drug delivery applications. Moreover, chitosan hydrogels, which are known for their 

excellent biocompatibility and biodegradability, were combined with nanoemulsions so that they 

could be fabricated and injected into targeted areas of the body. 

Another aim of this study was to increase the mechanical properties of injectable 

chitosan-based hydrogels impregnated with the above-mentioned nanoemulsions that have the 

best stability, zeta potential, and particle size properties. Chitosan hydrogels are known for their 

low mechanical properties and fast biodegradation, which causes inefficiency in drug delivery. In 
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this study, the mechanical properties of the chitosan hydrogel were increased by adding 

polyvinyl alcohol (PVA). 

This study also contributes to the understanding and treatment of localized cancer using 

O/W nanoemulsion hydrogels incorporated with magnetic nanoparticles (MNPs) along with the 

treatment effect of hyperthermia. Studies involving materials science and biology have opened 

up new investigations in the field of biotechnology. 

The overall focus of this study was on incorporation of the physical properties of 

magnetic nanoparticles, nanoemulsions and hydrogels, thus increasing the treatment efficiency of 

cancer cells with the help hyperthermia. Nanoemulsions were investigated for the best stability 

conditions. Moreover, the principles of heat generation mechanism by induction heating from 

source to the cells are considered, and temperature rise in targeted area is aimed to be controlled 

for a safe treatment. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Overview of Cancer  

 Cancer is one of the leading causes of death in the world. About 2.5 million cancer 

patients are found in the world, and one million new cases are added each year, with a chance of 

the disease rising fivefold by 2025 [14]. According to a World Health Organization (WHO) 

report, premature death involving no communicable diseases is the highest in the world. In spite 

of new discoveries of drugs and treatment combinations, as evidenced by reports of close to 

200,000 experimental studies on mice, two million scientific publications, and an annual 

spending of around 15 billion U.S. dollars worldwide, the death rate due to cancer has not 

changed in the past five to six decades [15]. Therefore, there is still a strong need for a shift in 

the approach to cancer diagnosis and therapy. 

Until today, cancer treatments have been based on conventional techniques involving 

radiological and histopathological examinations. The most common cancer treatments are 

restricted to surgery, radiation, and chemotherapy [16]. Cancer can basically be defined as the 

abnormal growth of cells caused by multiple changes in gene expression leading to a deregulated 

balance of cell proliferation and cell death [17]. These changes in genetic expressions can be 

caused by genetic or environmental factors. Once gene mutation occurs, cells keep proliferating, 

as opposed to healthy cells that go through apoptosis in the case of faulty genes. Thus, cancer 

forms as a tumor. On the other hand, not all tumors are cancerous. While some tumors do not 

metastasize (spread), which are referred to as benign (non-cancerous), others are malignant, 

which are cancerous tumors. Moreover, some cancers, like leukemia, do not form tumors. 

Instead, these cancer cells involve the blood and blood-forming organs and circulate through 
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other tissues where they grow. Figure 1 represents the difference between normal and cancer 

cells. 

 

Figure 1. Comparison of normal cell division and cancerous cell division.  

2.1.1 Surgery Treatment 

Surgery is the oldest form of treatment for many cancer types [18]. Considering the types 

of cancer that have not yet metastasized offers one of the greatest opportunities to cure many 

types of cancer, but not for late-stage cancer. The goal of treating cancer with surgery is 

complete removal of the cancer without damage to the rest of the body; however, surgery is not 

only used in the treatment of cancer but also to prevent, determine the stage of, and diagnose the 

cancer. Surgery is often required to remove a wide surgical margin or a free margin. Width of the 

free margin depends on the type of cancer and the method of removal.  

2.1.2 Radiotherapy Treatment 

Radiation therapy is a clinical treatment method for cancer that uses ionizing radiation to 

treat patients with malignant excessive growth of tissue, or neoplasias (and occasionally benign 

diseases). The purpose of radiation therapy is to deliver a precisely measured dose of irradiation 
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to a defined tumor volume with as minimal damage to the surrounding healthy tissue as possible, 

using an appropriate radiation technique, thus resulting in destruction of the tumor [19]. 

Radiation therapy involves exposing cancer cells to beams of high-energy particles, or waves 

(radiation), such as x-rays, gamma rays, neutrons, pi-mesons, or radioactive seeds. 

Radiotherapists often implant radioactive materials or radioisotopes into tumors. The particles 

transfer their energy into electrons, which ionize the matter, thus damaging the molecules and 

causing the free radicals to react with oxygen that is present in the environment. This can change 

the biological properties of the biomolecules and cause cell death or stop cell proliferation. 

Radiation is much more harmful to cancer cells than to normal cells. This is because cancer cells 

divide more rapidly than healthy cells [20]. Cells are more vulnerable to damage when they are 

dividing, making cancer cells more susceptible to radiation than normal cells. In addition, normal 

cells can recover from the effects of radiation more easily than cancer cells. Nevertheless, it is 

impossible to kill a tumor without harming the surrounding healthy cells. Radiation can also 

cause damage to normal tissue [21].  

2.1.3 Chemotherapy Treatment 

Chemotherapy is one of the major the treatment technique of localized or metastasized 

cancers, which involves the use of one or more anti-cancer drug to destroy cancer cells. 

Considering that anticancer drugs are not specific to cancer cells holds a great importance to 

deliver anticancer agents to the concerned area only and enhance the selective increase in tumor 

tissue uptake. For optimization of drug therapy, administration routes, bio distribution and 

elimination of available chemotherapeutic agents can be modified by drug delivery systems. 

Most often, chemotherapy means taking medicines, or drugs, to treat the cancer, 

especially cancer that is spread out and cannot be treated using local methods such as surgery 
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and radiation. The effectiveness of chemotherapy is often limited by its toxicity to other tissues 

in the body. Anticancer drugs destroy cancer cells by stopping them from growing or 

multiplying. They also target and damage any healthy cells that are quickly dividing, whether or 

not those cells are cancerous. Up until today, the treatments mentioned above have been used to 

treat cancer efficiently. However, these techniques have major side effects, the most common of 

which are bleeding, hair loss, high pain, and infection. Figure 2 presents a diagram of the 

progression of cancer and how it is halted using chemotherapy.  

 

Figure 2. Progression of cancer and how it is halted using chemotherapy [22]. 
 

2.1.4 Hyperthermia Treatment and Selective Cell-Killing Mechanism 

Hyperthermia is a cancer treatment that destroys a tumor by elevating the temperature of 

the cancerous tissue to approximately 42℃ –45℃ for 20 to 60 minutes [23]. Even though there 

have been studies on using hyperthermia alone as a cancer treatment technique, it is almost 

always used in combination with conventional cancer treatment techniques to increase the 

treatment efficacy [24, 25] and make the cancer cells more sensitive to treatment. Research has 

shown that elevated temperatures can damage or kill cancer cells, while normal tissues are 
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injured minimally during hyperthermia [25]. A number of mechanisms are used in the selective 

killing of cancerous cells by hyperthermia. One of these mechanisms involves the protein 

denaturation energy of cancerous cells and is similar to the energy applied during hyperthermia, 

which eventually damages the proteins and kill the cancer cells [26]. Another mechanism is due 

to the physiological differences between cancerous and normal cells. While cancer cells have a 

strong orientation in the vascular network, abnormal cells have a poor orientation [27], and at 

elevated temperatures, increasing the blood flow can transfer the generated heat easily, due to the 

well-oriented vascular network. On the other hand, because of the poor orientation of the 

vascular network in tumor cells, the blood flow is disturbed, and the heat generated by 

hyperthermia is not transferred. Because of the low heat-dissipation rate, the temperature rises 

more easily in tumor tissues than in normal tissues [28]. For a small percentage of patients, the 

hyperthermia therapeutic technique is used against tumors in conjunction with other techniques 

such as surgical operation, chemotherapy, and radiotherapy. However, in the future, this 

technique is expected to be one of the most important treatments for many kinds of cancer. 

Another mechanism involved here comes from the higher sensitivity of cells to heat during the 

mitosis phase of proliferation. In normal cells, mitosis is negligible due to controlled division; 

however, mitosis is prominent in cancerous cells that have a high cell proliferation rate, which 

increases the mitosis phase number and renders the cancer cells more vulnerable to elevated 

temperatures.  

2.2 Breast Cancer 

Among women living in Western countries, breast cancer is an important disease in terms 

of incidence and mortality. This disease occurs when cells in the breast grow out of control, 

usually forming a tumor that can often be seen on an x-ray or felt as a lump. The tumor is 
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considered to be malignant (cancerous) if the cells grow into (invade) surrounding tissues or 

spread to distant areas of the body, which is called metastasis. A model of the breast with breast 

cancer is shown in Figure 3.  

 

Figure 3. Model of the breast showing breast cancer [31]. 

Breast cancer occurs almost entirely in women, but men can also get breast cancer [29]. 

According to a statistical study by the American Cancer Society in 2016, invasive breast cancer 

was diagnosed in approximately 246,660 women and 2,600 men. About 61,000 cases of in situ 

breast cancer were diagnosed in 2016, and an estimated 40,890 breast cancer deaths (40,450 

women, 440 men) were expected in that year. According to these statistics, breast cancer is the 

most frequently diagnosed cancer and ranks second as the cause of cancer death in women [30]. 

https://www.cancer.org/cancer/breast-cancer-in-men.html
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From 2003 to 2012, breast cancer death rates decreased by 1.9% per year in white women 

and by 1.4% per year in black women. Overall, breast cancer death rates declined by 36% from 

1989 to 2012, due to improvements in early detection and treatment, translating to the avoidance 

of approximately 249,000 breast cancer deaths. 

Changes or mutations in DNA can cause normal breast cells to become cancerous. 

Certain DNA changes are passed on from parents (inherited) and can greatly increase the 

risk for breast cancer. Other lifestyle-related risk factors, such as what you eat and how much 

you exercise, can increase your chance of developing breast cancer, but it is not yet known 

exactly how some of these risk factors cause normal cells to become cancer. Hormones seem to 

play a role in many cases of breast cancer, but just how this happens is not fully understood [29]. 

Breast cancers can begin in different parts of the breast, primarily in the ducts that carry 

milk to the nipple (ductal cancers). Some begin in the glands that make breast milk (lobular 

cancers). There are also other types of breast cancer that are less common. A small number of 

cancers start in other breast tissue, which are referred to as sarcomas and lymphomas and are not 

really considered to be breast cancers. Breast cancer can spread when cancer cells enter the blood 

or lymph system and are carried to other parts of the body [29]. 

2.3 Nanoemulsions 

Emulsion technology is generally applied to the encapsulation of bioactive compounds in 

aqueous solutions through the production of nanoemulsions. The high kinetic stability of 

nanoemulsions is a real benefit for encapsulation purposes and plays a critical role in retaining 

the surface oil content of the product [32]. Nanoemulsions, being non-equilibrium systems, 

cannot be formed spontaneously, consequently needing energy input, generally from mechanical 

devices or from the chemical potential of the components. Therefore, nanoemulsion formation is 

https://www.cancer.org/cancer/soft-tissue-sarcoma.html
https://www.cancer.org/cancer/lymphoma.html
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generally achieved using high-energy emulsification methods such as high-shear stirring, high-

speed or high-pressure homogenization, ultra-sonication, and micro-fluidization. These methods 

supply the available energy in the shortest period of time and possess the most homogeneous 

flow to produce the smallest droplet sizes [33-35]. 

Nanosystems such as liposomes, dendrimers, micelles, nanocapsules, and nanoemulsions 

are some of the targeting agents that have been used in various applications such as 

pharmaceuticals and cosmetics, and in this area of study. Among the nanosystems, 

nanoemulsions can be defined as emulsions that contain nanoscaled water or oil droplets 

dispersed in the external phase of opposite polarity by the effect of surfactants arranging at the 

interface of oil and water [36], as shown in Figure 4.  

 

Figure 4. Schematic of oil-in-water nanoemulsion droplet [37]. 

2.3.1 Thymoquinone 

Thymoquinone (TQ) is the most abundant bioactive constituent of the volatile oil of 

black seed (Nigella sativa [N. sativa]) (54%) and was first extracted by El-Dakhakhny [38]. This 

ingredient has been found to cause TQ-induced p53-independent apoptosis through caspase-8 

activation in myeloblastic leukemia HL-60 cells [39]. Moreover, p53-dependent apoptosis has 

been shown in HCT-116 human colon cancer cells [40]. Nigella sativa extract in combination 



12 

with an oxidative stress agent has exhibited significant anticancer activity in MCF-7 breast 

cancer cells [41].  

In a study by Ghosheh et al. [42], TQ was found to be not the only bioactive constituent 

of nigella sativa oil, but also other pharmacologically active constituents such as 

dithymoquinone, thymohydroquinone, and thymol were identified by high-performance liquid 

chromatography (HPLC). Other fractionated proteins of N. sativa ranging in their molecular 

mass from 10 to 94 kDa were purified by ion exchange chromatography and have also been 

found to be bioactive [43].  

In 2010, the mechanism of action of TQ on androgen receptor (AR)-independent (C4-2B) 

and AR-naive (PC-3) prostate cancer cells was studied by Koka et al. [44] . Results suggested 

that TQ-induced cell death is primarily due to increased reactive oxygen species (ROS) 

generation and decreased glutathione (GSH) levels, and is independent of AR activity. In 2011, 

Arafa et al., studied the effect of TQ on cell signaling and survival pathways in resistant cancer 

cells. Study results indicated that TQ greatly inhibits doxorubicin (DOX)-resistant human breast 

cancer MCF-7/DOX cell proliferation [45]. 

2.3.2 Considerations in Formation of Nanoemulsions 

2.3.2.1 Importance of Small Diameter 

Reducing droplet sizes to the nanoscale leads to some very interesting physical 

properties, such as optical transparency and unusual elastic behavior [46]. Due to their small 

droplet size, nanoemulsions appear to be transparent or translucent. The main difference between 

a nanoemulsion and an emulsion is in the size of the water particles. When the size of the oil 

particles becomes small, the stability of the emulsion significantly improves. Due to Brownian 
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motion of the small micelles, the system is prevented from incurring any instability mechanisms 

such as flocculation, coalescence, creaming, and sedimentation.  

Another importance of small diameter is that this would lead to an increase in surface 

area. In this sense, nanoemulsions also have a high interfacial area, a characteristic that 

influences the transport properties of drugs [47] and provides better absorption. 

2.3.2.2 Importance of Oil Nature and Amount  

The amount of oil has been seen to be important in terms of stability. A study by Peng et 

al. in 2010 [48] found that in the case of a 25 percentage of oil, the system exhibited coalescence 

and particle-size increase because the oil droplets became very close to each other even though 

more surfactant was used. For this reason, it is recommended that the oil percentage should not 

exceed 25%.  

2.3.2.3 Importance of Surfactant Nature and Amount 

Surfactants are the most important compound in nanoemulsion preparation due to the 

impact of their nature and concentration in systems. To enhance the kinetic stability of a system, 

surfactants are usually added to an oil-water mixture. A surfactant is an amphiphilic molecule 

that has a hydrophilic head group (polar region), which has a high affinity for water, and a 

lipophilic tail group (non-polar region), which has a high affinity for oil [49]. Surfactants are 

basically found in four forms: anionic, cationic, nonionic, and zwitterionic (or amphoteric). Their 

polar and non-polar characteristics affect system stability and droplet size. Figure 5 illustrates 

four different surfactant structures based on charge characteristics.  
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Figure 5. Four different surfactant structures based on charge characteristics. 

Moreover, surfactant length is important, impacting nanoemulsion properties such as 

droplet size, surface tension [50], and stability. It was reported that for a non-ionic surfactant 

system, by adding a second surfactant with the same alkyl chain length, the Oswald ripening rate 

can be decreased [35]. Also, using a surfactant along with a co-surfactant can also improve the 

size and stability characteristics of nanoemulsions. Transient negative tension and a fluid 

interfacial film are rarely achieved with the use of a single surfactant, usually necessitating the 

addition of a co-surfactant. The presence of co-surfactants decreases the bending stress of the 

interface and allows an interfacial film with sufficient flexibility to assume different curvatures 

required to form a nanoemulsion over a wide range of compositions. Hence, the use of co-

surfactant stabilizes the formed nanoemulsion [51]. 

Surfactants are crucial in preparing emulsions. While 10%–20% of surfactant is required 

to prepare microemulsions, this number is 5–10% for nanoemulsion preparation [52]. A certain 

amount of surfactant is needed for nanoemulsions depending on the desired final emulsion 

diameter and stability. There is also a limit for surfactant concentration because an excess 

amount of it might result in poor stability as the result of gel breakdown. This phenomenon is 
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referred to as depletion stabilization. Basically, at a high level of surfactant concentration, there 

would be layering around the micelles, and this results in a lower osmotic imbalance [53]. Figure 

6 shows two types of polymeric stabilization of colloids—steric and depletion. 

 

Figure 6. Two types of polymeric stabilization of colloids. 

2.3.2.4 Importance of Viscosity and Relative Viscosity 

The relative viscosity of the oil and water phases (ηd/ηc) is another term used to 

determine the stability level of nanoemulsion-based systems. When the relative viscosity is 

between 0.1 and 5, the system shows excellent droplet break-up properties, which makes it easier 

to obtain droplets that are smaller in diameter. 

2.3.2.5 Hydrophilic-Lipophilic Balance  

The hydrophilic-lipophilic balance is another crucial point in nanoemulsion preparation. 

It can be said that a surfactant with a high HLB value forms oil-in-water emulsions, while a low 

HLB value forms water-in-oil (W/O) emulsions. Basically, a surfactant and a co-surfactant 

having an HLB value > 0 are considered for making an O/W nanoemulsion [54]. The right blend 
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of low and high HLB surfactants leads to the formation of a stable nanoemulsion upon dilution 

with water [55]. Table 1 shows the HLB range and its applications. 

 

TABLE 1 

HLB RANGE AND ITS APPLICATIONS  

HLB Range Application 

4–6 W/O Emulsions 

7–9 Wetting 

8–16 O/W Emulsions 

3–15 Detergency 

13–18 Solubilization 

 
Various HLB values can be obtained by mixing surfactants. Depending on the volume 

fraction of surfactants, the final mixture will give the desired HLB value. The HLB value of a 

final mixture can be calculated as 

 HLBmix = xAHLBA + (1 − XA )HLBB  (1) 

In 2014, Syed and Peh [56] studied the identification of phases in terms of using different 

oils, surfactants, co-surfactants, and water system. Their results indicated that using a co-

surfactant improved the stability of the system. Moreover, the HLB of the surfactant and co-

surfactant was seen to be very important in system stability. Results indicated that a non-ionic 

surfactant and co-surfactant mixture with a large HLB difference tends to form more stable 

emulsions because both high- and low-HLB surfactants dissolve better in the water and oil 

phases, respectively, and function well together. 
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2.3.2.6 Polydispersity Index 

The polydispersity index (PDI) describes the variation in droplet size: the higher the PDI, 

the wider the droplet size distributed. Nanoemulsions with PDI values below 0.2 indicate the 

high fidelity of the system (low polydispersity), which may reflect the overall stability of this 

formulation and synthesis method. Polydispersity values near 1.0 are indicative of a 

polydispersive system [57]. Polydispersive systems can trigger droplet breakup via the Ostwald 

ripening mechanism, which might eventually cause separation.  

2.3.2.7 Surfactant Toxicity 

Surfactant selection plays a crucial role in the preparation of nanoemulsions. Their 

amount, ratio, and HLB values directly affect emulsion properties such as particle size stability 

and viscosity. As mentioned previously, there are four types of surfactants: anionic, cationic, 

nonionic, and zwitterionic (or amphoteric). Even though cationic surfactants have recently been 

of interest for targeted drug delivery because their positive charge can be utilized to target 

negatively charged cells, non-ionic surfactants are those that are most commonly used due to 

their least sensitivity against ions and pH. Also, they are usually preferred because they have 

good cutaneous tolerance and lower irritation potential and toxicity [58]. 

Components of nanoemulsion-based systems are associated with toxicity concerns. Large 

amounts of surfactants may cause gastrointestinal and skin irritation when administered orally 

and topically, respectively. Therefore, the proper selection of surfactants is essential. Rational 

use of the minimum concentration of surfactant in the formulation is advocated. Nonionic 

surfactants are relatively less toxic than their ionic counterparts and typically have a lower 

critical micelle concentration (CMC). Also, O/W nanoemulsion dosage forms for oral or 
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parenteral use based on nonionic surfactants are likely to offer in vivo stability [59]. Therefore, 

proper selection of surfactants is a crucial factor.  

The distribution of small-molecular-weight surfactants in equilibrium is determined by 

the ratio of adsorption-to-desorption rates at the interface. Accordingly, a relatively large number 

of free surfactants are required to increase the number of surfactants bound to the surface of 

droplets, which is critically important in the stabilization of emulsions. However, it is desirable 

to avoid the use of a large number of free surfactants, particularly for biological applications, 

because of their deleterious activities, including disintegration of biological membranes, protein 

denaturation, lipid extraction, and cytotoxicity [60-62]. 

2.3.3 Theory of Nanoemulsion Formation  

Key physical concepts behind the nanoemulsion formation will be explained here in 

detail. Although nanoemulsion formation seems to be a simple type of colloidal dispersion, an 

enormous knowledge of physics and chemistry is involved.  

As simply known in daily life, liquids with different densities are immiscible, and no 

matter how much mechanical force is applied to mix them, eventually they separate. An 

emulsion is basically a combination of the continuous phase, dispersed phase, and surfactant. In 

addition to these three main constituents, several important concepts must be considered: surface 

tension, interfacial tension, dispersed phase volume fraction, shear rate, and Laplace pressure. 

Since emulsification is the formation of miscible liquids from immiscible liquids, it is 

important to understand what make liquids immiscible or miscible. Interfacial tension (σ) is the 

difference between attractive interactions of the molecules of two liquids at their interface [63] 

and is responsible for their miscibility characteristics. In terms of low interfacial tension, one 
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liquid phase tends to disperse in the other continuous phase more easily, and this enables the 

formation of emulsions. 

 As is well known, everything in the universe tends to decrease its energy over time at 

thermodynamic equilibrium. This phenomenon is the reason behind the tendency of separation of 

phases in nanoemulsion systems. While dispersing one phase into another, due to the formation 

of droplets, the area of the interfacial surface will increase, in turn automatically increasing the 

energy at the interface. As a result, droplets tend to merge, decreasing the specific surface area so 

that energy will decrease. This eventually causes the separation of two phases. Surfactants come 

into play at this point by positioning themselves at the interface of these two phases and reducing 

the interfacial tension, which makes the dispersion of one phase into the other phase possible.  

Laplace pressure in the mechanism of droplet formation in the continuous phase must 

also be understood. As is known, to form a nanoemulsion, an enormous amount of energy is 

required, which increases when the desired emulsion is smaller in size. The reason for this is the 

Laplace pressure of the droplets in the continuous phase. It is known that the pressure inside a 

nanoemulsion droplet is always greater than the surrounding phase pressure due to the additional 

contribution from the Laplace pressure resulting from the curvature effect. The Laplace pressure 

can become very large as the nanoemulsion becomes very small [64]. When shear force that is 

applied to the system exceeds the Laplace pressure of the droplets, droplet breakup occurs, and 

smaller-size droplets form. 

In nanoemulsions, two types of Laplace pressure must be mentioned. One is the Laplace 

pressure of the spherical droplets, which is observed when the dispersed phase holds a small 

volume fraction, and can be calculated as  

 P = 2γ r⁄  (2) 
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where γ is the interfacial energy, and r is the radius of the droplet. 

The second type of Laplace pressure applies to non-spherical droplets, calculated as 

 P = γ (1
r1

⁄ + 1
r2

⁄ )  (3) 

where γ is the interfacial energy, and r1 and r2 are the radii of the curvature of the droplets. As 

can be understood from equation (3), when the droplet size is larger, the Laplace pressure 

decreases, and when the droplet size is smaller, the Laplace pressure increases. As a result of the 

higher Laplace pressure generated inside the droplets, the shear energy required to break the 

droplets into smaller-size nanoemulsions increases. This explains the reason behind the great 

energy need to fabricate nanoemulsions with a diameter below 100 nm. In addition to the radii of 

the droplets, interfacial tension has an impact on Laplace pressure. As can be seen in equations 

(2) and (3), at a higher level of interfacial tension, the Laplace pressure increases, and this value 

decreases with a reduction in the interfacial tension value. This shows the importance of 

surfactants in the making of nanoemulsions. They basically lower the interfacial tension, which 

causes the Laplace pressure to drop, so that it is possible to obtain a smaller diameter with 

applied shear stress. 

2.3.4 Stability of Nanoemulsions 

Two of the main challenges in nanoemulsion preparation are the formation of droplets 

below 80 nm in size and maintaining this diameter, which indicates the stability of the system. 

Emulsion stabilization is controlled by multiple molecular interactions, including electrostatic 

interactions, steric hindrance, the Gibbs-Marangoni effect, and mechanical forces [65-67]. Also, 

van der Waals forces also affect nanoemulsion stability. 

Van der Waals interactions can be classified into three groups: dipole-dipole interaction 

(also known as Keesom), dipole-induced dipole (Debye), and London interaction. The most 
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important of these is the London interaction, which plays an significant role in the stability 

behavior of nanoemulsions. London forces occur from temporary dipoles created from electrons 

rotating around the nucleus. The relationship of London forces and emulsions was revealed by 

Hamaker [68], who posited that van der Waals attraction between droplets is related to the radii 

of the droplets and the distance between them. The equation to calculate van der Waals energy is 

expressed as 

 GA =  −AR 12h⁄   (4) 

where A is the Hamaker constant, R is the droplet radii, and h is the distance between two 

droplets.  

As can be understood from equation (4), the smaller h causes an increment in van der 

Waals energy, GA, which in turn causes the flocculation of droplets. To overcome this 

phenomenon, a repulsion force between the droplets must be created. Two types of repulsive 

forces are steric hindrance and electrostatic repulsion.  

Electrostatic repulsion applies to systems using an ionic surfactant. Due to the charged 

head groups of surfactants, they attract counter ions which create a double layer. The double-

layer extension depends on electrolyte concentration and valency (the lower the electrolyte 

concentration and the lower the valency, the more extended the double layer) [69], that is, the 

smaller the thickness of the double layer. When two charged droplets with a double layer come 

close to each other, their double layers overlap, and h, which is the separation distance, becomes 

smaller than twice the double-layer thickness. Thus, repulsion occurs, and separation of the 

droplets results. The repulsive interaction can be given by the following expression: 

 Gel = 2πRεrεoψo
2 ln(1 + exp (−κh))  (5) 
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where R is the radii of the droplets, εr is the relative permittivity, εo is the permittivity of free 

space, ψo is the surface potential, κ represents the Debye-Huckel parameter, and 1/κ is the 

thickness of the double layer, and is equal to 

 (1
κ⁄ ) = (

εrεokT
2nozi

2e2⁄  )  (6) 

where k is the Boltzmann constant, T is the absolute temperature, no is the number of ions per 

unit volume of each type present in the bulk solution, Zi is the valency of ions, and e is the 

electronic charge.  

As mentioned above, with a higher electrolyte concentration and greater valency, the 

extension of the double layer drops, which causes a decrement in the repulsion force of the 

droplets. Under the two conditions mentioned above, van der Waals attractions and electrostatic 

repulsion, the total energy of the interaction is given as 

 GT = Gel + GA  (7) 

and this interaction is schematically shown in Figure 7. 

 

Figure 7. Electrostatic stability of dispersions based on DLVO theory [71]. 
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According to the Derjaguin, Landau, Verwey, and Overbeek (DLVO) theory, when the repulsive 

maximum of the droplet-droplet interaction potential is low, droplets come close to each other 

and fall into the primary minimum, i.e., the irreversibly flocculated state. During this process, 

when the droplets come into “primary” contact, they tend to coalesce [70]. This is experienced in 

the case of when h is very low and GA >> Gel. At a large h, attraction prevails, resulting in a 

shallow minimum (Gsec) of the order of a few kilotesla units [69]. Finally, at intermediate h 

levels, the Gel > GA maximum energy barrier is reached. Gmax is dependent on zeta potential as 

well as electrolyte concentration and valency. In this situation, the repulsive force is greater than 

the attractive force, resulting in a net repulsive force. Thus, droplets are prevented from 

flocculating [69].  

 Another phenomenon causing repulsion between droplets is steric hindrance, which is 

experienced when non-ionic surfactants or polymers are used in a nanoemulsion system [69]. In 

this case, hydrophilic chains of surfactants or polymers create a repulsion force based on two 

main effects [72], which are caused from the unfavorable mixing of chains and elastic 

interactions. Basically, in the case of unfavorable mixing, the Flory Hugging interaction 

parameter is acting, and according to its value, the Gmix (osmotic free energy) can predict 

whether it is attractive or repulsive. When the Flory-Huggins interaction parameter 𝜒 < 0.5, the 

𝐺𝑚𝑖𝑥 will be positive, and the interaction becomes repulsive, and in the opposite scenario, the 

interaction will be attractive (𝜒 > 0.5):  

 Gmix

kT
= (

4π

V1
) φ2

2Nav (
1

2
− χ) (δ −

h

2
)2 (3R + 2δ +

h

2
)  (8) 

where V1 is the molar volume of the solvent, Nav is the Avogadro number, φ2 is the volume 

fraction of the polymer chain, δ is the chain thickness, and χ is the Flory-Huggins interaction 
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parameter. Also, elastic interactions result from the loss in the configurational entropy of the 

chains. Entropy loss causes Gel to be positive and repulsion occurs:  

 GT =  Gmix + Gel + GA  (9) 

One of the mechanisms in emulsion stabilization is using surfactants to stabilize newly 

formed droplets against recoalescence, which can be achieved via the Gibbs-Marangoni effect 

[73]. According to this effect, when two droplets approach each other, they acquire more 

surfactant at their interfaces. However, this adsorption of surfactant is uneven, because the 

amount of surfactant available is lower in the region of the closest approach than in the bulk. 

This uneven adsorption creates a surface tension gradient that pulls more surfactant to the 

depleted region. The accompanying influx of water drives the two droplets apart, stabilizing 

them against recoalescence. The power of this effect is a function of both the surfactant 

concentration and the Gibbs elasticity of the interface [73-75].  

Factors that greatly influence formation and stabilization are the nature of the oil phase, 

relative viscosity, surfactant length, and surfactant concentration. In addition, controlling the 

order of adding the components and applying the way shear stress can be added are also 

influential. 

Nanoemulsions are known to be kinetically stable and thermodynamically non-stable, 

which means they will eventually separate into the phases from which they are formed. This 

destabilization (breakdown) process can be in different forms, such as Oswald ripening, 

coalescence, flocculation, creaming, and sedimentation. Among these, Oswald ripening is the 

primary mechanism in destabilization, followed by coalescence.  

To begin, in flocculation, due to the attractive interactions, droplets move closer to each 

other and as a single entity; however, the size of droplets that attach to each other does not 
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change. As explained in detail above, the time flocculation occurs can be predicted via the 

DLVO theory. Flocculation is the result of van der Waals attraction, which is universal for all 

dispersal systems. Flocculation occurs when there is not sufficient repulsion to keep the droplets 

apart to distances where the van der Waals attraction is weak. Flocculation may be “strong” or 

“weak,” depending on the magnitude of the attractive energy involved [69].  

In contrast to flocculation, during coalescence, the droplets merge into each other and 

form a larger droplet. The complete separation of the emulsion into two distinct liquid phases is 

the limiting case for coalescence. Here, the driving force is the surface or film fluctuations, 

which cause a close approach of the droplets, whereby the van der Waals forces are strong so 

that their separation is prevented [69]. Explaining coalescence in detail begins by explaining the 

role of surfactants, one of the roles of which is to provide a repulsion force between droplets. In 

case this repulsion force is not high enough, droplets rupture and fuse together, which is called 

coalescence, and this is one of the primary mechanisms causing destabilization in systems. 

Coalescence becomes a potential instability mechanism when the critical disjoining pressure is 

low [76]. For many surfactants, this critical disjoining pressure can be quite large relative to 

thermal fluctuations and external mechanical perturbations, thereby providing a mechanism for 

long-term persistence of interfaces without coalescence [76]. By choosing a surfactant that 

provides a strong repulsion between droplet interfaces, coarsening through coalescence can also 

be effectively eliminated even at large φ, provided that ηd is not exceeded [76].  

When creaming or sedimentation is the case, three forces should be mentioned: buoyancy 

forces, gravitational forces, and Brownian motion, which is driven by thermal fluctuations. 

Basically, very small droplets in a colloidal solution stay separated because of Brownian motion, 

which is created as the result of thermal fluctuations. To explain in more detail, Brownian 
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motion is observed in very small molecules or droplets in a colloidal suspension, such as a 

nanoemulsion system. Due to the very small size of the colloids, the effect of molecules hitting 

their surfaces does not cancel out, and colloids are continually hit by the surrounding molecules, 

thereby always undergoing a certain force, making a zigzag motion that prevents them from 

undergoing creaming or sedimentation. However, if the buoyancy forces overcome the Brownian 

motion and gravitational forces in a system, then oil droplets rise, and separation occurs. This 

phenomenon is seen when the buoyant force dominates over the thermal fluctuations, and this 

phenomenon occurs when the particle or droplet size is larger. The reason for this is explained 

above: for larger particles or droplets, forces applied on them by surrounding molecules cancel 

each other. Under this situation, gravitational forces, buoyant forces, and viscous drag forces 

come into action. This can be explained using the Peclet number, which is the ratio of viscous 

stress to thermal stress: 

 Pe ~ μCUd2 kBT⁄   (10) 

where µc is the viscosity of the continuous medium, U is the velocity of the rising droplet 

(terminal velocity), and kB represents the Boltzmann constant [77]. The velocity of a rising 

droplet, U, can be expressed by  

 U = 2a2∆ρg 9μc⁄   (11) 

where a is the radius of droplet, Δρ is the density difference of the dispersed and continuous 

phases, g is the gravitational constant, and µc is the viscosity of the continuous medium.  

As mentioned previously, the nature of the components is very crucial in the stability of a 

nanoemulsion. The nature of the components refers to solubility behavior and viscosity of the oil. 

When aiming at good stability, it should be noted that the dispersed phase should have good 

insolubility in the continuous phase. Viscosity of the oil phase and insolubility have a direct 
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relationship. The physical properties of oil, such as fatty acid length, is crucial in stable 

nanoemulsion preparation because it is directly related to viscosity of the oil. Long-chain 

triglycerides are known to have higher viscosity compared to medium-chain and short-chain 

triglycerides. Due to the long chain length and higher viscosity, the oil phase tends not to mix 

with water phase, and therefore good stability can be obtained. In the case of high solubility, 

micelles with high Laplace pressure will merge into larger micelles, which are known to have a 

lower Laplace pressure. This will cause system instability, which is known as Oswald ripening. 

This process is driven by the Kelvin effect where the small emulsion droplets have higher local 

oil solubility than the larger droplets because of the difference in Laplace pressures driven by the 

curvature effect. The rate of Ostwald ripening is largely dictated by the solubility of the oil in the 

continuous phase C(∞) as described by the Lifshitz-Slesov-Wagner (LSW) theory [78, 79]: 

 d3 = do
3 + (64σC∞υ3D 9RT)t⁄   (12) 

where do is the initial average diameter, σ is the interfacial tension, C∞ is the solubility of the 

dispersed phase in the continuous phase, υ is the molar volume of the dispersed phase, D is the 

diffusivity of the dispersed phase, R is the ideal gas constant, and T is the temperature. 

2.3.5 Advantages of Nanoemulsions 

Nanoemulsions in drug delivery have numerous advantages compared to traditional drug-

carrying agents, the major of which are increased drug loading, enhanced drug solubility and 

bioavailability, reduced patient variability, controlled drug release, and protection from 

enzymatic degradation [80]. Because of the oil phase trapped in the continuous water phase, the 

solubility of poor water-soluble drugs increases. Due to better dissolution, the drug release is 

controlled better and not released as fast, which improves the bioviability of drugs and possible 

toxic effects resulting from burst release. Other advantages of nanoemulsions are as follows: 
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• Ease of fabrication in various ways, including both high-energy and low-energy methods.  

• Long period of circulation in the bloodstream, and tumor targeting achieved by surface 

modification with hydrophilic polymer chains and active targeting ligands [81]. As 

known, a smaller-diameter emulsion would lead to an increase in surface area, meaning 

that nanoemulsions have a high interfacial area, a characteristic that would influence the 

transport properties and better absorption of drugs [82, 83]. 

• High loading capacity. 

• Less affected by gravitational and buoyancy forces, and a dominance of Brownian 

motion, which provides good shelf stability by keeping the micelles always suspended. 

The small droplets also prevent their coalescence due to droplet elasticity, and weak 

flocculation is prevented, thus enabling the system to remain dispersed with no separation 

[46].  

• Suitable for efficient delivery and rapid penetration of active ingredients through the skin, 

due to the large surface area of the emulsion system, and their non-toxic and non-irritant 

nature, which means that they can be easily applied to skin and mucous membranes. 

• Site-specific delivery of drugs, the capacity to dissolve large quantities of hydrophobics, 

and the ability to protect drugs from degradation with long-term stability, thus making 

them an ideal drug delivery system. The frequency and dosage of injections can be 

reduced throughout the therapy because the release pattern of drugs takes place in a 

sustained and controlled mode over long periods of time [46].  

• Product delivery through various routes—topical, oral, and intravenous. 

• Increase in the rate of absorption, increase bioavailability, and eliminate variability in 

absorption. 
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• Possibility of controlled drug release and drug targeting, and the incorporation of a great 

variety of therapeutic active ingredients. 

• Better uptake of oil-soluble supplements in cell cultures, improvement in growth and 

vitality of cultured cells, and toxicity studies of oil-soluble drugs in cell cultures. 

• Due to small droplet size, resistance to physical destabilization caused by gravitational 

separation, flocculation, and/or coalescence. Also, avoidance of the creaming process 

because the droplet’s Brownian motion is enough to overcome the gravitational 

separation force. 

2.3.6 Disadvantages of Nanoemulsions 

Nanoemulsions have attracted interest in recent years for the following reasons [84]:  

• Difficult stability of nanosystems because of their large surface area, which naturally has 

higher energy due to more surface atom concentration compared to the whole volume.  

• Preparation requiring, in many cases, special application techniques, such as the use of 

high-pressure homogenizers as well as ultrasonic equipment (such as the microfluidizer), 

which became available only in recent years. 

• Perception in the personal care and cosmetic industry that nanoemulsions are expensive 

to produce because of the expensive equipment that is required as well as the use of high 

concentrations of emulsifiers.  

• Lack of understanding of the mechanism of production of submicron droplets and the 

role of surfactants and co-surfactants.  

• Lack of understanding of interfacial physics.  

• Lack of demonstration of the benefits that can be obtained from using nanoemulsions 

when compared with classical macroemulsion systems.  
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• Lack of understanding of the interfacial chemistry involved in their production. 

• Limited solubility capacity for high-melting substances. 

• Sensitivity and environmental factors such as pH and temperature, which greatly impact 

their stability. 

2.4 Hydrogels 

Over the past two decades, controlled drug delivery has attracted considerable attention 

as an alternative to conventional drug delivery routes such as oral administration and injections. 

The fact that drugs are not directed to the concerned area using conventional techniques creates 

some problems. First, with techniques of oral administration and injection, targeting therapeutic 

agents to a particular area in the body is too low due to pharmacokinetics and the clearance rate. 

Also, drugs are released over a short period of time, which increases the toxic side effects [85]. 

However, by using polymers, targeted and controlled drug release can be achieved. By targeting 

the drug directly to the concerned area, toxic effects can be reduced, and the total amount of the 

drug reaching the cancer area can be increased. Also, loading drugs into polymer carriers for 

delivery induces a controllable release mechanism. 

Hydrogels have been used extensively in the development of smart drug delivery 

systems. A hydrogel is a network of hydrophilic polymers that can swell and hold a large amount 

of water while maintaining their structure. A three-dimensional network is generated by 

crosslinking polymer chains, which can be provided by covalent bonds, hydrogen bonding, van 

der Waals interactions, or physical entanglements [86, 87]. Smart hydrogels can be used in 

various applications, such as artificial muscles, chemical valves, immobilization of enzymes and 

cells, and dilute solutions in bioseparation [88]. Figure 8 shows the classification of hydrogels.  
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Figure 8. Classification of hydrogels [89]. 
2.4.1 Drug Delivery 

Targeted drug delivery is a way of delivering a drug to a certain area rather than releasing 

the drug into the entire body. With targeted drug delivery, only a certain part of the body is 

affected by the drug so that side effects are reduced, and the bioviability of the cells is increased.  

Hydrogels are advantageous materials in drug delivery due to some of their 

characteristics. First, their nature is similar to biological tissue. The hydrophilic nature and three-

dimensional polymer network allows them to embed a large amount of biological fluid easily 

into their structure [90]. Also, their biocompatibility and least mechanical irritation to tissues are 

other advantages in their use as biomaterial. Moreover, due to the lowest interfacial stress 

between the hydrogel surface and surrounding fluid, protein adsorption and cell adhesion onto 

gel can be minimized [91]. Another important characteristic of hydrogels is that they can be 

produced in a variety of shapes, such as thin films, rods, disks, and nanoparticles. The type of 

hydrogel fabrication is dependent on the intended application and the application site. Also, they 

can be washed easily in order to remove unreacted initiators, monomers, etc. [92]. In drug 
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delivery techniques, using hydrogel is in a researcher’s best interest because their 

environmentally sensitive behavior makes them attractive in cancer treatment. They can be 

directed to the desired area, and the drug to which they are attached can be released by means of 

the response of the hydrogel to that environment. Environmentally sensitive hydrogels can be 

classified as thermosensitive, photosensitive, pH sensitive, enzyme sensitive, and electric 

sensitive. Moreover, the water absorption property of hydrogels makes them a good candidate 

for drug loading and releasing. 

2.4.2 Stimulus Sensitivity 

Environmentally sensitive hydrogels are the best candidates for generating self-regulated 

drug delivery systems because they can defend the drug from adverse environments, e.g., the 

presence of enzymes and acidity (low pH) in the stomach. Hydrogels can also control drug-

release behavior by altering the gel structure in response to environmental stimuli [88]. Some 

environmental variables, such as low pH and elevated temperatures, are found in the body. These 

characteristic pH-sensitive and temperature-sensitive hydrogels can be used for targeted 

controlled drug delivery systems. Also, it is possible to use hydrogels that are responsive to 

specific molecules, such as glucose or antigens, as biosensors and drug delivery systems. 

Additionally, light-sensitive, pressure-responsive, and electrosensitive hydrogels have the 

potential to be used in drug delivery and bioseparation [88]. Basically, a hydrogel’s response 

might be physical, chemical, or biochemical, depending on the type of stimuli. Physically 

sensitive hydrogels can be classified as temperature sensitive, light sensitive, magnetic field 

sensitive, pressure responsive, and electric field responsive. Chemically sensitive hydrogels can 

be subdivided into two types: pH-responsive and glucose-sensitive. Biochemically responsive 
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hydrogels can be divided into three subgroups: antigen-, enzyme-, and ligand-responsive 

hydrogels. Table 2 provides a schematic classification of smart hydrogels.  

Among the stimuli sensitivity mechanisms of a hydrogel, the most important is phase 

separation, which has both hydrophobic and hydrophilic chemical structures, such as poly(N-

isopropylacrylamide) (poly-NIPAAm). Another important mechanism is the volume change of a 

hydrogel’s polyelectrolytes due to the conformation change by ionic interaction between the 

polymeric ion and the counter ion in the solvent [93, 94].  

TABLE 2  

CLASSIFICATION OF STIMULI-SENSITIVE HYDROGELS [89] 
 

Physically Responsive Hydrogels Chemically Responsive Hydrogels 

Temperature Sensitive pH Sensitive 

Light Sensitive Molecular Species Sensitive 
• Glucose Sensitive 
• Protein Sensitive 
• Enzyme Sensitive 

Magnetic Field Sensitive 

Pressure Sensitive 

Electric Field Sensitive Ionic Strength 

Ultrasound Sensitive Solvent Composition  

Response time is one of the most important properties to be considered in the production 

of hydrogels because slow response time is the most significant weakness of all external stimuli-

sensitive hydrogels. Thus, fast-acting hydrogels are desired, and the easiest way to accomplish 

this goal is to generate thinner and smaller hydrogels. This usually makes hydrogel systems 

fragile and fail to meet the mechanical strength values desired in many applications [88]. 

Therefore, it should be noted that in addition to having good release and response characteristics, 

the mechanical properties of a hydrogel should be considered for developing a suitable structure 

in drug delivery applications. 
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2.4.2.1 Thermosensitivity 

Thermosensitive hydrogels are those that provide a response to changes in temperature. 

While they are in a sol phase before an in vivo injection, they turn into gel with the increased 

temperature after injection. This characteristic induces an easy injection of drug-loaded hydrogel 

into the body.  

Most thermosensitive polymers contain some hydrophobic groups such as propyl, ethyl, 

and methyl groups. Basically, they have two important parameters: a lower critical solution 

temperature (LCST) and an upper critical solution temperature (UCST). According to the phase 

response of a temperature change, polymers are subdivided into negatively thermosensitive, 

positively thermosensitive, and thermoreversible types [95]. Negatively sensitive systems are 

also known as inverse temperature-dependent systems. Generally, the water solubility of 

hydrogels is directly proportional to increasing temperature. For a negatively sensitive system, 

this relation is inversely proportional, meaning that with increasing temperature, the water 

solubility drops. When the temperature reaches the LCST, the hydrogel starts shrinking. Because 

hydrophobic interaction becomes more dominant above the LCST, hydrogen bonding will lose 

its strength, which is dominant below the LCST. While hydrogel becomes insoluble above the 

LCST, it becomes soluble under the LCST. In contrast, as positive temperature-sensitive systems 

swell at high temperatures, they shrink at low temperatures. In contrast to UCST systems, an 

LCST system is mostly preferred for drug delivery technologies because UCST systems require 

higher temperatures, which is unfavorable for heat-labile drugs and biomolecules [96].  

Thermosensitive hydrogels have several advantages and disadvantages. The first major 

advantage is their avoidance of toxic organic solvents. They also have the ability to carry both 

hydrophilic and lipophilic drugs. In addition, site-specific delivery, reduced side effects, and 
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sustained release properties are important advantages. Some drawbacks are high burst release, 

low biocompatibility, low mechanical strength, and gradual lowering of the system’s pH due to 

acidic degradation [97, 98]. Figure 9 shows the sol-gel transition of thermosensitive hydrogels in 

response to temperature change [89]. 

 
Figure 9. Sol-gel transition of thermosensitive hydrogels in response to temperature change: 

(a) lower critical solution temperature, (b) upper critical solution temperature [89]. 
 

2.4.2.2 pH Sensitivity 

The pH is another stimulus to which some hydrogels show sensitivity, and this property 

can be used in drug delivery applications since the pH value varies in different parts of the body. 

Hydrogels that are pH-sensitive consist of weak acidic or basic groups and are also in the 

polyelectrolyte complex (PEC) group. While cationic hydrogels shrink at high pH values, 

anionic hydrogels swell in a high pH environment. As the environmental pH changes, the 

pendant acidic group undergoes ionization at a specific pH known as the pKa [96]. The major 

advantage in utilizing this stimulus is that it is suitable for thermolabile drugs. On the other hand, 

several disadvantages are lack of toxicity data and low mechanical strength [96]. Figure 10 

displays the pH responsive swelling of anionic and cationic hydrogels. 
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Figure 10. pH responsive swelling: (a) anionic hydrogels, (b) cationic hydrogels. 
 

2.5 Swelling Kinetics 

 The swelling phenomenon shows itself in applications in various fields such as 

biomedical, pharmaceutical, environmental, and agricultural engineering. This leads to the need 

for a better understanding of the mechanisms of water diffusion in swelling polymeric systems. 

Studies on the swelling kinetics of polymeric structures have received a great deal of attention. 

Controlled drug delivery is another field where analysis of the swelling properties holds great 

importance because it is correlated with the diffusion rates of both the penetrant into the matrix 

and the drug throughout the gel layer of the matrix [90, 99, 100]. Moreover, structural changes 

resulting from the degree of crosslinking and the drug-release behavior of different materials can 

be investigated by the observing the swelling behavior of hydrogels [101]. 

Water diffusion into hydrogels can be studied by the Fickian diffusion law given in 

equation (13). This equation can only be applied for the onset of swelling (first 60% of swelling). 

For example, a 60% increase in the mass of hydrogel (Mt/M∞ ≤ 0.6; log(Mt/M∞) ≤ –0.22) [102]. 

 𝐹 = 𝑀𝑡 𝑀∞⁄ = 𝑘𝑡𝑛  (13) 

where Mt is the amount of solvent that diffuses into the sample at any time t, 𝑀∞is the amount of 

solvent that diffuses into the hydrogel at infinite time (at equilibrium state), k is the diffusion 

constant correlated to the network structure, and n is the exponent characteristic representing the 
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type of diffusion taking place in the hydrogel. According to n, the swelling kinetics can be 

classified under three main groups, as provided in Table 3. Once the n is calculated, it suggests 

the water-uptake characteristics of the hydrogel, depending on the values indicated in Table 3. In 

the case of n = 0.5, the swelling mechanism is called Fickian diffusion (Case I), and transport is 

diffusion controlled, that is, the rate of diffusion is much smaller than the rate of relaxation. If n 

is between 0.5 and 1, then this mechanism is called non-Fickian (anomalous) diffusion, and it is 

both diffusion and swelling controlled, meaning that the rate of diffusion and the rate of 

relaxation are comparable. Finally, if n is equal to 1, then the mechanism is called Case II 

transport, whereby the water-transport mechanism is totally swelling controlled, and the release 

rate is independent of time. The rate of diffusion is much faster than the rate of relaxation [103, 

104].  

TABLE 3 
WATER TRANSPORT MECHANISMS AND DIFFUSIONAL EXPONENTS (n)  

FOR DIFFERENT HYDROGEL SHAPES 

Diffusional Exponent (n) 
Mechanism Time Dependence 

Film Cylinder Sphere 

0.5 0.45 0.43 Fickian Diffusion (Case I) t1/2 

0.5 < n < 1 0.45 < n < 0.89 0.43 < n < 0.85 Non-Fickian (Anomalous) 
Diffusion tn-1 

1 0.89 0.85 Case II Transport Time Independent 

2.6 Drug-Release Kinetics 

 When a new solid drug delivery system is developed, it is highly important to investigate 

the drug release or dissolution of the new material, which will make the quantitative analysis of 

the release phenomena easier. The mathematical modeling enables optimization of the design of 

a therapeutic device to yield information on the efficacy of various release models [105]. Some 
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of the mathematical models and their corresponding equations that are used to determine the 

kinetics of drug release from drug delivery systems are listed in Table 4. 

TABLE 4 

MATHEMATICAL MODELS AND EQUATIONS FOR DRUG-RELEASE KINETICS  

Model Equation 

Zero-Order Model Mt/M∞ = kt + C 

First-Order Model ln(1 – Mt/M∞) = kt + C 

Higuchi Model Mt/M∞ = kt1/2 + C 

Korsmeyer-Peppas Model ln(Mt/M∞) = klnt + C 

Hixson-Crowell Model (1 – Mt/M∞)1/3 = kt + C 

Baker-Lonsdale Model 3/2(1–(1 – Mt/M∞)2/3)- Mt/M∞ = kt 
 

2.7 Hyperthermia Study 

Under very abnormal circumstances such as fever, heatstroke, or malaria does the body 

temperature increase dramatically to as high as 39℃ or above. These types of conditions can 

affect the normal physiological, biochemical, and chemical processes of body cells, which are 

caused by low heat dissipation rate due to limited blood perfusion. Hyperthermia is the intended 

exposure of cancer cells and tissue to higher temperatures in a range of 40℃ to 46℃ [24, 106-

108], which is sufficient to activate responsive biochemical and physiological changes as well as 

possible complete eradication. In this temperature range, tumor cells are generally found to be 

more vulnerable to heat compared to normal cells because they are hypoxic (poorly oxygenated) 

while normal cells are euoxic (well oxygenated) [109, 110]. Hyperthermia temperature ranges 

are supported by the established observation [111] that the lowest temperature of the first protein 

denaturation is detectable in the range of 40℃  to 45℃  for mammalian cells, and cell membrane 

https://www.seslisozluk.net/en/what-is-the-meaning-of-eradication/
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lipids transitionally melt before any protein structural alteration can occur. Yang et al. [112] 

indicated that the elevation of temperature to 40℃  to 44℃  could improve tumor control.  

One hyperthermia study showed that the power of heating depends on the intrinsic and 

extrinsic properties such as size, composition, properties of nanoparticles, frequency and 

amplitude of the electromagnetic waves based on output current, etc. Furthermore, the actual 

increase in temperature at a targeted site depends on magnetic losses, local blood circulation, 

thermal conductivity, and heat capacity of the surrounding medium, which can diffuse the heat. 

Figure 11 demonstrates the principles of this magnetic hyperthermia study. 

 
Figure 11. Illustration demonstrating principles of magnetic hyperthermia study [113]. 

It has been observed that when cells are introduced to magnetic nanoparticles, they 

uptake them by a process called endocytosis. Furthermore, cancerous tissue is known to absorb a 

much larger amount of magnetic nanoparticles than normal tissue due to its leaky vasculature 

[23]. One of the advantageous of using MNPs is the use of localized magnetic field gradients to 

direct the particles to a selected site, thus holding them there until the therapy is completed. 

Later, these particles can be removed. In addition, magnetic nanoparticles may easily be tagged 
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to biomolecules such as folate or antibodies and can be targeted to specific tissues. In addition, 

magnetic nanoparticles, such as iron oxides, can be developed easily into multifunctional agents, 

thus making it possible to take advantage of their diagnostic imaging capabilities and magnetic 

properties in targeting drugs [114, 115]. Drugs can be immobilized on the surface of magnetic 

nanoparticles and can be targeted to a specific exposed tumor region with the help of a magnetic 

field.  

Compared to traditional cancer therapies such as chemotherapy and radiotherapy, 

hyperthermia in general and hyperthermia using magnetic nanoparticles can reduce the severe 

side effects caused to normal tissue [116-119]. Achieving controlled and uniform heating is the 

limitation of existing heating methods, such as the capacitive or inductive coupling of 

radiofrequency fields, microwave, ultrasound, and heat administered by external contacts. It is 

suggested that regulated and uniform heating can be achieved by hyperthermia treatment [120], 

whereby heat can be applied locally with no systemic effects, and hence, the side effects become 

further reduced. In view of this discussion, it is apparent that there are distinct advantages of 

hyperthermia treatment over other hyperthermia processes.  

There are various requirements for magnetic nanoparticles in order to use them in 

hyperthermia treatment applications:  

• Nature and size of magnetic nanoparticles  

• Uniform and controlled heating  

• Biocompatibility  

• Site specificity  

• Colloidal stability  

• High specific loss power (SLP)  
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• Applied frequency and magnetic field strength 

2.7.1 Limitations of Hyperthermia  

One of the greatest challenges in the use of hyperthermia in the treatment of breast cancer 

and other types of diseases has been how to achieve an above-normal temperature and keep it 

within a relatively cancer-cell catastrophic range without severely damaging neighboring healthy 

tissue. Therefore, this key limitation has resulted in a limited use of the treatment method. Based 

on a review [24], the vanishing of the hyperthermia application in the treatment of cancer was 

due to lack of a hyperthermia technique used at that time. The method remained at the 

experimental level and evolved with advancements in science and technological innovations of 

more-accurate application techniques, and continued to improve with nanoscience and 

nanotechnologies that have supported the evolution of superior biomaterials and fabrication 

techniques.  

The side effects experienced during hyperthermia is another limitation of hyperthermia. 

Some of these side effects are pain at the target site, bleeding, blood clots, infection, swelling, 

burns, blistering, and damage to skin, nerves, and muscles around the treated area [121]. 

Based on these limitations, the importance of improved heat-delivery techniques and 

temperature control at the targeted area in hyperthermia treatment should not be underestimated. 

At this point, understanding heat generation and transfer at cancer cells is indispensable to the 

development of efficient devices and controls. Modeling the effects of heating temperature and 

time contribute to better control of hyperthermia parameters, thus ensuring a safe treatment 

condition. 
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2.7.2 Magnetic Nanoparticles for Hyperthermia Study 

Magnetic nanoparticles have been extensively used as a promising tool for therapeutics, 

particularly for cancer. In this application, the magnetic energy of magnetic nanoparticles is 

transformed to thermal energy in the presence of an alternating current (AC) magnetic field. 

With this technique, heat may be applied to tumor tissues with no systemic side effects compared 

to chemotherapy and radiotherapy. The possibility of treating cancer by artificially induced 

hyperthermia has led to the development of many different devices designed to heat malignant 

cells while sparing surrounding healthy tissue [122]. In 1957, the first experimental 

investigations in the eradication of cancer cells by the heating of magnetic particles in an 

alternating magnetic field (AMF) were conducted by Gilchrist et al. [123]. In their experiments, 

various tissue samples were heated with γ−Fe2O3 ranging in size between 20 and 100 nm at 1.2 

MHz magnetic field. In the last 50 years, a variety of magnetic nanoparticles along with different 

energizing methods and delivering techniques at the cancer site have been reported, and now 

magnetic nanoparticle hyperthermia is accepted as one of the most important methods of 

secondary treatment to apply along with radiotherapy and chemotherapy.  

In a broad sense, magnetic nanoparticle hyperthermia involves dispersing magnetic 

nanoparticles throughout the target tissue, and subsequently applying an AC magnetic field with 

sufficient strength and frequency to generate heat from the magnetic nanoparticles. The heat 

generated can basically cause two types of cell-killing mechanisms based on two different 

procedures. If a temperature is reached between 42oC and 45oC, and is maintained between these 

values, then cells kill themselves. This killing mechanism is called apoptosis, as seen in 

hyperthermia treatment. On the other hand, at higher temperatures up to 56℃, the cell-killing 

mechanism can be called necrosis, coagulation, or carbonization, depending on temperature. This 

https://www.seslisozluk.net/en/what-is-the-meaning-of-eradication/
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treatment is referred to as thermoablation. In terms of ensuring heating around the targeted tissue 

only (localized hyperthermia), magnetic fluid hyperthermia is more suitable than traditional 

hyperthermia techniques that can also cause the heating of healthy tissue. The heating capacity of 

magnetic nanoparticles is quantified through the specific loss power, defined as the amount of 

heat dissipated in the unit time and mass of magnetic nanoparticles. Many efforts have been 

devoted in the last 20 years to improve hyperthermia techniques for clinical applications. 

Development in nanotechnology has contributed to the progress of magnetic fluid hyperthermia. 

Figure 12 provides a schematic of the localized magnetic hyperthermia treatment on cancer cells.  

 

Figure 12. Schematic of localized magnetic hyperthermia treatment on cancer cells [124]. 

“Classic” hyperthermia induces almost reversible damage to cells and tissues, but as an 

adjunct therapy, it enhances radiation injury to tumor cells and chemotherapeutic efficiency. 

Modern clinical hyperthermia trials focus mainly on the optimization of thermal homogeneity at 

moderate temperatures (42oC–45oC) in the target volume [125]. The essential feature of 

magnetic fluid hyperthermia is that energy is absorbed from the AC magnetic field and 

transformed into heat by means of one or a combination of the following mechanisms [126]:  

• Generation of eddy currents in a material of low electrical resistivity.  

• Loss of hysteresis. 
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• Reversal of the magnetization inside a magnetic material (Nѐel relaxation). 

• Rotation of the magnetic material relative to its surroundings (Brownian relaxation). 

To explain these terms in detail, first, the structure of a magnetic material should be 

described. Basically, magnetic nanoparticles can be classified into two groups: multi-domain and 

single-domain. Figure 13 illustrates the structure of various type of magnetic materials.  

 

Figure 13. Schematic of magnetic properties of ferromagnetic materials as a function 
of particle size. 

 
Multi-domain magnetic nanoparticles exhibit ferrimagnetic or ferromagnetic behavior, 

and for these type of materials, the heating mechanism is based on the loss of hysteresis. That is, 

when a magnetic field strength is applied to a multi-domain MNP, first, saturation magnetization, 

which is known as maximum magnetization, is reached. Later on, when the magnetic field is 

removed, magnetization of the material drops; however, at the magnetic field strength of zero, 

the material still owns a magnetization in the structure. To eliminate this remaining 

magnetization in the structure, a negative magnetic field strength must be applied, which 

eventually results in a hysteresis loop, and the area inside this hysteresis loop gives the hysteresis 

loss, which is the thermal energy dissipated. Figure 14 shows these hysteresis loops. 
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Figure 14. Schematic of hysteresis loops of multi-domain and superparamagnetic materials. 
As opposed to multi-domain magnetic materials, single-domain materials basically have 

a different heat-dissipation mechanism that can be classified under two relaxation groups: Nѐel 

and Brownian. Nѐel relaxation is the result of the reorientation of the magnetic moment in the 

same direction as the applied magnetic field with each field oscillation [127, 128]. The equation 

to calculate Nѐel relaxation time is  

 𝜏𝑁 = 𝜏0 exp(𝐾𝑉 𝑘𝐵𝑇⁄ )  (15) 

where 𝜏𝑁 is the Nѐel relaxation time, 𝜏0  is 10-9 s, K is the anisotropy constant, V is the volume 

of the magnetic particle, kB is the Boltzmann constant, and T is the temperature.  

 The other loss mechanism, Brownian relaxation, is caused by the rotation of 

nanoparticles in the surrounding environment. The friction created between the nanoparticle 

surface and the medium generates heat dissipation. The Brownian relaxation time can be 

calculated as 

 𝜏𝐵 = 3𝜂𝑉𝐻 𝑘𝐵𝑇⁄   (16) 

where η is the viscosity of the liquid carrier, VH is the hydrodynamic volume of the particle, kB is 

the Boltzmann constant, and T is the temperature. 
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 From equations (15) and (16), it can be said that Nѐel relaxation is dependent on 

nanoparticle size, while Brownian relaxation is dependent on both size and viscosity of the 

surrounding medium. Accordingly, increasing the viscosity results in a slower motion of 

nanoparticles. Figure 15 illustrates the loss mechanisms of both Nѐel and Brownian relaxations. 

These mechanisms can be seen together in a material; however, for superparamagnetic materials, 

which exhibit extremely small particle size, Nѐel relaxation is more dominant. As the particle 

size increases, the strongly viscosity-dependent Brownian relaxation becomes dominant. When 

these two mechanisms are observed in a magnetic material, relaxation times can be combined, 

and the overall relaxation time is given by  

 𝜏 = 𝜏𝐵𝜏𝑁 (𝜏𝐵 + 𝜏𝑁)⁄   (17) 

where 𝜏𝐵 is the Brownian relaxation time, and 𝜏𝑁 is the Nѐel relaxation time. 

 

Figure 15. Schematic of Nѐel and Brownian relaxation mechanisms. 
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Relaxation time is important in the sense of determining the amount of heat dissipated 

because when an alternating magnetic field is applied on a magnetic material, if the oscillating 

AMF is faster than the relaxation time of the MNPs, then the system causes the release of heat 

from the MNPs, which results from the delay in the relaxation of the magnetic moment [127]. 

Power dissipation caused from the delay in relaxation can be calculated by specific loss 

power, given as 

 𝑆𝐿𝑃 = 𝐶
𝑚𝑝

⁄ 𝑥 (∆𝑡 ∆𝑡⁄ )  (18) 

where C is the heat capacity of sample, 𝑚𝑝 is the total amount of magnetic nanoparticles in the 

material, and ΔT/Δt is the initial slope of the time-dependent heating curve. 

Indeed, the heating efficiency can basically be defined via two terms: specific loss power 

and specific absorption rate (SAR). SLP can be defined as the thermal power per unit mass 

dissipated by the magnetic material. Even though the term SAR is used interchangeably with the 

SLP value, they actually describe different concepts in hyperthermia. The term “specific 

absorption rate,” adopted by regulatory agencies, is defined as the rate at which power is 

absorbed by a volume of dielectric material, such as biological tissue, exposed to radio frequency 

electromagnetic radiation (or other forms of energy such as ultrasound) [129]. Due to its use in 

different areas, the use of SLP was chosen in the experimental studies here. Despite the 

continuing debate, calorimetry is one of the most common methods to estimate the SLP [130-

132], because of the adiabatic and mostly quasi-adiabatic nature of the experiments.  
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CHAPTER 3 

EXPERIMENTAL MATERIALS AND METHODS 

3.1 Materials 

Cold-pressed, 100% pure nigella sativa oil was purchased from Herbal Secrets Company. 

Medium molecular weight chitosan, polyvinyl alcohol (average molecular weight of 89,000–

98,000), 99% hydrolyzed), and Triton X-100 was purchased from Sigma Aldrich, and Span-80 

was purchased from TCI America. Sodium bicarbonate was purchased from Fisher Scientific. 

Magnetic (Fe3O4) nanoparticles were purchased from U.S. Nano Company. Deionized water was 

used in preparation of nanoemulsions and during all tests.  

3.2 Methods 

3.2.1 Preparation of Nanoemulsions 

A probe sonicator was used to prepare the nanoemulsions. Three different oil percentages 

(10%, 15%, and 20%) were combined with three different surfactant percentages (5, 7.5, and 

10%). In the first step, a 10% oil and 5% surfactant mixture was prepared using five different 

HLB values. These surfactant mixtures with five different HLB were created using two different 

surfactants in the following ratios: 5:5, 6:4, 7:3, 8:2, and 9:1. After the stabilities of these five 

nanoemulsions were investigated, it was decided to use ratios 8:2 and 9:1 in further sample 

preparations for nanoemulsions including 15% and 20% oil. Globule size analysis was conducted 

using a Zetasizer ZS90 analyzer (Malvern Instruments). Zeta potentials of the samples were 

determined using the same machine at four different temperatures. Refractive indexes of samples 

were measured with a Reichert refractometer at 20oC. 
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3.2.2 Preparation of Magnetic Nanoemulsion Hydrogels 

The most stable nanoemulsion defined in the previous experiments was chosen for further 

gelation studies. This nanoemulsion was comprised of an 8:2 Triton X-100 and Span-80 ratio 

with a 7.5% surfactant mixture. Later on, a certain amount of magnetite was added into the oil 

phase containing Span-80, and the mixture was sonicated to disperse the magnetic nanoparticles. 

Nanoemulsions containing magnetic nanoparticles were prepared using the same procedure used 

for preparing the nanoemulsions. Then, a 4% chitosan solution prepared in 0.2 M hydrochloric 

acid (HCl) was mixed with the magnetic nanoemulsions, and homogeneous mixtures were 

obtained under magnetic stirring, eventually generating the final three Fe3O4 concentrations of 8, 

16, and 32 mg/ml. Later on, a 2% PVA solution and 1 M sodium bicarbonate solution were 

mixed in a 1:1 ratio and cooled down to 4oC. Then this cold mixture was added dropwise into the 

nanoemulsion containing the chitosan hydrogels, and the temperature was increased for gelation. 

The gelation time and temperature were decided when the hydrogels in the vials showed no more 

flow. At the end of the process, magnetic nanoemulsion hydrogels (MNHs) were synthesized.  

3.2.3 Fourier Transform Infrared Spectroscopy 

During infrared (IR) spectroscopy, IR radiation is passed through a sample. While some 

of the radiation is absorbed by the sample, the remainder passes through the sample, which 

means that the IR radiation has been transmitted. The resulting spectrum, which shows the 

molecular absorption and transmission, generates a molecular fingerprint of the sample. By using 

Fourier transform infrared spectroscopy (FTIR), it is possible to identify unknown materials, 

determine the quality or consistency of a sample, and ascertain the number of components in a 

mixture. Attenuated total reflectance (ATR) spectroscopy, one of the FTIR reflectance 
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techniques, was used to characterize the structure of the manufactured hydrogels. Figure 16 

shows the FTIR device. 

 

Figure 16. Fourier transform infrared spectroscopy device used for this study. 

3.2.4 Zeta Potential Measurements 

Zeta potential is defined as the charge that develops at the interface between a particle 

and its liquid medium. Derivations indicate that the zeta potential is the double-layer potential, 

which is close to the particle surface, and one of its applications is the measurement of surface 

charges of particle surfaces [133]. The liquid layer of a particle in suspension migrating in an 

electric field moves at the same velocity as the surface-shear surface. This shear surface occurs 

well within the double layer, likely at a location roughly equivalent to the Stern surface. Even 

though the precise location of the shear surface is unknown, it is assumed to be within a couple 

of molecular diameters of the actual particle. This thickness is associated with the zeta potential 

and defines the ion atmosphere near a surface [134]. The magnitude of the zeta potential can be 

an indicator of the potential stability of a colloidal system. In the case where particles have 

relatively large negative or positive zeta potentials (greater than +30 mV and less than –30 mV), 
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they will repel each other, thus making the colloidal system stable. However, if the particles have 

low zeta potential (between +30 and –30 mV), then particles tend to coalesce, thus creating 

instable systems. Figure 17 shows the stability relation depending on zeta potential.  

 

Figure 17. Stability with relation to zeta potential. 

Specifications for the Zetasizer ZS90 machine were as follows:  

• Size Range: 0.3 nm to 5 µm (diameter) using 90-degree scattering optics 

• Accuracy: Better than +/–2% on NIST traceable latex standards 

• Repeatability: Better than +/–2% on NIST traceable latex standards 

• Minimum Sample Volume: 20 µl 

• Measurement Principle: Dynamic light scattering (DLS) 

• Results: Mean and standard deviation calculated for size distribution by intensity 

assuming a log-normal distribution 
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3.2.5 Dynamic Light Scattering 

Dynamic light scattering is an important tool for measuring hydrodynamic size, zeta 

potential, and the polydispersity index of colloidal solutions, molecules, or nanoparticles. DLS 

measurements are performed based on the Brownian motion of particles. Once the Brownian 

motion of particles is characterized, this information is transformed into a hydrodynamic 

diameter. The hydrodynamic diameter is basically related to physical size of the particle, which 

involves its diameter as well as the layer created on its surface due to interaction with substances 

in the solvent such as surfactants or stabilizers. Figure 18 shows a picture of the DLS instrument. 

 

Figure 18. Dynamic light scattering instrument. 

Dynamic light scattering measures the intensity of light scattered from a colloidal 

solution, analyzing the random intensity of the scattered light as a function of time. Basically, 

coherent light is radiated from a laser and passed through the sample. Parts of the photons are 

scattered in all directions due to a difference in diffractive index between the solution and the 

dispersed colloid or dissolved polymer. The scattered photons interfere with each other to display 

a wave with either larger intensity (constructive interference) or weaker intensity (destructive 
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interference). Constructive and destructive interferences are dependent on the distance of the 

scattering centers. Due to the Brownian motion of all colloids in solution, the interference 

changes over time. When colloids move quickly in a solution, the interference pattern changes 

rapidly; for slow colloids, the pattern changes more slowly. How fast the colloids move is 

determined by the signal intensity of the scattered light. This is detected over time, and the 

gained values are used to generate an intensity autocorrelation function. For very short time 

intervals, the intensity values are dependent on each other; for longer time intervals, the intensity 

values are more independent. Sizes that are suitable for analysis range from the lower nanometer 

to the low micrometer scale. A restriction when measuring very small particles is mainly the very 

low scattering intensity (which is proportional to the square of the molecular weight). A 

limitation when measuring very large particles is mainly the slow movement and therefore long 

measurement time to generate enough data for a statistical analysis. 

The DLS measurements were conducted using a Zetasizer Nano ZS (Malvern 

Instruments, Malvern, UK). Diluted samples were exposed to a helium-neon (HeNe) laser at a 

wavelength (λ) of 632.8 nm. Measurements were performed at different temperatures using 

disposable polystyrene cuvettes. Data quality reports obtained by the software (DTS v 5.03) 

provided information regarding the quality of data collected for the intensity-based size mean, 

polydispersity index, and zeta potential. 

3.2.6 Ultraviolet-Visible Spectroscopy 

Ultraviolet-visible (UV-Vis) spectroscopy refers to absorption spectroscopy in the 

ultraviolet-visible spectral region. This means that it uses light in the visible and adjacent (near-

UV and near-infrared [NIR]) ranges. The tests in this study employed the Hitachi-2900 

spectrophotometer, which is shown in Figure 19. 
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Figure 19. UV-Vis spectroscopy device (Hitachi-2900 spectrophotometer). 

3.2.7 Swelling Study 

Chitosan-based magnetic nanoemulsion hydrogels were prepared and crosslinked with a 

sodium bicarbonate solution. Gelation was achieved with the increasing temperature, and their 

swelling characteristics were investigated. The prepared hydrogels were placed in well plates at 

the same weights and kept in phosphate buffer solution at a pH value of 7.4. Using equation (19), 

swelling ratios and water content of the hydrogels were calculated at predetermined time periods: 

 SR(%) =
(Ws−Wd)

Wd
x100  (19) 

where 𝑊𝑠 is the weight of swollen hydrogels, and 𝑊𝑑 is the weight of dry hydrogels.  

The equilibrium water content was calculated as 

 WC(%) =
(We−Wd)

We
 x100  (20) 

where 𝑊𝑒 and 𝑊𝑑 represent the weights of the swollen and dry states at equilibrium, 

respectively.  

Fickian’s diffusion law was utilized to investigate the swelling kinetics of hydrogels, and 

the swelling and diffusion constants were found using equation (21): 
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 𝐹 =
𝑀𝑡

𝑀∞
= 𝑘𝑡𝑛  (21) 

3.2.8 Drug-Release Study 

 For the drug-release study, MNHs containing 24 mg/ml of magnetic nanoparticles, 

chitosan hydrogels containing only magnetic nanoparticles, and plain chitosan hydrogels were 

prepared at the same weights and placed in 1 ml of phosphate-buffered saline (PBS) solution 

(pH = 7.4) at 37oC. At predefined time intervals, the PBS solutions were collected, and a fresh 

PBS solution was added into the well plates to fully cover the hydrogel samples. Samples were 

collected for 48 hours, and the concentrations of drugs in the solution were calculated using the 

UV-Vis spectrometer. First, the calibration curve for 5-Flouracil (5-FU) was plotted, and the 

model was created as a function of concentration and absorption. Later on, for each sample, the 

concentration of the drug in the solution was calculated using the equation obtained from the 

calibration curve. Once the cumulative drug-release results were calculated, data were fit into 

five different drug-release models, and based on R2 values, the best-fitting model was 

determined in order to understand the drug-release characteristics of the samples. The following 

models were used in the drug-release study: 

• Zero-Order  

• First-Order  

• Higuchi  

• Korsmeyer-Peppas  

• Hixson-Crowell  

3.2.9 Induction Heating System for Hyperthermia Study 

Multiple studies [135-137] have used inductor setups for hyperthermia studies. An 

inductor allows for a first approximation of heating in ferromagnetic materials. Its use in the 
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heating apparatus setup for this study was similar to the testing measurements done by Jordan et 

al. [135]. Using this equipment is appealing for the following reasons: efficient power transfer to 

the ferromagnetic load by the capacitor and inductor in a resonant circuit, selective heating in the 

ferromagnetic materials over the surrounding media, and the ability to generate repeatable 

results. 

A schematic diagram of the hyperthermia unit based on the induction heating mechanism 

is shown in Figure 20. The system consists of an AC magnetic field generator, induction coil, 

and digital thermocouple. Induction heating of the magnetic hydrogel for the hyperthermia 

application was implemented in a glass vial using an induction heating unit (LH-15A induction 

heater) with a 3-cm-diameter (three turns) heating coil, as shown here.  

 

Figure 20. Hyperthermia unit based on induction heating, including induction coil  
and vial with magnetic nanoparticle hydrogel. 

 
To preserve the temperature of the coil at ambient temperature, water circulation was 

provided in the coil. The glass vial in which hydrogels were generated was placed at the center of 
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the coil. Samples were heated for 20 minutes with the desired current (110–330 A). The 

magnetic field for the conducted experiments was calculated as  

 𝐻 =  1.257𝑛𝑖
𝐿⁄   (22) 

where n denotes the number of turns, i is the applied current, and L is the diameter of the turn in 

centimeters. Calculated values of the magnetic field (H) at 110, 220, and 330 A were 138.27, 

276.54, and 414.81 Oe (equivalent to 11.0, 22.0, and 33.0 kA m-1), respectively.  

 Temperature gradients that exist within the apparatus should additionally be considered, 

because the coil is more likely to heat due to ohmic losses caused by the alternating current. 

When power is started, the temperature must always be larger in the coil than in the insulation. 

Considering that insulation will absorb heat generated by the coil, insulation can have a higher 

temperature at the points that is closer to the coil until the sample can quickly generate a large 

amount of heat. Due to the air space between the sample and the insulation, the insulation 

temperature will likely attain a minimum at the sample rather than at the coil. Moreover, 

gradients are unlikely to be linear, particularly because of the nonuniform heating within the 

sample [133]. 

3.2.10 Statistical Analysis 

Statistical analysis was carried out using Design-Expert 7.7 software. Response of the 

temperature increase corresponding to magnetic nanoparticle amount, magnetic field, and time 

were performed using general factorial design. All reported P-values were statistically significant 

at P < 0.05, P < 0.01, and P < 0.001. 
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3.2.11 Specific Loss Power 

Specific loss power can be defined as the thermal power per unit mass dissipated by the 

magnetic material. To calculate the heating efficiency of MNH samples, equation (18), 

previously given in Chapter 2, was used: 

𝑆𝐿𝑃 =
𝐶

𝑚𝑝
𝑥

Δ𝑇

Δ𝑡
 

where C is the heat capacity of sample, 𝑚𝑝 is the total amount of magnetic nanoparticles in the 

material, and ΔT/Δt is the initial slope of the time-dependent heating curve. To calculate the SLP 

values, first, heat capacity of the samples was found using the calorimetric technique. Basically, 

considering that heat flow between two samples will be equal under adiabatic conditions, using 

equation (19), specific heat capacities of the samples were calculated as 

 𝑄 = 𝑚𝑐∆𝑇  (19) 

Later on, specific heat capacity was multiplied by the mass of gels to calculate the heat capacity 

of the samples. Initial heating curves of the samples at three different MFS values were created 

for 3 min. Finally, SLP results obtained from the calculations were plotted. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Globule Size Analysis 

Globule size analysis over time was initially performed for emulsions including 10% oil 

and 5% surfactant. Using two different surfactants in five different ratios—5:5, 6:4, 7:3, 8:2, and 

9:1—five different emulsions were prepared. Their absorbance at 633 nm, hydrodynamic size, 

and polydispersity index were measured, and the test results are plotted in Figures 21 to 23, 

respectively. Over a 70-day period, it was decided to use emulsions with HLBs of 11.6 (8:2 

ratio) and 12.58 (9:1 ratio) in further studies because these emulsions showed the least diameter 

change during this period.  

 

Figure 21. UV-Vis spectrometry results of nanoemulsions prepared at five different HLB values 
collected at 633 nm. 
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Figure 22. Z-average diameter versus time for emulsions including 10% oil  
and 5% surfactant. 

 

 

 

Figure 23. PDI versus time for emulsions including 10% oil and 5% surfactant. 
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As shown in Figure 23, there is a drop in PDI by time. This was associated with the 

globule size change at equilibrium, which resulted from small micelles combining with larger 

micelles and providing more homogeneous size distribution by time. 

Figure 24 shows the Z-average diameter of nanoemulsions as a function of HLB value 

over a 70-day period, and Figure 25 shows the PDI of samples as a function of HLB collected 

over a 70-day period. 

 

Figure 24. Z-average diameter versus HLB of samples collected over 70-day period. 

From the first step in this study, HLB values of 11.6 (8:2) and 12.58 (9:1) were chosen to 

use in further investigations. The nanoemulsion including 10% oil and 5% of surfactant with an 

HLB of 12.58 (9:1) shows a small amount of separation, less than 2%. Even though it was 

planned to eliminate this HLB, it was included in order to investigate the effect of surfactant 

amount and oil amount on separation for this HLB value, since it provided the nanoemulsion 

with the smallest hydrodynamic size.  
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Figure 25. PDI versus HLB of samples collected over 70-day period. 

Test results obtained using these two HLB values along with three different oil-and-

surfactant percentages were plotted, as shown in Figures 26 to 28.  

 

Figure 26. Z-average diameter change during 30 days for emulsions including 10% oil. 
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Figure 27. Z-average diameter change during 30 days for emulsions including 15% oil. 

 

 

Figure 28. Z-average diameter change during 30 days for emulsions including 20% oil. 
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It is obvious from these figures that with the increasing oil percentage, the average diameter 

increased, as expected. While a 5% surfactant percentage provided the highest diameter, the 

emulsion containing 10% surfactant resulted in the smallest-diameter nanoemulsions. In 

addition, it was observed that with increasing oil percentages, the change in diameter over time 

was less compared to the emulsions with lower oil percentages. In addition, as can be seen in all 

three graphs, it is obvious that emulsions with 10% surfactant and 8:2 ratio of surfactants (HLB: 

11.6) exhibited the highest diameter increase over time. Overall, these plots indicate that 

increasing the surfactant percentage increased the instability at all oil percentage levels. This was 

associated with a depletion in flocculation due to the osmotic pressure increment via increasing 

surfactant concentration. However, this increment was seen to be less with increasing oil 

percentage.  

During the 30-day period, in addition to measuring the average diameter, samples were 

also inspected to see whether any separation occurred in the emulsion. It was observed that, at all 

oil and surfactant levels, emulsions with an HLB value of 12.58 (9:1 ratio) exhibited a separation 

of less than two percent, except the emulsion with 15% oil and 7.5% surfactant (data not shown 

here). This suggests that the stability of an emulsion is not only a matter of HLB because no 

separation was observed in the emulsions with 15% oil and 7.5% surfactant. The amount of oil, 

surfactant, water, and HLB should be considered together for achieving better nanoemulsions.  

4.2  Zeta Potential Analysis 

The zeta potential of samples was collected using a Zetasizer machine. Test results are 

listed in Tables 5 to 7, which show the zeta potential of samples at four different temperatures. 
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TABLE 5 

ZETA POTENTIAL OF EMULSIONS INCLUDING 10% OIL AT FOUR DIFFERENT 
TEMPERATURES AFTER 30 DAYS (MEAN ± SD, N = 5) 

 

 

10% Oil 

5% Surfactant 7.5% Surfactant 10% Surfactant 

Temp. (oC) 8:2 9:1 8:2 9:1 8:2 9:1 

25  – 19.1 ± 0.3 –7.27 ± 1.4 –25.3 ± 1.3 –23.9 ± 2.1 –23.3 ± 1.5 –9.59 ± 0.3 

37  –17.8 ± 0.1 –7.11 ± 1.1 –22.4 ± 1.1 –20 ± 1.1 –21.5 ±1.5 –9.02 ± 0.6 

40  –16.5 ± 0.1 –7.2 ± 0.5 –21.3 ± 0.6 –19.2 ± 1.3 –19.4 ±0.5 –9.16 ± 0.5 

50  –14.7 ± 0.8 –6.72 ± 0.3 –21 ± 1.17 –17.1 ± 0.6 –18.7 ±0.4 –9.01 ± 0.9 

 

TABLE 6 

ZETA POTENTIAL OF EMULSIONS INCLUDING 15% OIL AT FOUR DIFFERENT 
TEMPERATURES AFTER 30 DAYS (MEAN ± SD, N = 5) 

 

 

15% Oil  

5% Surfactant 7.5% Surfactant 10% Surfactant 

Temp. (oC) 8:2 9:1 8:2 9:1 8:2 9:1 

25  –31.8 ± 0.6 –30.8 ± 0.6 –33.9 ± 0.6 –26 ± 0.4 –24.3 ± 0.9 –21.5 ± 0.5 

37  –29.1 ± 1.2 –26.3 ± 0.4 –29.8 ± 1.1 –23.4 ± 0.3 –22 ± 0.7 –18.6 ± 0.4 

40  –29 ± 0.5 –26.1 ±0.6 –29.5 ± 0.4 –23.6 ± 0.1 –21.9 ± 0.4 –18 ± 0.3 

50  –27.4 ± 0.6 –24.9 ± 0.4 –28.6 ± 0.2 –23 ± 0.9 –20.1 ± 0.5 –17 ± 0.6 
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TABLE 7 

ZETA POTENTIAL OF EMULSIONS INCLUDING 20% OIL AT FOUR DIFFERENT 
TEMPERATURES AFTER 30 DAYS (MEAN ± SD, N = 5) 

 

 

20% Oil  

5% Surfactant 7.5% Surfactant 10% Surfactant 

Temp. (oC) 8:2 9:1 8:2 9:1 8:2 9:1 

25  –39.8 ± 0.6 –32.1 ± 0.7 –35.8 ± 0.4 –32.5 ± 0.4 –32.9 ± 1.3 –21.2 ± 0.9 

37  –32.9 ± 0.4 –28.8 ± 0.6 –33.4 ± 0.2 –28.6 ± 0.5 –28.3 ± 0.3 –19.8 ± 1.2 

40  –33.1 ± 0.3 –28.9 ± 0.5 –33.6 ± 0.8 –28.2 ± 0.6 –28.7 ± 0.2 –20.2 ± 0.6 

50  –32.6 ± 0.7 –27.6 ± 0.5 –33 ± 0.6 –27.5 ± 0.4 –27.4 ± 0.5 –19.1 ± 0.7 

 
Overall, it was observed that the zeta potential slightly dropped with increasing 

temperature, and increasing surfactant percentages pulled the zeta potential down. Test results 

clearly indicate that the surfactant ratio of 8:2 exhibited higher zeta potential compared to that of 

9:1. In addition, a higher oil percentage resulted in a greater zeta potential. Since the zeta 

potential values that are greater than +25 mV and less than –25 mV exhibit good stability, 

samples in this range with minimum particle size can be considered for drug delivery 

applications.  Considering the average diameter and zeta potential results together, it was 

concluded that emulsions with 7.5% surfactant and an HLB value of 11.6 is the best combination 

for the present studies. This emulsion provided the smaller diameter with lowest zeta potential, 

and without any phase separation.  

4.3  Polydispersity Index Analysis 

Selected samples from the Z-average diameter and zeta potential measurements were 

compared in terms of their polydispersity index. Test results provided in Table 8 indicate that 
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almost all PDI values are low, which were expected to be less than 0.2. Moreover, it was 

observed that there is a decrement in the PDI over 30 days. This was associated with globule size 

tending to reach equilibrium over time after the rebinding of smaller globules onto larger 

globules. 

TABLE 8 

POLYDISPERSITY INDEX OF SAMPLES FOR ONE MONTH (MEAN ± SD, N = 5) 

7.5% Surfactant with HLB 11.6 

Day 10% Oil 15% Oil 20% Oil 

0 0.260 ± 0.009 0.195 ± 0.020 0.205 ± 0.029 

5 0.144 ± 0.022 0.192 ± 0.016 0.181 ± 0.033 

10 0.139 ± 0.016 0.162 ± 0.016 0.155 ± 0.024 

20 0.165 ± 0.023 0.147 ± 0.040 0.128 ± 0.020 

30 0.082 ± 0.009 0.113 ± 0.024 0.121 ± 0.018 

 
These samples did not exhibit any increment in PDI under various temperatures. Test 

results for samples after 30 days were collected at four different temperatures—25, 37, 40, and 

50oC. Results indicate that temperature did not cause the PDI value to go higher, around 0.2. 

This suggests that selected emulsions own good dispersity characteristics in the temperature 

range of 25oC –50oC.  Table 9 shows the polydispersity index of samples at four different 

temperatures. 

As shown in Figure 29, particle size readings did not show substantial changes at 

different temperatures, indicating that samples were stable between 25oC and 50oC. Results 

suggest that emulsions can be good candidates for drug delivery applications in terms of 

maintaining their size at body temperature.  
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TABLE 9  
 

POLYDISPERSITY INDEX OF SAMPLES AT FOUR DIFFERENT TEMPERATURES 
(MEAN ± SD, N = 5) 

 

7.5% Surfactant with HLB 11.6 

Temp. (oC) 10% Oil 15% Oil 20% Oil 

25 0.082 ± 0.009 0.113 ± 0.024 0.121 ± 0.018 

37 0.055 ± 0.028 0.105 ± 0.028 0.120 ± 0.006 

40 0.073 ± 0.014 0.095 ± 0.012 0.104 ± 0.027 

50 0.094 ± 0.013 0.126 ± 0.011 0.100 ± 0.023 

 

 

Figure 29. Z-average diameter of selected samples corresponding to four different temperatures.  
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4.4  Refractive Index Analysis 

Refractive index measurements showed that the selected nanoemulsions were isotropic in 

nature. All results collected from three samples exhibited a refractive index close to the 

refractive index of water at 1.33. These results are shown in the Table 10. The reason behind the 

slight increment in refractive index corresponding to increasing amount of oil may be due to the 

decreasing water content in the environment. 

TABLE 10 

REFRACTIVE INDEX OF SELECTED FORMULATIONS (MEAN ± SD: 0.001, N = 3) 

 

 

 

 

4.5 Rheological Analysis 

Rheology studies suggested that nanoemulsions with a small amount of oil exhibited 

lower viscosity, and with an increasing amount of oil, they exhibited increased viscosity. 

Moreover, temperature was seen to affect the viscosity properties of the samples. At room 

temperature, viscosities were seen to be constant at all shear rates; however, increasing the 

temperature to 37oC resulted in viscosity higher at a shear rate range of 1 to 100 s-1. After this 

point, viscosities were seen to be constant with increasing shear rate and slightly higher than that 

of samples at room temperature (25oC). Figures 30 to 32 show viscosity versus shear rate of 

nanoemulsions containing 10%, 15%, and 20% of the oil phase at two different temperature 

values of 25oC and 37oC after one day, 15 days, and 30 days of nanoemulsion preparation, 

respectively. 

7.5% Surfactant with HLB of 11.6 

10% Oil 15% Oil 20% Oil 

1.359 1.367 1.374 
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Figure 30. Viscosity as a function of shear rate of nanoemulsions containing 10%, 15%, and 20% 
oil phase at two different temperature values of 25℃ and 37℃  and one day  

after nanoemulsion preparation. 
 
 

 

Figure 31. Viscosity as a function of shear rate of nanoemulsions containing 10%, 15%, and 20% 
oil phase at two different temperature values of 25℃ and 37℃ and 15 days  

after nanoemulsion preparation. 
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Figure 32. Viscosity as a function of shear rate of nanoemulsions containing 10%, 15%, and 20% 
oil phase at two different temperature values of 25℃ and 37℃ and 30 days after 

nanoemulsion preparation. 
 

Viscosity changes for the 30-day period were investigated by plotting the viscosity-shear 

rate graph at the 1st, 15th, and 30th day for all three samples containing three different oil 

percentages at two different temperatures. As indicated in the results shown in Figures 33 to 35, 

the viscosity of the samples did not change during one month for both temperature values. In 

addition, samples at 37℃ kept a higher viscosity than the samples at 25℃. Also, the temperature 

effect on viscosity difference is slightly observable at a low oil percentage of 10%; however, 

with increasing oil percentage, curves in the graph tend to overlap, indicating closer viscosity 

values at two different temperature values for a greater amount of oil in the system.  
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Figure 33. Viscosity results as a function of shear rate of nanoemulsions containing 10% oil 
phase at two different temperature values of 25℃  and 37℃  at days 1, 15, and 30. 

 

 

Figure 34. Viscosity results as a function of shear rate of nanoemulsions containing 15% oil 
phase at two different temperature values of 25℃  and 37℃  at days 1, 15, and 30. 
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Figure 35. Viscosity results as a function of shear rate of nanoemulsions containing 20% oil 
phase at two different temperature values of 25℃ and 37℃ at days 1, 15, and 30. 

 
4.6 Fourier Transform Infrared Spectroscopy Study 

As shown in results of the FTIR study in Figure 36, the broad and intense band at around 

3420 cm-1 belongs to an overlap between O–H and N–H stretching vibration, while pristine 

chitosan powder indicates a shallow peak, where peak depth increased upon preparing the 

chitosan solution and magnetic nanoparticle hydrogel. The two peaks existing at wavelengths of 

2923 and 2879 cm-1 are attributed to the C–H stretching vibration of –CH2 and –CH3 aliphatic 

groups, respectively [138, 139]. The peaks at 2364 and 2337 cm-1 are assigned to the amino 

protonation of the –NH2 and –NHCOCH3 groups. As seen from this graph, upon the preparation 

of chitosan solution with HCl acid, the depth of these two peaks drastically increased, indicating 

generated protonated groups in the structure with the addition of HCl. Also, upon formation of 

the MNP hydrogel, these two peaks disappeared, which is due to the change in pH with the 
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addition of sodium bicarbonate. The peaks at 1649 and 1558 cm-1 refer to the C=O stretching 

vibration of the acetyl group and the C=O stretching vibration of the amine group (NH2), 

respectively. The peaks at 1150, 1032, and 1375 cm-1 are related to C–O–C stretching vibration 

and C–H symmetric bending vibration, separately. The broad peak at 1070 indicates C–O 

stretching vibration in the chitosan spectrum. It was observed that C–H out-of-plane bending 

vibration and N–H wagging vibration occurred at ca. 898 and 660 cm-1 [140]. 

 
 

Figure 36. FTIR spectra of chitosan, chitosan solution, magnetite, and magnetic  
nanoparticle hydrogel. 

4.7 Swelling Study and Kinetics 

Swelling behaviors of the three hydrogels containing three different magnetic 

nanoparticle concentrations—8, 16, and 32 mg/ml—were plotted, based on the average of three 

trials. The swelling kinetics and time-dependent swelling behaviors of chitosan hydrogels in a 

PBS solution (pH 7.4) at 37oC were investigated, and results from the experiments are shown in 

Figures 37 and 38. These graphs clearly indicate that swelling percentages and water content of 
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the hydrogels decrease with increasing MNP concentration. In addition, at greater MNP 

percentages, hydrogels did not exhibit much change in the swelling ratio with time. This was 

associated with the MNPs acting as a crosslinker agent, better proving the intense network in the 

structure, which eventually decreases the amount of water absorbed into it.  

Also, equilibrium swelling ratio and equilibrium water content, which are the maximum 

reachable swelling ratio and water content, were found to be reached after eight hours. After that 

time, no further swelling or water content increment was observed, indicating that equilibrium 

swelling and water content were reached. 

Using Fickian diffusion law, diffusion and swelling coefficients were determined, thus 

providing information about the nature of water absorption into the hydrogel matrix. These 

results are shown in Table 11. 

 

Figure 37. Swelling ratio of hydrogels with magnetite concentrations of 8, l6, and 32 mg/ml 
collected after 1, 8, and 24 hours. 
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Figure 38. Water content of hydrogels with magnetite concentrations of 8, 16, and 32 mg/ml 
collected after 1, 8, and 24 hours. 

 
TABLE 11 

DIFFUSION AND SWELLING COEFFICIENTS OF MAGNETIC NANOEMULSION 
HYDROGELS SAMPLES CANTAINING 8, 16, AND 32 mg/ml OF MAGNETIC 

NANOPARTICLES 
 

Sample Diffusion Exponent (n) Diffusion Constant (k) 

MNH-8 mg/ml 0.3582 0.1639 

MNH-16 mg/ml 0.4895 0.1290 

MNH-32 mg/ml 0.1539 0.4884 

 
 
4.8 Drug-Release Study and Kinetics 

 The drug-release study was completed in 48 hours, and the collected samples were run in 

the UV-Vis spectrometer to calculate the released drug concentrations. For this purpose, first, the 

calibration curve for 5-FU was created, and the results are shown in Figure 39. Later, these 
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results were used to calculate the cumulative drug release (CDR), and the results, which are 

plotted in Figure 40 were fit into five different drug-release models. Plots created for these five 

models are shown in the Appendix (Figures A1 to A15). Based on the highest R2 values, the 

best-fitting models were determined and shown in Table 12. 

 

Figure 39. Calibration curve for 5-Flouracil. 

According to the drug-release kinetics study, it was concluded that adding magnetic 

nanoparticles into plain chitosan hydrogels caused a drop in the CDR percentage. This was 

attributed to the more compact structure formation of the MNPs, which acted as a barrier against 

drug release. When decreasing the water uptake percentages with increasing MNP percentages 

was considered (Figure 38), this can be associated to the diffusion rate of the medium into the 

hydrogel structure, which eventually caused less CDR. On the other hand, it was observed that in 

the case of loading the drug into magnetic nanoemulsion hydrogel, the CDR percentage 

increased, which was attributed to the hydrophilic nature of the drug (5-FU). While at the end of 

two days the CDR was approximately at 35% and 30% for plain chitosan hydrogel and magnetic 
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nanoparticle-incorporated chitosan hydrogel, respectively, this number was 46% for MNHs. 

Another observation from the release test was relative to saturation of drugs in the structure. For 

plain chitosan hydrogels and magnetic nanoparticle-incorporated chitosan hydrogel, a plateau 

starting from the 8th hour was observed, after which no increase was observed in the CDR 

percentage. However, for the MNH samples, drug release was seen to be continuous. CDR 

percentage values were seen to be increasing at the end of each time period, indicating a 

continuation in drug release.  

 

Figure 40. Cumulative drug-release percentages from plain chitosan hydrogel, chitosan hydrogel 
incorporated with magnetic nanoparticles, and magnetic nanoemulsion hydrogels. 

 
For the quantification of drug-release behavior from hydrogel structures, CDR study 

results were fitted into five different drug-release models. Based on these results, the best-fitting 

model was determined to be the Higuchi release model. From this model, R2 values obtained 

were 0.9257, 0.8839, and 0.9224 for MNHs, chitosan hydrogels incorporated with MNPs, and 

plain chitosan hydrogels, respectively. 
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TABLE 12 

R2 VALUES OF CUMULATIVE RELEASE PERCENTAGES FITTED INTO FIVE 
DIFFERENT DRUG-RELEASE MODELS 

 

Drug-Release Models 

R2 Values 

Magnetic 
Nanoemulsion 

Hydrogel 

Chitosan Hydrogel 
+ Magnetic 

Nanoparticles 

Plain Chitosan 
Hydrogel 

Zero-Order 0.7430 0.6557 0.7277 

First-Order 0.7852 0.6862 0.7662 

Higuchi 0.9257 0.8839 0.9224 

Korsmeyer-Peppas 0.8912 0.8473 0.8850 

Hixson-Crowell 0.7714 0.6761 0.7536 

 
4.8 Hyperthermia Study Analysis 

Hyperthermia studies were conducted at three different magnetic field strengths and three 

different magnetic nanoparticle concentrations for 20 minutes. Temperature values collected 

every 5 minutes for 20 minutes were plotted, and the results are shown in Figures 41 to 43. These 

graphs indicate that increasing the magnetic field strength and increasing the magnetic 

nanoparticle concentration resulted in an observable increment in sample temperature. 

Results collected from samples with a magnetic nanoparticle concentration of 8 mg/ml 

showed that this concentration was not enough to reach the temperature required for 

hyperthermia at all chosen MFSs. Moreover, the results also indicated that increasing the MFS 

from 22 kA/m to 33 kA/m did not cause a remarkable change in the temperature increment of the 

samples. These results suggest that there might be a maximum MFS to be applied on a material 

with a certain magnetic nanoparticles concentration, beyond which applying a further magnetic 

field would not affect the results.  
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Figure 41. Temperature data collected during 20 minutes from samples with magnetic 
nanoparticle concentration of 8 mg/ml at three different magnetic field strengths  

of 11, 22, and 33 kA/m. 
 

When the concentration of magnetic nanoparticles was increased to 16 and 32 mg/ml, all 

samples exhibited an increase in temperature values. For samples with a 16 mg/ml MNP 

concentration, the MFS of 11 kA/m was seen to be not very effective in the temperature 

increment, compared to the 8 mg/ml sample. At greater MFS values of 22 and 33 kA/m, the 

temperature was seen to increase more significantly.  
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Figure 42. Temperature data collected during 20 minutes from samples with magnetic 
nanoparticle concentration of 16 mg/ml at three different magnetic field strengths  

of 11, 22, and 33 kA/m. 
 

This study aimed to reach the hyperthermia temperature, which falls between 42℃ and 

45℃.  This target was achieved at a magnetic nanoparticle concentration of 32 mg/ml at the 

MFS of 22 kA/m and higher. Even though the temperature increased to 40℃ at an MNP 

concentration of 16 mg/ml and MFS of 33 kA/m, the increment did not reach 42℃. This result 

suggests that there could be a way to achieve a hyperthermia temperature range with a lower 

magnetic nanoparticle concentration by adjusting either the magnetic field strength or time. On 

the other hand, a longer period of time would be necessary to reach the targeted temperature, 

while it requires only 5 minutes to reach the hyperthermia temperature. 
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Figure 43. Temperature data collected during 20 minutes from samples with magnetic 
nanoparticle concentration of 32 mg/ml at three different magnetic field strengths  

of 11, 22, and 33 kA/m. 
 

4.8 Statistical Analysis 

An analysis of variance (ANOVA) table of the model was obtained using Design-Expert 

7.0 software, and the results are shown in Table 13. As can be seen, the overall model is 

significant, with a P-value less than 0.0001. Moreover, all other main factors and two factor 
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pure error, which is the indicator of whether that model can fit. The three-factor interaction was 
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(interaction between MFS and concentration) on temperature at the maximized time of the 20th 

minute is plotted in Figure 44.  

TABLE 13 

ANOVA TABLE OF MODEL 

 
Source 

Sum of 
Squares 

 
df 

Mean 
Square 

F 
Value 

P-Value 
Prob > F 

 
 

Model 6683.18 23 290.57 202.62 < 0.0001 significant 

A-Time 350.72 3 116.91 81.52 < 0.0001  

B-MFS 1686.67 2 843.33 588.08 < 0.0001  

C-Concentration 4251.74 2 2125.87 1482.43 < 0.0001  

AB 22.47 6 3.75 2.61 0.0227  

AC 60.5 6 10.08 7.03 < 0.0001  

BC 311.09 4 77.77 54.23 < 0.0001  

Residual 120.46 84 1.43    

Lack of Fit 10.48 12 0.87 0.57 0.8578 not significant 

Pure Error 109.98 72 1.53    

Cor Total 6803.64 107     

 

TABLE 14 

STATICTICAL RESULTS FROM ANALYSIS OF VARIANCE 

Standard Deviation 1.2 R-Squared 0.9823 

Mean 35.91 Adj R-Squared 0.9774 

C.V% 3.34 Pred R-Squared 0.9707 
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Figure 44. Plot showing interaction between three different MFS values and three different 
concentrations of 8 (red), 16 (green), and 32 (blue) mg/ml at maximized time of 20th minute. 

 

Results more clearly indicate that at a low magnetic field strength of 11 kA/m, increasing 

the concentration from 8 to 16 mg/ml did not show a significant effect in temperature rise. When 

the concentration was increased to 32 mg/ml, there was a significant rise in temperature. On the 

other hand, at higher MFS values of 22 and 33 kA/m, the concentration increment was seen to 

have a more significant effect on temperature rise as a function of concentration. While the 
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maximum temperature reached at 8 and 16 mg/ml concentration levels did not show a significant 

difference at 11 kA/m, the increase in MFS increment to 22 and 33 kA/m allowed for the 

observation of concentration effect on temperature by exhibiting a significant difference at the 

maximum temperature reached. Moreover, when concentration was increased to 32 mg/ml, 

results showed a dramatic rise in temperature at the MFS of 33 kA/m. Overall, at higher MFS 

values, the effect of concentration on temperature rise was seen to be more significant.  

Model diagnostics is another important procedure that should be completed. These 

procedures make it possible to check whether the assumptions of the regression model are valid 

and if there is any violation. Resulting diagnostics plots, such as normal plot, externally 

studentized residuals plot, and difference in fits (DFFITS), help decide whether subsequent 

inference results are trustable. These diagnostics plots are provided in the Appendix in Figures 

A16 to A19. In the second step of statistical analysis, an ANOVA table was created for 

continuous factors (numerical factors), in order to conduct an optimization study on the data 

collected. Based on the fit summary, models were compared, and among them, the quadratic 

model was chosen due to the significant P-value for this model with a value of less than 0.0001 

and not being significant for “lack of fit” with a value of 0.54, which is greater than 0.05 (Table 

15).  

TABLE 15 

FIT SUMMARY FOR SEQUENTIAL MODEL AND LACK OF FIT TEST 

 Sequential Model Lack of Fit Test 

Source Quadratic vs 2FI Quadratic 

F-Value 41.83 0.95 

P-Value Prob > F < 0.0001 0.54 



86 

 
 
Three-dimensional (3D) surface graphs involving temperature, time, and magnetic field 

strength are provided in Figures 45 to 47. When the third factor is maximized, the effect of the 

other two-factor interactions on temperature are shown in these graphs. The twist generated on 

the 3D surface indicates that there is not just one factor interaction, but rather a significant 

interaction between two factors. This suggest handling the change of the level of factors 

corresponding to the other factors. Figure 45 indicates the temperature change corresponding to 

both time and magnetic field strength. As shown, at a chosen MFS, time caused a logarithmic 

increment in the temperature. Also, temperature tends to reach a plateau over time. This behavior 

is more obvious at lower MFS values. With increasing MFS, temperature was seen to increase by 

time, and the sample was less likely to reach a plateau during induction heating. 

 

Figure 45. Temperature-time-MFS graph at maximized magnetic nanoparticle concentration of 
32 mg/ml. 
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Figure 46 shows the temperature response of materials corresponding to time and 

concentration at a maximized MFS value of 33 kA/m. This graph is similar to the previous graph 

of temperature, time, and MFS. At a lower concentration of magnetic nanoparticles, the 

temperature increase was slow, plateauing at around the 15th minute and samples not showing a 

further temperature increment. With an increasing MNP concentration, materials showed drastic 

rise in temperature with time. 

 

Figure 46. Temperature-time-concentration graph at maximized MFS of 33 kA/m. 
 
 

The temperature-MFS-concentration graph shown in Figure 47 indicates that at a chosen 

concentration level, the temperature exhibited a logarithmic increase with increasing MFS. 

However, at a fixed MFS value, while the concentration increased, the temperature also 

increased in an exponential manner.  
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Figure 47. Temperature-MFS-concentration graph at maximized time of 20 minutes. 

A cube diagram for temperature responses for a combination of corresponding factors is 

shown in Figure 48. As can be seen, when the concentration, time, and MFS are maximized, the 

samples exhibit better heating properties.  

 

Figure 48. Cube diagram of temperature response corresponding to factors of concentration,  
time, and magnetic field strength. 



89 

 Due to possible restrictions during a hyperthermia study, such as AC field application 

time, heating amount, and lower magnetic field requirement, an optimization study for the test 

was conducted to find possible solutions for a certain temperature range. Because hyperthermia 

requires a temperature range between 42℃ and 45℃, the targeted temperature in the 

optimization study was chosen to be in this same range. Other factors set in the range included 

the lowest and highest levels chosen for each factor. The optimization study yielded 30 solutions, 

which are listed in Table 16. Considering that samples did not exhibit a significant temperature 

increment after the 20th minute, this information can help decide which combination of time, 

MFS, and concentration would be the best solution to provide a hyperthermia temperature range 

at the 20th minute, which will assure the least temperature increment after 20 minutes, in order 

for controlling the hyperthermia operation in a safe range. 

TABLE 16 

THIRTY POSSIBLE SOLUTIONS FROM OPTIMIZATION STUDY 

Number Time 
(min) 

MFS 
(kA/m) 

Concentration 
(mg/ml) 

Temperature 
(oC) Desirability 

1 19.46 30.74 22.22 43.4479 1 

2 10.06 19.36 31.91 43.1759 1 

3 13.68 32.93 24.67 44.9573 1 

4 11.94 23.55 26.47 42.0168 1 

5 14.65 30.68 21.87 42.1156 1 

6 13.64 31.08 23.13 42.9797 1 

7 12.55 16.92 31.81 42.421 1 

8 14.87 31.25 21.89 42.3614 1 

9 9.06 30.02 24.97 42.0173 1 

10 14.43 18.36 30.61 43.1739 1 

11 9.36 22.83 31.5 44.7436 1 
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TABLE 16 (continued) 

Number Time 
(min) 

MFS 
(kA/m) 

Concentration 
(mg/ml) 

Temperature 
(oC) Desirability 

12 17.21 25.01 24.98 43.1552 1 

13 11.04 32.83 22.86 42.0345 1 

14 7.95 32.62 27.13 44.0834 1 

15 18.86 27.91 23.04 43.0546 1 

16 14.58 21.33 29.81 44.6324 1 

17 14.23 29.86 23.09 42.7729 1 

18 19.01 26.82 22.58 42.2003 1 

19 15.87 30.94 22.68 43.2618 1 

20 6.76 24.31 31.32 43.7156 1 

21 10.27 32.5 23.78 42.3632 1 

22 18.86 21.93 27.58 43.9372 1 

23 18.54 29.95 24.03 44.7363 1 

24 14.27 23.82 26.32 42.9328 1 

25 6.74 22.4 30.86 42.161 1 

26 19.14 29.18 21.35 42.0976 1 

27 19.47 19.54 28.59 43.2612 1 

28 16.15 30.49 21.34 42.0208 1 

29 10.79 29.72 27.2 44.9476 1 

30 15.29 23.17 25.48 42.1672 1 
 

As mentioned previously, reaching the temperature range of hyperthermia at the 20th 

minute of time is desired so that temperature can be controlled, and the risk of exceeding the 

maximum hyperthermia temperature of 45℃ can be minimized. One out of the 30 solutions 

provided from the optimization study is shown in Figure 49 as an example. As can be seen, at the 

18.29th minute, the temperature falls between 42℃ and 45℃. From the perspective of both time 
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and the targeted temperature values, this graph can suggest one of the best solutions to be used in 

further studies. 

 

Figure 49. One solution obtained from optimization study for finding possible solutions 
providing temperature range between targeted values of 42℃ and 45℃. 

 
 In the next step, confirmation of the optimization study was completed. The goal here 

was to confirm the predicted solutions obtained in order to reach a targeted hyperthermia 

temperature between the ranges of the other three factors. For this purpose, a new design was 

generated using the optimization tool. In this new study, instead of continuing the experiment 

with the previous concentration values, and changing only the MFS, a new sample containing 24 

mg/ml of magnetic nanoparticle was fabricated. In the optimization tool, the temperature value 

of 42oC was targeted. The target concentration was chosen as 24 mg/ml, and the goal was to 

reach this temperature around the 20th minute. This design was created in the software, and the 

possible solutions are given in Table 17. 
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TABLE 17 

EIGHTEEN POSSIBLE SOLUTIONS FROM OPTIMIZATION STUDY 

Number Time 
(min) 

MFS 
(kA/m) 

Concentration 
(mg/ml) 

Temperature  
(oC) Desirability 

1 12.35 27.57 24 41.9999 1 

2 19.2 23.92 24 42 1 

3 9.51 31.97 24 42 1 

4 14.72 25.58 24 42 1 

5 11.41 28.7 24 41.9999 1 

6 18.53 24.04 24 42 1 

7 11.31 28.83 24 42 1 

8 18.82 23.98 24 42 1 

9 18.2 24.11 24 42 1 

10 9.15 32.87 24 42 1 

11 19.99 23.84 24 42 1 

12 15.16 25.31 24 42 1 

13 10.26 30.47 24 42 1 

14 8.55 33 24.39 42 0.976 

15 20 26.09 22.66 42.0001 0.957 

16 20 22.2 25.11 42 0.928 

17 20 28.82 21.32 41.9999 0.913 

18 15.48 21.54 26.37 41.9999 0.839 
 

Based on the solutions provided in Table 17, solution 11 was chosen. Magnetic 

nanoemulsion hydrogel samples including 24 mg/ml of MNP were placed in a coil, and a 

magnetic field strength of 24 kA/m was applied. At the end of 20 minutes, the final temperatures 

were recorded. The results acquired from three samples are given in Table 18. 
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TABLE 18 

FINAL TEMPERATURES REACHED AT 20th MINUTE FOR HYDROGEL SAMPLES 
CONTAINING 24 MG/ML OF MAGNETIC NANOPARTICLES 

 
First Sample Second Sample Third Sample 

42.4 42.5 41.9 

Average = 42.3 (sd = ± 0.32) 
 

When the experimental results were compared to the predicted result under the given 

criteria, it was observed that the results matched each other. While solution 11 gave a 

temperature value of 42oC, the average of the experimental results was 42.3oC, with a standard 

deviation of ± 0.32. The reason for the small difference between the experimental and predicted 

values could be the slight difference in the magnetic field strength. While the solution provided 

an MFS value of 23.84 kA/m, the MFS value that was set for the experiment was 24 kA/m. On 

the other hand, when the standard deviation value of ± 0.32 is compared to the standard deviation 

value provided by the design study, which is ± 1.22, the temperature of 42.3oC is acceptable and 

supports the possible solutions acquired from ANOVA.  

4.9 Specific Loss Power Analysis 

Specific loss power calculations were conducted on magnetic nanoparticle-incorporated 

hydrogels with three different nanoparticle concentrations—8, 16, and 32 mg/ml. First, the initial 

slopes of heating curves were created (Figures 50 to 52). Later on, the specific heat capacity of 

the samples was calculated (Figure 53) and multiplied by the mass of the gels to obtain the heat 

capacity of the samples. Finally, SLPs were calculated using equation (18), and these results are 

shown in Figure 54. According to the graph in Figure 54, it can be said that the specific loss 

power, that is, the heat dissipation power of the samples, was seen to be indepentent of the 
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magnetic nanoparticle concentration. Even though, higher temperature values were obtained 

during the hyperthermia study with the increasing magnetic nanoparticle concentration. The 

magnetic nanoparticle concentration did not exhibit a proportinal increment effect on SLP. A 

significant increment in the SLP value was seen to be the result of an increment in the magnetic 

field strength. As the magnetic field strength increased from 11 kA/m to 22 and 33 kA/m, an 

obvious increment was observed in each type of material. 

 

Figure 50. Initial heating curve of magnetic nanoemulsion hydrogels containing 8, 16, and 32 
mg/ml of magnetic nanoparticles under magnetic field strength of 11 kA/m. 
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Figure 51. Initial heating curve of magnetic nanoemulsion hydrogels containing 8, 16, and 32 
mg/ml of magnetic nanoparticles under magnetic field strength of 22 kA/m. 

 

 

Figure 52. Initial heating curve of magnetic nanoemulsion hydrogels containing 8, 16, and 32 
mg/ml of magnetic nanoparticles under magnetic field strength of 33 kA/m. 
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Figure 53. Specific heat capacity of samples containing 8, 16, and 32 mg/ml  
of magnetic nanoparticles. 

 
 

 

Figure 54. Specific loss power of samples containing 8, 16, and 32 mg/ml  
of magnetic nanoparticle under magnetic field strengths of 11, 22, and 33 kA/m.  
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CHAPTER 5 

CONCLUSION 

The effect of hydrophilic-lipophilic balance, oil percentage, and surfactant percentage on 

the globule size and zeta potential of nanoemulsions were investigated for a 30-day period. The 

average diameter, zeta potential, and polydispersity index were defined for different temperature 

ranges. Test results provided insight into the roles and importance of oil, surfactant amount, and 

HLB. It was concluded that in addition to HLB, oil and surfactant percentages greatly affect the 

stability of an emulsion. A surfactant amount of 7.5% with an 11.6 HLB value was found to be 

the best candidate for future studies. Also, it was concluded that these samples did not show 

significant change in their particle size and polydispersity index corresponding to temperature. 

Zeta potential studies demonstrated that with increasing temperature, the zeta potential 

decreased. Overall, test results proved that the selected black seed oil emulsions can be a good 

candidate for further studies and for drug delivery applications. All characteristic peaks 

belonging to chemicals and samples used were obtained for each sample in the Fourier transform 

infrared spectroscopy study. Rheology studies showed that the chosen nanoemulsions exhibited 

stable viscosity behavior over a one-month period for tests that were conducted at both room 

temperature and body temperature. The swelling behavior for hydrogels was seen to be diffusion 

controlled. This was explained by the n number, which was less than 0.5. The study of drug-

release kinetics suggested that for quantification of the drug-release amount, the best model to 

use was the Higuchi release model. However, even though this model provided the highest R2 

values, these values should be improved and become close to 1 for better control of the drug 

release. This can be achieved with alternating the crosslinking percentage in the polymer 

structure, swelling ratio, and swelling rate. 
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Hyperthermia studies clearly indicated the effects of time, concentration, and magnetic 

field strength on the heating ability of the samples. Results suggested that after 20 minutes, the 

temperature increase was not significant, and only when the magnetic nanoparticle concentration 

was 32 mg/ml and the magnetic field strength was 33 kA/m that the targeted hyperthermia 

temperature was reached. However, since the temperature increase was so drastic, a quick 

statistical analysis and optimization study were performed. Statistical analysis supported these 

effects, and the optimization study provided a possible experimental setup that could be applied 

during a hyperthermia study considering time and minimum magnetic nanoparticle concentration 

preferences during the hyperthermia studies. Moreover, one of the possible solutions created for 

the confirmation of the optimization study suggested that the model is strong and that 

hyperthermia test results can be controlled by adjusting time, concentration, and magnetic field 

strength, which are crucial in terms of effective hyperthermia in cancer treatment without 

causing necrosis during biological studies. 
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CHAPTER 6 

FUTURE DIRECTIONS 

Suggestions for future work in this area are listed below: 

• Rheology studies need to be performed to observe precisely the gelling points of the 

hydrogels and to determine their mechanical properties. 

• In-vitro degradation and in-vitro release cytotoxicity studies could be performed to 

ascertain both the drug-release properties and the possible toxicity of the samples.  

• In-vivo studies need to be conducted in order to see the real efficiency of the system in 

the body.  

• A certain cancer drug could be employed to load into the oil phase, thereby completing 

both the drug solubility of the oil-in-water nanoemulsion system and the drug-release 

study.  

• Mechanical properties of the hydrogel could be investigated and enhanced to provide 

long-lasting release properties and a more controlled drug release.  

• A histology study involving organs, such as the liver and lung, need to be carried out to 

observe the effect of chemotherapeutics on them. This would also help to discern if 

targeted delivery is successful in limiting the diffusion of chemotherapeutics away from 

the tumor region.  
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APPENDIX 

ADDITIONAL AND COMPLEMENTARY DATA 

Figures A1 to A5 represent the release of 5-FU from magnetic nanoemulsion hydrogels 

containing 24 mg/ml of magnetic nanoparticles using five different release models: zero-order, 

first-order, Higuchi, Korsmeyer-Peppas, and Hixson-Crowell. Figures A6 to A10 represent the 

release of 5-FU from chitosan hydrogels containing 24 mg/ml of MNPs using the same five 

release models, and Figures A11 to A15 represent the release of 5-FU from plain chitosan 

hydrogels using the same five release models. Figures A16 to A19 provide plots of the model 

diagnostics. 

 

 
 

Figure A1. Release of 5-FU from MNHs containing 24 mg/ml magnetic nanoparticles  
using zero-order drug-release model. 
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Figure A2. Release of 5-FU from MNHs containing 24 mg/ml magnetic nanoparticles using 
first-order drug-release model. 

 

 
 

Figure A3. Release of 5-FU from MNHs containing 24 mg/ml magnetic nanoparticles  
using Higuchi drug-release model.  
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Figure A4. Release of 5-FU from MNHs containing 24 mg/ml magnetic nanoparticles  
using Korsmeyer-Peppas drug-release model 

 

 
 

Figure A5. Release of 5-FU from MNHs containing 24 mg/ml magnetic nanoparticles  
using Hixson-Crowell drug-release model.  
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Figure A6. Release of 5-FU from chitosan hydrogels containing 24 mg/ml of magnetic 
nanoparticles using zero-order drug-release model.  

 

.  
 

Figure A7. Release of 5-FU from chitosan hydrogels containing 24 mg/ml of magnetic 
nanoparticles using first-order drug-release model.  
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Figure A8. Release of 5-FU from chitosan hydrogels containing 24 mg/ml of magnetic 
nanoparticles using Higuchi drug-release model 

 

 
 

Figure A9. Release of 5-FU from chitosan hydrogels containing 24 mg/ml of magnetic 
nanoparticles using Korsmeyer-Peppas drug-release model.  
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Figure A10. Release of 5-FU from chitosan hydrogels containing 24 mg/ml of magnetic 
nanoparticles using Hixson-Crowell drug-release model. 

 

 
 

Figure A11. Release of 5-FU from plain chitosan hydrogels using zero-order drug-release model. 
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Figure A12. Release of 5-FU from plain chitosan hydrogels using first-order drug-release model. 
 

 
 

Figure A13. Release of 5-FU from plain chitosan hydrogels using Higuchi drug-release model. 
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Figure A14. Release of 5-FU from plain chitosan hydrogels using Korsmeyer-Peppas  
drug-release model. 

 

 
 

Figure A15. Release of 5-FU from plain chitosan hydrogels using Hixson-Crowell  
drug-release model.   

y = 0.5759x + 1.2507
R² = 0.885

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

L
og

 C
D

R
%

Log Time in Hours

Korsmeyer-Peppas Drug-Release Model

Series1

Linear (Series1)

y = 0.1251x + 0.1338
R² = 0.7536

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 1 2 3 4 5

(%
 D

ru
g 

R
em

ai
ni

ng
)1

/3

Time (hr)

Hixson-Crowell Drug-Release Model

Series1

Linear (Series1)



122 

APPENDIX (continued) 

 
 

Figure A16. Normal probability plot of residuals. 
 
 

 
 

Figure A17. Plot of residuals versus predicted responses. 
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Figure A18. Plot of externally studentized residuals. 
 

 
 

Figure A19. Plot of predicted responses versus actual responses. 
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Figure A20. Plot of difference in fits versus run. 

 

 


