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ABSTRACT 

INVESTIGATING THE FACTORS AFFECTING THE SPECIFIC ABSORPTION 

RATE (SAR) OF MAGNETIC NANOPARTICLES FOR MAGNETIC 

HYPERTHERMIA 

 

Hyperthermia is an alternative treatment method based on disrupting the structure of proteins 

associated with cancer cells and stimulating immune response by raising the temperature 

locally above 40-43 oC at the tumor site. The application of magnetic nanoparticles in 

hyperthermia is called magnetic hyperthermia and nanoparticles have the ability to locally 

enhance the temperature by converting externally applied electromagnetic energy into heat 

energy through different mechanisms. The efficiency of nanoparticles in magnetic 

hyperthermia applications is quantified by specific absorption rate (SAR) which depends on 

size, magnetic properties, concentration, and colloidal stability of nanoparticles and 

frequency and intensity of the magnetic field. In the literature, the effects of these variables 

on SAR have mostly been studied separately, whereas this study aims to investigate the SAR 

values of superparamagnetic and comparably larger magnetite nanoparticles depending on 

these factors in a holistic manner. According to the results obtained, nanoparticles have been 

successfully synthesized and modified by co-precipitation and partial oxidation methods. 

The necessity of using pure water data as a base while obtaining the heating curves of these 

structures has also been revealed. It has been determined that the temperature enhancements 

and SAR values increase by raising the frequency and field intensity for all nanoparticles 

under the influence of an externally applied magnetic field, whereas it may decrease due to 

colloidal stability in bare nanoparticles as the size changes. It has been further determined 

that the temperature changes increase with increasing concentration at all frequencies and 

field strength intensities, while the SAR values exhibited complex and diverse patterns. 

Finally, it has been revealed that superparamagnetic particles with colloidal stability may 

not provide sufficient temperature variation under low frequencies while larger particles are 

highly affected by magnetic field strength as opposed to frequency. Additionally, the 

temperature enhancement and SAR value especially for modified superparamagnetic 

nanoparticles have been decreased as compared to bare nanoparticles, potentially due to the 

deterioration of magnetic properties. 
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ÖZET 

INVESTIGATING THE FACTORS AFFECTING THE SPECIFIC ABSORPTION 

RATE (SAR) OF MAGNETIC NANOPARTICLES FOR MAGNETIC 

HYPERTHERMIA 

 

Hipertermi, tümör bölgesinde lokal olarak sıcaklığın 40-43 oC üzerine çıkartılarak kanser 

hücrelerine ait proteinlerin yapılarının bozulmasına ve bağışıklığın duyarlı hale 

getirilmesine dayanan alternatif bir tedavi yöntemidir. Hipertermi uygulamalarında 

manyetik nanoparçacıkların kullanımına manyetik hipertermi denmektedir ve 

nanoparçacıklar dışarıdan uygulanan elektromanyetik enerjiyi farklı mekanizmalar ile ısı 

enerjisine dönüştürerek lokal olarak sıcaklığı arttırmaktadır. Manyetik hipertermi 

uygulamalarında nanoparçacıkların verimlilikleri, spesifik absorpsiyon hızı (SAR) ile 

ölçülmektedir ve manyetik nanoparçacıkların boyutuna, manyetik özelliklerine, 

konsantrasyonuna, koloidal stabilitelerine, manyetik alanın frekansına ve şiddetine bağlı 

olarak değişmektedir. Literatürde bu değişkenlerin SAR üzerindeki etkileri çoğunlukla ayrı 

olarak incelenmiş, bu çalışmada ise, süperparamanyetik ve göreceli daha büyük magnetit 

nanoparçacıklarına ait SAR değerlerinin bu etkenlere bağlı ve bir bütün olarak incelenmesi 

hedeflenmiştir. Elde edilen sonuçlar, birlikte çöktürme ve kısmi oksitlenme yöntemleriyle 

nanoparçacıkların başarılı bir şekilde elde edildiğini ve modifiye edilebildiklerini ortaya 

koymuştur. Bu yapılara ait ısınma eğrileri elde edilirken saf suya ait verinin de baz olarak 

kullanım gerekliliği ortaya konmuştur. Manyetik alan etkisi altında tüm nanoparçacıklarda 

frekansın ve alan şiddetinin artması ile sıcaklık değişimlerinin ve SAR değerlerinin arttığı, 

boyut değişimiyle de yalın nanoparçacıklarda stabiliteye bağlı azalabildiği belirlenmiştir. 

Konsantrasyon artışıyla tüm frekans ve alan şiddeti değerlerinde sıcaklık değişimleri 

artarken, SAR değerlerinde kompleks ve farklı davranışlar elde edilmiştir. Son olarak, 

koloidal stabiliteye sahip nanoparçacıkların düşük frekans ve manyetik alan şiddeti altında 

yeterli sıcaklık değişimi sağlayamadıkları ve daha büyük parçacıkların manyetik alan 

şiddetinden, frekansa oranla daha çok etkilendikleri ortaya konmuştur. Ayrıca, sıcaklık artışı 

ve SAR değeri özellikle modifiye edilmiş süperparamanyetik nanoparçacıklarda potansiyel 

olarak manyetik özelliklerin azalmasından ötürü yalın nanoparçacıklara kıyasla düşüş 

göstermiştir. 
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1. INTRODUCTION 

Cancer occurs when the cells that make up any of the organs or tissues in the body 

differentiate and proliferate in an uncontrolled manner by going beyond their inherited or 

genetically natural behavior. After circulatory system diseases, cancer is the second leading 

cause of death as of today [1]. Cancer may develop due to environmental and hereditary 

factors such as alcohol, obesity, smoking and diet, either alone or in combination, while 5% 

to 10% may develop due to genetic defects [2]. Cancer cells can form masses called tumors 

in the tissue or organ where they originate, or they can spread to different tissues or organs 

by the lymphatic or blood circulation through a process called metastasis [3]. As a 

consequence of the symptoms, cancer can be diagnosed using blood and urine tests, 

ultrasonography, computed tomography, magnetic resonance imaging, positron emission 

tomography, antigens and pathological examinations. 

The most commonly utilized traditional methods for the treatment of cancer are surgery, 

chemotherapy and radiotherapy. Although the main goal is to reduce and eliminate the tumor 

mass, alternative treatment approaches such as stem cell, immunotherapy and hormone 

therapy have been developed due to the side effects and relatively low efficiency of these 

traditional approaches [4]. Hyperthermia is also one of the alternative treatment techniques 

being studied for cancer treatment. The essential aim of hyperthermia is to activate the 

immune system by increasing the temperature of the cancerous body tissue or organ to 

between 39 and 42 oC. Local hyperthermia can further reach up to 44 oC, which disrupts the 

structure of proteins in cancer cells and damages tumor vessels. In addition, cancer cells can 

become more sensitive and responsive to radiotherapy after hyperthermia treatment which 

implies that the method itself becomes more efficient when applied in combination with 

other traditional techniques [5]. 

The application of magnetic nanoparticles as heating agents in hyperthermia treatments is 

called as magnetic hyperthermia [6]. Magnetic nanoparticles are frequently employed in 

biomedical applications due to their unique physical and magnetic properties as well as their 

non-toxicity and sufficient biological interactions [7]. Since they can be directly targeted 

locally to tumor sites by applying an external magnetic field, they are also being studied as 

drug delivery agents. [8]. There are several methods to synthesize magnetic nanoparticles 
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and the most widely applied method is co-precipitation, which allows the production of 

superparamagnetic nanoparticles due to its simplicity [9]. On the other hand, the partial 

oxidation method, which allows the formation of nanoparticles with relatively larger, is not 

preferred due to the difficulty in maintaining the colloidal stability of the nanoparticles [10]. 

Magnetic nanoparticles, which possess magnetic properties, are able to convert externally 

applied electromagnetic energy into heat by different mechanisms and thus locally reach the 

temperatures required for hyperthermia [6]. 

The efficiency of magnetic nanoparticles in hyperthermia applications directly depends on 

many factors such as their size, magnetic properties, colloidal stability, concentration, 

frequency and intensity of the applied alternating magnetic field [11]. The effect of these 

factors and the heating efficiency of magnetic nanoparticles is generally expressed in terms 

of specific absorption rate (SAR) which can be defined as the rate of energy converted into 

heat per unit mass of magnetic nanoparticles. The effects of the above-mentioned factors on 

SAR have been evaluated in numerous studies in the literature [6,11]. However, while 

frequency and magnetic field strength are generally examined in almost all studies, some 

other factors have not been fully incorporated. On the other hand, since nanoparticles 

possessing coercivity and remanence with colloidal stability are difficult to obtain, those 

have not been generally preferred for comparison in studies. Therefore, the aim of this study 

is to investigate the effects of size, concentration, surface modification, frequency of 

externally applied magnetic field and magnetic field intensity on temperature enhancement 

and SAR values of magnetic nanoparticles that are synthesized by co-precipitation and 

partial oxidation methods. 
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2. THEORETICAL BACKGROUND 

2.1. CANCER 

Cancer is a major disease that occurs when tissues divide in an uncontrolled manner and 

grow irregularly. Cancer is the leading cause of death worldwide. About 10 million people 

lost their lives by reason of cancer in 2020, according to World Health Organization (WHO)  

[12]. Trillions of cells, which have the ability to divide a limited number of times, must grow, 

divide, and produce new cells in order to form a healthy and properly functioning body. 

Apoptosis, also known as programmed cell death, is a controlled process in which healthy 

cells undergoes self-elimination after completing a certain number of division cycles. 

Morphological and biochemical changes such as rounding and fragmentation of the genome 

into smaller pieces are observed in cells undergoing apoptosis. Following these 

morphological and biological changes, phagocytes are stimulated, which can detect and 

subsequently clear unwanted cells [13]. 

Dysregulation of the cell cycle can lead cells to divide in an uncontrolled manner and lead 

to the formation of masses of excessive cells. This genetic error interferes with crucial 

cellular functions and contributes to the formation of tumors which can be classified as either 

benign or malignant, as shown in Figure 2.1.  

 

Figure 2.1. Benign tumor vs Malignant tumor [14] 
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Benign tumor cells do not spread to nearby normal tissues or other parts of the body, while 

malignant tumor cells have the ability to migrate throughout the body via the bloodstream 

or lymphatic system by a process called metastasis. While surgical intervention is a simple 

method that can be applied in the treatment of benign tumors, the spread of malignant or 

metastasized tumors to various parts of the body makes this method ineffective [15]. 

In order to understand how cancer spreads, it is necessary to distinguish the differences 

between normal cells and cancer cells. Normal cells avoid damaging their environment by 

constantly sending signals to each other to prevent proliferation when they reach a certain 

threshold, while cancer cells ignore these signals and continue to grow. Another fundamental 

difference that distinguishes cancer cells and normal cells is that healthy cells adhere to each 

other due to the molecules they secrete and stay in specific locations while cancer cells can 

move throughout and invade the body. The immune system has the capability to discern 

whether the cells are normal or abnormal and effectively eliminate abnormal cells. On the 

other hand cancer cells have developed strategies to deceive or evade the immune system as 

they develop resistance to avoid destruction and maintain continous reproduction [13]. 

As a consequence when cell proliferation becomes independent of growth factors, a massive 

masses of cells called tumors are formed. Atypical cells, which are different from normal 

cells and do not turn into cancer as a whole, begin to proliferate in a limited area and form 

benign tumors as a result of abnormalities in cell growth. In the advanced stage, the tumor 

gains the ability to metastasize and begins to spread to nearby tissues and various parts of 

the body through the circulation system and such tumors are called as malignant [16]. 

Cancer can start in a vital organ and spread to other body parts, blood vessels and nerves, 

disrupting their normal functions and causes death. For instance, a tumor may obstruct a 

portion of the lung and organ failure might occur from insufficient oxygen absorption. 

Bleeding and reduced oxygen flow occurs when blood vessels are damaged and these 

complications can be fatal. Calcium is released into the bloodstream when bones are affected 

from cancer. An imbalance of calcium in the body can significantly impact heart and muscle 

function, ultimately leading in organ failure and death [17]. 
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2.1.1. Cancer Treatment Methods 

There are various methods that can be applied to treat cancer. These methods can be 

implemented solely or in combination by considering the type of the cancer, the location and 

size of the tumor and the phase of cancer progression. In general, chemotherapy, 

radiotherapy, and surgery are the most widely applied traditional methods. The inadequate 

and ineffectual results of these methods have led to significant improvements for modern 

treatment methods such as immunotherapy, drug delivery, gene therapy, hyperthermia etc. 

2.1.1.1. Traditional Treatment Methods 

Chemotherapy 

Chemotherapy is a term used to refer to a treatment of a disease using chemicals and was 

first introduced by Paul Ehrlich, who was working on aniline dyes and alkylating agents for 

the treatment of cancer [18]. In a healthy body, damaged cells are removed by the body to 

balance cell proliferation, and subsequently new cells are formed. However for cancerous 

cells proliferation ratio is much higher than the death rate. Chemotherapy ceases the 

progression of the tumor by depriving the cells' ability to divide by damaging genes inside 

the nucleus of cells which control the division and force the cells to apoptosis [16]. This 

treatment method is also used to prevent the spread of  cancer, alleviate symptoms, and 

shrink the tumor for complementary treatments like surgery or radiotheraphy. Although 

treatment can be achieved with chemotherapy up to a certain level, this method also has 

disadvantages. While the drugs designed for chemotherapy highly affect cancer cells, due to 

lack of selectivity they also damage and affect healthy cells which consequently arise side 

effects such as hair loss, vomiting, fatigue, weight changes, kidney problems, and nerve 

problems [19]. 

Radiotherapy 

X-rays which are high energy bearing electromagnetic radiation were discovered by 

Willhelm Röntgen in 1895, and in the same year the first cancer patient was treated with 

radiotheraphy [20]. In radiotheraphy, ionizing radiation which consists of  gamma, X-rays, 

and subatomic particles that have adequate energy is used. In this treatment, energy 

accumulation is observed due to the generation of high energy photons in the cells through 
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which the radiation passes. This high energy damages the DNA of cancer cells,thereby 

causing cell death. The beams are targeted directly to the tumor site in order to prevent 

damaging the surrounding healthy cells rather than the tumor cells. Although radiotherapy 

is mainly used to destroy cancer cells, it is also applied to control the growth of tumor. While 

it can be applied individually, it can also be preferred synergistically before surgery and 

chemotherapy to increase the efficiency of subsequent treatment method by shrinking the 

tumor. Radiotherapy is also used to prevent cancer from recurring after traditional treatment 

methods. While local tumors can generally be treated with this method, it cannot be used for 

tumors caused by cancer cells which have metastasized and spread to different regions, due 

to the nature of the method. While less radiation can be given for tumors located in areas 

close to the surface of the body, much more intense radiation must be given for lower and 

hard-to-reach areas. However, as with every treatment method, radiotherapy has side effects 

including diarrhoea, fatigue, sore skin and hair loss. While these side effects may occur 

during treatment, they may be permanent in survivors [21]. 

Surgery  

The use of surgery to treat cancer dates back approximately 5000 years, and the first 

document regarding the surgical removal of the tumor causing breast cancer is the Edwin 

Smith papyrus from 1600 BC [22]. Surgery is a method used to remove the tumor formed 

by cancer cells from the area where it is located. In this method, a certain section of 

surrounding healthy tissue is also removed in addition to the tumor in order to prevent the 

cancer from recurring. Surgery plays a leading role in treating of most cancer types and in 

certain cases is highly required to improve quality of life and alleviate symptoms or side 

effects. Immediately before surgery for cancer treatment, a biopsy is performed to determine 

whether the cells under examination carry a risk of cancer and to take the necessary 

precautions [16]. Although surgery is a preventive and therapeutic method, it can also cause 

immune response and lead to the formation of metastases. This phenomena along with the 

long process required for wound healing, and the weakened immune system leading to 

vulnerability are generally seen as the disadvantages of surgery for cancer treatment [23]. 
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2.1.1.2. Modern Treatment Methods 

Immunotherapy 

Compared to the traditional treatment methods mentioned in the previous sections, 

immunotherapy has provided significant improvements in patients’ quality of life and 

survival rate. It has emerged as a promising treatment method to effectively treat various 

cancer types such as breast cancer and pancreatic cancer. In 1891, first immunotherapy 

treatment was performed by William B. Coley who injected inactivated mixture of bacteria 

which became to known as Coley's Toxin into a patient to produce an infection to activate 

the immune system that would regress the growth and reproduction of cancer cells [24]. 

Immunotherapy is essentially the use of the immune system in the fight against cancer, just 

like infections and other diseases. The immune system detects and removes abnormal cells 

from the system, and in some cases, they also concentrate in the tumor area. These tumor-

infiltrating cells are called lymphocytes. The presence of much higher levels of lymphocytes 

in the tumor area negatively affects the progression of cancer in patients. However, cancer 

cells can evade the growth-inhibiting and slowing effects of the immune system by 

undergoing genetic changes. For this reason, it becomes necessary to apply immunotherapy 

in different approaches (Figure 2.2). For example, by using immune checkpoint inhibitors, 

immune cells are enabled to respond to cancer cells much more strongly. In another 

application, immune cells concentrated in the tumor area are taken from the tumor site, 

enhanced to high concentrations in the laboratory environment, and then injected into the 

tumor area for a much more effective defense [25]. Although it is not as widely used as 

surgery, chemotherapy and radiotherapy at this stage, immunotherapy can be applied solely 

or synergistically for many types of cancer. As with all other methods, immunotherapy has 

side effects such as attacking healthy cells simultaneously with cancer cells, headache, 

nausea, weakness, shortness of breath, low blood pressure, behavioral changes and 

distraction [26]. 
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Figure 2.2. Cancer immunotherapy approaches [27] 

Gene Therapy 

Gene therapy for cancer treatment is based on the principle of changing the genetic functions 

and DNA of immune and cancer cells. Gene therapy, which was first tried clinically in 1990, 

can be considered a relatively new approach to cancer treatment. The purpose of this method 

is to prevent the progression of cancer by fixing the genes of cancer cells that have undergone 

mutation and alteration. More than one approach can be followed for the application of gene 

therapy. In gene editing, the faulty gene is removed thus the DNA of cancer cells is directly 

affected. In gene replacement, the faulty or non-functioning gene is replaced with a healthy 

and working copy. The insertion of new genetic codes into immune cells that are fighting 

cancer cells is called gene insertion. Finally, gene blocking aims to terminate all functions 

of the faulty gene, thus destroying itself or preventing it from possessing cancerous 

characteristics [28]. All these approaches mentioned above can be applied in vivo and ex 

vivo. While in vivo gene therapy is based on directing genetic material prepared in a 

laboratory environment directly to an organ or tissue through a vector, ex vivo gene therapy 

is the removal of faulty cells from the patient and transplanting them to the patient after 

genetically modifying them (Figure 2.3) [29]. However, there are some side effects of gene 

therapy such as infection, fever, undesired immune system response, targeting the wrong 

cells, lack of effectiveness, and uncontrolled cell division [30]. 
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Figure 2.3. In vivo and ex vivo approaches for gene therapy [31] 

2.1.1.3. Nanotechnology-Based Therapies 

Chemotherapy, surgery, and radiotherapy are still the mostly applied traditional methods for 

the treatment of cancer. Although technological advances have been made for these 

treatments, which already have some advantages, treatment methods with high effectiveness 

and low side effects cannot be fully applied due to their corresponding drawbacks. For 

instance, for chemotherapy, the common obstacles are insufficient drug concentration that 

reaches the tumor site, intolerable cytotoxicity, and the emergence of resistance to multiple 

drugs. The use of high concentrations of chemotherapy drugs, which are intended to reach 

the tumor area, causes damage to healthy cells while trying to directly affect cancer cells as 

these traditional chemotherapy drugs solely cannot selectively distinguish cancer cells or 

living cells within the body. In addition, since these drugs are rapidly eliminated from the 

body, high doses are required to reach the desired concentration at the tumor site. 

Consequently, the necessity of using high doses of drugs arises in order to obtain an efficient 

treatment which is both uneconomical and in some cases a constraint due to maximum 

allowable dosages are exceeded [19,32]. 
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For these reasons, studies are being carried out to integrate different agents into drug systems 

so that chemotherapy drugs can be selectively directed to the targeted tumor site in order to 

decrease the applied dose thus associated side effects. 

Nanotechnology allows for the creation of high surface/volume ratio bearing nanoparticles 

with incomparable physical and chemical properties which can be tuned mostly by control 

of their size and morphology. These nano-sized particles can be produced by a variety of 

synthesis methods, and can be organic or inorganic. For application purposes, these obtained 

nanoparticles are further modified with different substances to ensure colloidal stability in 

base fluids and attain surface functionalization to interact with specific molecules. For this 

purpose, nanoparticles are functionalized with surfactants, polymers, lipids or dendrimers 

either in a single step during synthesis or in two steps afterwards [33,34]. Considering 

biomedical applications and especially cancer treatment, these surface modifications enable 

nanoparticles to be targeted to the site of tumor by providing biochemical interactions with 

specific receptors found on the surface of target cells. In this way, especially chemotherapy 

drugs can be selectively targeted to the tumor site with functionalized nanoparticles, 

avoiding the high doses of drugs needed in conventional administration by reducing the 

toxicity and associated side effects. This method of application also enhances the efficiency 

of the application as it increases the amount of cancer cells that can be affected. While it is 

possible to integrate multiple drugs with therapeutic properties into the nano-sized materials 

that make up drug delivery systems, it is also possible to ensure that these active substances 

avoid drug resistance and are released in a controlled manner at the tumor site. Drug delivery 

systems can basically be directed to the target site as active and passive targeting as shown 

in Figure 2.4 [35]. 

Passive targeting exploits the specific properties of tumor vessels to concentrate drug 

delivery systems in targeted tumor tissues. Vessels in tumors are irregularly distributed with 

numerous pores, resulting in large spaces between cells and defective lymphatic drainage. 

As a result, macromolecules of small size, such as nanoparticles, can be transported to the 

tumor site through the leaky vasculature of tumor tissue, and the high concentration of the 

drug delivery system at the tumor site can be achieved through enhanced permeability and 

retention (EPR) effect induced by poor lymphatic drainage and specific features of the tumor 

vasculature. However, the passive targeting method has several limitations, such as 
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unorganized and non-uniform tumor vessels, lack of EPR in various tumor types, and 

insufficient drug diffusion at the tumor site [36]. 

 

Figure 2.4. Active and passive drug delivery mechanism [35] 

In active targeting, the drug carrier system is conjugated with selective agents and becomes 

capable of interacting directly with cancer cells without the need for a passive transport 

process. For this purpose, agents including antibodies, peptides or small targeting molecules 

are conjugated to the surface of drug carrier nanoparticles to interact with specific ligands or 

receptors uniquely expressed on the cells of target tissues. The ligands and receptors 

selection is crucial for the design of the targeted drug delivery system. First of all, it is 

required for determination of the receptors expressed in cancer cells in order to prevent the 

therapy agent from being targeted to healthy tissue and to ensure homogeneous distribution. 

Then, internalization of the targeted conjugate system after binding to target cells via 

receptor-mediated endocytosis must occur with adequate diffusion. Finally and essentially, 

the choice of ligand to be integrated into the nanoparticle carrier system is of great 

importance as it solely determines the selectivity. Considering the design of the drug delivery 

system, relatively smaller sized nanoparticles with a ratio of high surface area to volume can 

achieve much higher ligand density on their surfaces. In this way, these nanoparticles can 

achieve enhanced interaction with the targeted cells and be internalized more effectively 

[32,37]. 
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Active targeting drug delivery systems generally use nanoparticles to transport the 

therapeutic agent, and structures including micelles, liposomes, nanospheres, nanocapsules 

and dendrimers are also used for this purpose. The most common active targeting ligands 

integrated into these nano-sized carriers include antibodies, folates, aptamers, transferrin and 

peptides. Since these ligands integrated into the systems will directly determine the 

efficiency of the drug delivery system, a specific selection must be made depending on the 

application and target. While antibodies can bind to the target precisely and at a high rate, 

they can also create immune resistance. On the other hand, although folate receptors are 

found very densely in some cancer cells and provide adequate targeting, they are not present 

in the same density in other types. Similarly, while aptamers can also bind to a wide spectrum 

of targets, there are purification complications and difficulty in high-scale production [38]. 

2.1.1.4. Hyperthermia 

Hyperthermia is a relatively novel and alternative method for cancer treatment as compared 

to traditional approaches. This treatment method is essentially based on the principle of 

raising the temperature in the tumor area formed by cancer cells to approximately 40-45°C 

locally with minimal impact on surrounding healthy cells [39]. In the normal circulatory 

system, veins, capillaries and arterioles have an organized structure. However, in tumors, 

these structures assemble into a complex network.  Since this vascular abnormality in tumors 

causes difficulties in heat distribution, a mild enhancement in local temperature causes cell 

death by denaturation and coagulation of cellular proteins in cancer cells, whereas healthy 

cells can easily preserve normal body temperature at the same condition. At the same time, 

this phenomenon can cause physiological responses such as low oxygen levels, i.e. hypoxia 

and vasodilation, which can directly lead to the destruction of cancer cells. In addition, these 

high temperatures reached locally can induce structural changes in the cell membrane and 

inhibit the growth and metastatic potential of the cancer cells that comprise the tumor [40]. 

Hyperthermia has three different application modes: local, regional and whole body, 

depending upon the cancer stage, the targeted organ and the depth of the tumor area. Local 

hyperthermia is applied to small accessible tumors located in body cavities such as the 

rectum, vagina and esophagus or near the skin surface. On the other hand, tumors that are 

spread over a larger area, such as an organ, are treated using regional hyperthermia, which 

can be accomplished by heating the blood or irrigating body cavities. Finally, the whole body 

hyperthermia treatment method is usually applied for metastatic types of cancer and at 
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advanced stages using heat blankets or infrared chambers. Although positive therapeutic 

results have been achieved in hyperthermia applications, due to the presence of potential side 

effects such as burns, bleeding and swelling may occur, it is necessary to precisely determine 

the heating area, i.e. the tumor location, for an effective, selective and damage-minimized 

application. Therefore, for the most efficient and effective application of hyperthermia, the 

heat source must be located or targeted directly at the tumor site [41].  

2.2. MAGNETITE 

Magnetite (Fe3O4) is a common type of iron oxide, which has inverse cubic spinel crystal 

structure at ambient conditions with mixed tetrahedral-octahedral sites. Natural magnetite 

generally occurs as octahedral crystals bound with [111] planes and contains both ferric and 

ferrous ions in its chemical structure (FeO.Fe2O3) as shown in Figure 2.5. 

 

Figure 2.5. The structure of magnetite in that green balls are ferric, red are oxygen, and 

black are ferrous ions (a) [42], naturally occurring magnetite minerals (b) [43] 

Magnetite exhibits unique electrical and magnetic properties due to the electron transfer 

between iron (II) ions present at octahedral and iron (III) ions occupying both octahedral and 

tetrahedral sites [42]. 

Magnetite particles can basically contain single or multiple magnetic domains. When the 

particle size is below the critical diameter value, the particles have a single-domain structure, 

and when this threshold is exceeded, they have a multi-domain structure. (Figure 2.6)  It is 
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known that magnetite nanoparticles exhibit superparamagnetic properties when the particle 

size is decreased in the region below the critical size, and exhibit different magnetic behavior 

as the particle size increases. This transition leads to a significant change in the magnetic 

properties as saturation magnetization, the remaining magnetization when an externally 

applied magnetic field is removed (remanence) and the opposite field required to reduce the 

magnetization back to zero (coercivity) are highly affected [44]. 

 

Figure 2.6. Magnetic properties of magnetic nanoparticles in relation to particle size [44] 

Basically, magnetite nanoparticles with dimensions below 20 nm exhibit superparamagnetic 

properties, showing magnetic behavior only under the influence of an external magnetic 

field. These particles align themselves according to the direction of the externally applied 

magnetic field. However, when the field is removed, they do not have any remaining 

magnetization (Figure 2.7). Chemical co-precipitation and thermal decomposition method 

in which supersaturation levels aid the formation of relatively smaller nanoparticles are 

generally used to synthesize superparamagnetic magnetite nanoparticles. Therebesides, 

when magnetite nanoparticles are larger than roughly 20 nm, these particles exhibit 

ferrimagnetic or ferromagnetic properties. Unlike their superparamagnetic counterparts, 

these particles, once magnetized, have a residual magnetization (remanence) even in the 

absence of an externally applied magnetic field. [45,46]. 
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Figure 2.7. Hysteresis curves for superparamagnetic and ferrimagnetic nanoparticles [45] 

2.2.1. Synthesis Methods of Magnetic Nanoparticles 

There are various organic solvent-based and water-based chemical synthesis methods to 

synthesize magnetite nanoparticles (MNP). While phase-pure magnetite nanoparticles can 

be obtained following the application of these synthesis methods, particle related properties 

such as average size, size distribution, magnetic behavior and morphology varies. Since the 

adequacy of nanoparticles in a particular application is directly related to their particle size, 

size distribution and magnetic properties, the choice of synthesis method is crucial for the 

efficiency of the application.  The most commonly used techniques to prepare magnetite 

nanoparticles are co-precipitation, partial oxidation, thermal decomposition and 

microemulsion. While these methods offer different advantages, depending on the 

application, the particles obtained using these methods may be adequate or unsuitable 

depending on their physical and magnetic properties. 

2.2.1.1. Co-precipitation  

Chemical co-precipitation is unarguably the simplest and the most widely preferred pathway 

to synthesize magnetite nanoparticles. This method is based on the simultaneous 

precipitation of ferrous (Fe+2) and ferric (Fe+3) salts at the stoichiometric ratio required to 

form the magnetite phase (1:2) at elevated pH values as described by the following reaction 

pathway. 

 𝐹𝑒+2 +  2𝐹𝑒+3 + 8𝑂𝐻− →  𝐹𝑒3𝑂4 (2.1) 
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The magnetic particles with superparamagnetic properties with relatively small particle sizes 

around 5 to 20 nm (Figure 2.8)  can produce in high yield and high purity by using this 

method. Therefore, this method is used for many different applications as it can also be 

scaled up without any complications.  

 

Figure 2.8. Transmission Electron Microscopy image of magnetite nanoparticles 

synthesized via co-precipitation method 

In this method, reaction parameters including the applied temperature of reaction, the type 

of salt used, pH and ionic strength can slightly change the size and shape of the particles. 

However, when the reaction kinetics are taken into account, the nucleation rate of the 

particles overrides the growth rate since very high supersaturation values are reached. Thus, 

since the nucleation occurs rapidly, the resulting particles are relatively small in size and the 

variation of the reaction parameters cannot have a radical effect on the particle size (Figure 

2.9). Another advantage of this method is that the surfaces of the magnetite nanoparticles 

obtained can be easily modified with different surface active agents and polymers in order 

to provide both colloidal stabilization and functionalization on an application basis [46,47]. 
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Figure 2.9. Schematic illustration of nucleation and growth process of nanoparticles [47] 

2.2.1.2. Partial Oxidation 

The partial oxidation method is a less commonly used water-based chemical method for 

synthesizing mangetite nanoparticles. Unlike superparamagnetic nanoparticles obtained by 

co-precipitation, magnetic nanoparticles with ferrimagnetic properties can be synthesized by 

the partial oxidation method. This method contains only ferrous ions originally, and these 

ions are slowly converted into ferric ions by a mild oxidant at high pH. The fact that ferric 

ions, which are necessary for the formation of magnetite, are formed gradually, causes lower 

supersaturation values in the reaction medium, and therefore the growth rate exceeds the 

nucleation rate, resulting in nanoparticles of larger sizes such as 20-50 nm (Figure 2.10) 

[46,48]. 

.  

Figure 2.10. Transmission Electron Microscopy image of magnetite nanoparticles 

synthesized via partial oxidation method 
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Since many different iron oxide types such as maghemite and goethite can be produced with 

this method, reaction conditions such as temperature, time, reactor volume, and even mixing 

speed must be controlled and the reaction must be carried out in an inert atmosphere for the 

formation of pure magnetite nanoparticles. Due to strong magnetic interactions, 

ferrimagnetic particles with larger sizes tend to agglomerate more than superparamagnetic 

particles of small sizes, so it is difficult to achieve colloidal stabilization, which is 

indispensable for biomedical applications. Therefore, in order for larger nanoparticles to be 

used efficiently in applications, polymers or surfactants should be used for surface 

modification to increase stability, surface functionality and prevent oxidation that 

deteriorates magnetic properties [49]. 

2.2.1.3. Thermal Decomposition 

One of the methods used to produce monodispersed magnetic nanoparticles is the thermal 

decomposition method, which is based on breaking the chemical bonds in the compound 

with heat. The process involves produce the nanopartickes by the decomposition of metal 

precursors in organic solvents in the presence of stabilizing surfactants such as triocytlamine 

at high temperature and pressure.. This method has major advantages such as allow to control 

over size, morphologies, properties of magnetic nanoparticles and produce the desired iron 

oxide particles. Reaction time, boiling point of solvent and molecule length of surfactant are 

the main parameters for composition and size of obtained particles [50,51]. 

2.2.1.4. Microemulsion 

The microemulsions system consists of two immiscible liquids forms thermodynamically 

stable isotropic dispersion in the presence of surfactant and cosurfactant. In this method, 

water microdroplets stabilized by surfactants is dispersed in oil medium which is the 

continuous phase. Microdroplets will collide, unite and break until the precipitation forms. 

The precipitate can be collected via filtration or centrifugation with the usage of a solvent 

such as ethanol or acetone. The essential advantage of this method is that the nanoparticles 

have uniform average size and morphology with a narrow size distribution, as water 

microdroplets act as nanoreactors. On the other hand, the inability to synthesize large 

amounts of nanoparticles and the relative complexity of the synthesis can be stated as 

disadvantages [52]. 
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2.3. MAGNETIC HYPERTHERMIA  

The application of magnetic nanoparticles at the tumor site as heating agents in the 

hyperthermia method, which is an alternative and relatively novel treatment method for 

cancer, is called as magnetic hyperthermia. In magnetic hyperthermia treatment, the local 

temperature of the tumor area is increased by the heat generated when an alternative 

magnetic field is applied to magnetic nanoparticles. As a very general explanation, in this 

application, magnetic nanoparticles are delivered to the tumor area either using direct 

injection or targeting agents, and the local temperature of the tumor area is increased with 

the heat generated under the effect of an externally applied magnetic field (Figure 2.11) [53]. 

Thus, cancer cells are destroyed by damaging the cell membrane without damaging healthy 

cells. This method was first proposed and employed by Gilchrist et. al. by the usage of 

maghemite nanoparticles to destroy cancer cells by heating them to a temperature of 43°C 

and 46°C without damaging healthy cells in 1957 [54]. The magnetic hyperthermia 

application is basically relying on energy conversion to heat by processes called as hysteresis 

losses and Neel and Brownian relaxations under an alternating magnetic field (AMF) as 

shown in Figure 2.12. 

 

Figure 2.11. The application of magnetic hyperthermia by magnetic nanoparticles [53] 
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Figure 2.12. The heating mechanism representation of magnetic nanoparticles [55] 

The hysteresis losses observed in multidomain nanoparticles are based on the phenomenon 

of domain wall displacement. When an external magnetic field is applied to magnetic 

nanoparticles, their magnetic moments align in the direction of the applied magnetic field, 

or vice versa. When magnetic moments are parallel to to externally applied magnetic field, 

the domains grow until covering all volume which is the point of saturation, , the domains 

have opposite direction moments to the external field diminish.Whereas, the Neel relaxation 

is the reorientation of the magnetic moments within particle while Brownian relaxation is 

the rotation of the whole particle  in the carrier liquid including its magnetic moments 

[23,55]. 

The heating performance of magnetic nanoparticles in hyperthermia applications is specified 

by the specific sorption rate (SAR), which is the power generated into heat per unit mass of 

magnetic nanoparticles. In order to determine the SAR values of magnetic nanoparticles 

intended to be used in hyperthermia application, the time-dependent temperature change of 

a nanofluid with a certain concentration is examined under the influence of an externally 

applied alternative magnetic field for which the corresponding magnetic field and frequency 

are kept constant [56]. 
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The SAR values of magnetic nanofluids then can be calculated by the heating curve obtained 

and using Equation 2.2, where C (J/g.oC) and ρ (g/ml) are the specific heat capacity of base 

fluid and density of the fluid in which magnetic nanoparticles dispersed, φ is the 

concentration of magnetite-based nanofluids in g/mL, ΔT/Δt represents the temperature 

derivative over time on the corresponding heating curve. 

 

Figure 2.13. Comparison of taken temperature data depend on time with an adiabatic and a 

non-adiabatic setup [57] 

The SAR parameter is a measure of the power dissipation determined by calorimetric 

measurements, which are most accurate and efficient under adiabatic conditions in the 

absence of heat loss. Figure 2.13. shows the heating curves of time-dependent temperature 

change in nanofluids under the influence of an externally applied AMF for adiabatic and 

non-adiabatic conditions in calorimetric measurements. Although heat losses do occur in 

non-adiabatic systems, adiabatic systems are difficult to construct and the measurements 

themselves require considerable time, which is why almost all research on magnetic 

hyperthermia is carried out under non-adiabatic conditions [56,58–60]. The slope value, 

which expresses the time-dependent change of the temperature required for the calculation 

of the SAR value for nanofluids, is therefore placed in Equation 2.2 by finding the maximum 

value obtained at the initial stage of the heating curve in non-adiabatic systems. Since this 

slope is similar to the value expected to be obtained in an adiabatic system, it ensures that 
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the calculated SAR value is also comparable to the value likely to be obtained in the adiabatic 

case [57]. 

2.3.1. Factors Affecting Magnetic Hyperthermia 

The utilization capacities and heating efficiency of magnetic nanoparticles in hyperthermia 

applications depend on several factors such as particle size, morphology, magnetic 

anisotropy and saturation magnetization, which directly affect the relaxation mechanism. In 

addition to these factors, SAR also depends on the strength and frequency of the externally 

applied alternating magnetic field, the concentration of the nanofluid and the surface 

modification of the nanoparticles, which have a significant impact on particle interaction and 

colloidal stability. Therefore, the effects of all these fundamentally different factors 

individually on SAR values, which express the efficiency of MNP in hyperthermia 

application, have been frequently investigated in the literature. 

2.3.1.1. Effect of Frequency and Amplitude of The Applied Magnetic Field 

The effect of frequency and applied magnetic field strength on the heating efficiency of 

magnetic nanoparticles has been investigated extensively for decades. Numerous studies 

have agreed that increasing the frequency and amplitude of the AMF to an increase in SAR 

values. However, the range of frequency and magnetic field strength for safe clinical 

application is constrained by the fact that both frequency and magnetic field enhances the 

generation of unwanted eddy currents that can adversely affect healthy tissues. Hence, the 

Atkinson-Brezovich limit is used as the safe upper limit at which eddy current effects can be 

tolerated, and according to this limit the product of frequency and amplitude must be smaller 

than Hxf < 9.46 × 109 Am−1s−1[61]. 

Narayanaswamy et al. investigated the magneto-thermal efficiency of 10 nm sized MNP 

synthesized via chemical co-precipitation method. The effect of frequency ranging between 

166-765.8 kHz under constant 350 G magnetic field strength. The effect of magnetic field 

strength ranging between 100 and 300 G at constant frequency of 765.8 kHz were 

investigated. The temperature versus time plots at constant field strength and constant 

frequency are shown in Figure 2.14 for a sample concentration of approximately 10 mg/ml. 

The results show that, without exception, both the temperature difference and corresponding 



23 

SAR values increase with increasing magnetic field strength at constant frequency and with 

increasing frequency under constant magnetic field strength. The results also indicate a non-

linear enhancement in SAR values with the change in magnetic field strength at constant 

frequency, while the change in frequency at constant magnetic field strength exhibit roughly 

a linear increase (Figure 2.15) [58]. 

 

Figure 2.14.  Heating curves at concentration 10 mg/ml (a) at fixed 350 G field strength, 

(b) at fixed frequency 765.85 kHz [58] 

 

Figure 2.15. Specific absorption rate values with differs concentration (a) with respect to 

the field strength at a fixed frequency, (b) with respect to frequency at fixed strength [58] 
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Another study was conducted by Shah et al. to studied the effect of alternating magnetic field 

intensity and frequency on the SAR values of MNPs for a concentration of 20 mg/ml. The 

nanoparticles were exposed to a magnetic field strength varying between 15.1 and 47.7 kA/m 

at 194 kHz, and it was observed that as the field strength was altered with SAR increasing 

from 3.7W/g to 43.3W/g with altered field intensity. Moreover, at a constant magnetic field 

strength of 38.2 kA/m, the frequency was varied between 123 and 430 kHz, and the directly 

proportional correlation between the SAR value and the frequency was clearly demonstrated 

with SAR values ranging from 10.9 to 76.4 W/g (Table 2.1) [56]. 

Table 2.1.  SAR values at fixed field strength (38.2 kA/m) and frequency (194 kHz) 

[56] 

Field 

strength 

H (kA/m) 

Frequency 

f (kHz) 

SAR 

(W/g NP) 

Field 

strength 

H (kA/m) 

Frequency 

F (kHz) 

SAR 

(W/g NP) 

15.1 194 2.7±0.9 38.2 123 10.9±1.5 

22.8 194 11.1±2.1 38.2 143 16.7±2.0 

35.8 194 19.4±2.1 38.2 194 21.6±0.7 

38.2 194 21.6±0.7 38.2 430 76.4±3.6 

47.7 194 31.3±3.2    

 

Xu and Pan studied the effect of the magnetic field frequency and strength on the heating 

efficiencies of magneto ferritin nanoparticles with a core size 4.3 nm. The effect of applied 

frequency and magnetic field strength can be seen in Figure 2.16 that showed the time-

dependent temperature change of magnetic nanoparticles with 4.3 nm core size. Magnetic 

field frequency was varied from 274.5 kHz to 805.5 kHz whereas magnetic field amplitude 

was kept constant at 19.5 kA/m. It is clearly evident that temperature increased with 

increasing of frequency and SAR values were also increased from 7.9 to 56.3 W/g. In 

addition, the effect of applied magnetic field strength ranging between 11.9-19.5 kA/m at 
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constant frequency of 805.5 kHz was investigated. This results demonstrated that when 

amplitude of the AMF increased, temperature increased and expected SAR values increased 

from 35.6 to 56.3 W/g [62]. 

 

Figure 2.16. The curves of temperature versus time for magnetic nanoparticle with 4.3 nm 

core size at different a) frequencies, b) field strengths [62] 

2.3.1.2. The Effect of Concentration 

Another factor affecting the SAR values of magnetic nanoparticles is the concentration, 

which directly affects the dipolar interactions between magnetic nanoparticles and the 

relaxation mechanism. Although many studies have been conducted to investigate the effect 

of concentration on SAR values, inconsistent results have been obtained. While many 

experimental studies show that SAR values decrease with increasing nanoparticle 

concentration, there are also studies with contrary results indicating that concentration and 

SAR values are directly proportional. In addition to all these results, there are also studies 

showing that SAR values are independent of concentration and remain constant without 

being affected. 

Xu and Pal investigated the effect of Fe concentration on the specific loss power (SLP)  

values of magneto-ferritin which is a potential nanomaterial with a tunable nanosized inner 

core and good biocompatibility by applying the frequency and magnetic field amplitude of 

805.5 kHz and 19.5 kA/m. SLP values were found to be 51.3 W/g at 1.5 mg Fe/mL 

concentration and 67.7 W/g at 5 mg Fe/mL concentration for magnetic nanoparticles with 

4.8 nm core size. According to these results, it was determined that SLP values increased by 
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the increase in Fe concentration, and this was attributed to the enhancement of dipolar 

interaction resulting from the increment in concentration. On the other hand, in the same 

study, although an increase in SLP values was obtained for smaller particles with increasing 

Fe concentration, a tendency to decrease in SLP was observed for larger particles [62]. 

Linch et. al. studied the effect of concentration over the heating abilities of magnetic 

nanofluids containing starch-coated superparamagnetic magnetite nanoparticles of 15-17 nm 

size by altering the concentration from 3 mg/mL to 15 mg/mL under an AMF of 184 kHz 

and 12 kA/m. As can be seen in Figure 2.17 which shows the time dependent heating curves 

of nanofluids with varies concentration, temperature rising rate is strongly dependent with 

the concentration of the particles in the nanofluids. Higher temperature rising rate is obtained 

by increment of the concentration of the particles in the nanofluids [60]. 

  

Figure 2.17. Time-dependent heating curves for magnetic nanofluid varying concentrations 

[60] 

Considering the values given in Table 2.2, it was seen that the highest SAR value, 129 W/g, 

was attained at the lowest iron oxide concentration and SLP values of MNP were inversely 

proportional to concentration. Essentially, it is known that the heat losses caused by 

relatively small sized superparamagnetic nanoparticles occur through Neel and Brownian 

relaxations, which are directly affected by the interactions between particles. Therefore, an 

increase in magnetic particle concentration causes a decrease in the distance between 
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particles, which may affect the interaction between particles, and leads to a decrement in 

SLP values [60]. 

Table 2.2. Initial heating rate and specific loss power values at varies concentrations 

[60] 

Concentration of particles 

(mg/mL) 
dT/dt (oC/s) SLP values(W/g) 

3 0.092 129 

6 0.141 97 

7 0.159 94 

12 0.240 83 

15 0.310 86 

 

These studies have demonstrated that SAR values show a correlation, either with increasing 

or decreasing with Fe or nanoparticle concentration. Despite all these results, Shah et al. 

measured the SAR values of 8-9 nm sized superparamagnetic magnetite nanoparticles coated 

with starch at concentrations of 4.3, 6.4 and 8.6 mg/mL, and showed that although more 

concentrated nanoparticle dispersions were observed to heat faster, the SAR values were not 

affected by the nanoparticle concentration. This finding is consistent with the SAR 

calculation, which is normalized by the mass of the nanoparticles and allows comparison of 

magnetic heating experiments with varying concentrations [56]. 
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Table 2.3. The effect of nanoparticle concentration over SAR [56] 

Magnetite 

concentration (mg/mL) 
SAR (W/g Fe) SAR (W/g NP) 

4.3 45.5 ± 6.4 32.9 ± 4.6 

6.4 43.9 ± 3.2 31.8 ± 2.3 

8.6 43.3 ± 4.4 31.3 ± 3.2 

 

2.3.1.3. Effect of Particle Size and Morphology 

The effects of size and morphology on the heating efficiency of magnetic nanoparticles for 

hyperthermia applications have also been experimentally investigated. The heating 

mechanism of magnetic nanoparticles is related to relaxation mechanisms such as Neel 

relaxation, Brownian relaxation and hysteresis losses as mentioned earlier. While hysteresis 

losses are dominant for nanoparticles with multi-domain structures and relatively larger 

sizes, the dominant mechanisms for single-domain superparamagnetic nanoparticles with 

smaller sizes are Neel and Brownian losses. In a consequence of the contribution of these 

mechanisms, which vary in nanoparticles with multi-domain or single-domain regions, the 

studies on the effect of particle size on SAR have yielded different results and no clear 

consensus has been reached [63]. 

The morphology of magnetic nanoparticles, which can be differentiated by the chosen 

synthesis and surface modification, has also been shown to have an effect on the heating 

efficiency. In these studies, it was revealed that magnetic nanoparticles with spherical, cubic, 

octahedral or octopod morphology have different SAR values and consequently different 

heating efficiencies due to the variation of their magnetic properties such as relaxation 

mechanism and saturation magnetization [64]. 

Mai et al. studied magnetic particles with different sizes ranging from 7.5 to 416 nm in a 

magnetic field of 80 kHz and 32.5 kA/m and according to the results shown in Figure 2.18, 

which expresses the time-dependent temperature change of the particles under the influence 

of an externally applied AMF, it is evident that the calculated SAR values are highly size-
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dependent. For magnetic particles with diameters between 46 and 416 nm, SAR values were 

found to increase with decreasing size due to the contribution of hysteresis losses. On the 

other hand, SAR values were found to be 15.6 W/g for 7.5 nm particles and 39.4 W/g for 13 

nm particles which have superparamagnetic properties. For these particles, Neel and 

Brownian losses are dominant and the resulting improvement can be attributed to the 

enhancement of saturation magnetization of corresponding nanoparticles [65]. 

 

Figure 2.18. Heating curves for magnetic particles having different sizes in a magnetic 

field of 80 kHz and 32.5 kA/m [65] 

Presa et al. studied the effect of size over the specific absorption rate of γ-Fe2O3 nanoparticles 

synthesized via co-precipitation method with average particles sizes of 6,8,11,13 nm. Figure 

2.19 illustrates that increasing the size of particle from 8 nm to 11 nm leads to an 

enhancement in SAR values from 10 W/g to 40 W/g, but this dramatic change is not observed 

when the particle size is further increased from 11 nm to 13 nm. This variation in the 

enhancement has been attributed to the fact that the nanoparticle size proportionally changes 

the SAR values at a cubic rate, but it is basically shown that the SAR values increase with 

increasing particle size [66]. 
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Figure 2.19. The variation of temperature for different sizes of nanoparticles (A), size 

dependent specific absorption rate values (B) [66] 

Gonzalez-Fernandez et al. analyzed the effects of particle size by measuring the specific 

power absorption (SPA) of uncoated magnetite nanoparticles between 5 and 110 nm in size 

range at 260 kHz and 16 mT. According to Figure 2.20, the maximum value was observed 

for nanoparticles with an average size of 24 nm and the values decreased significantly for 

all particles above and below this size threshold due to the transition from single domain to 

multi-domain regions [67]. 

 

Figure 2.20. Specific Power Absorption values for different sizes of bare nanoparticles [67] 

 

(A) 
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Khurshid et al. studied nanoparticles with different morphologies and investigated their 

heating efficiency by exposing all particles under the influence of a magnetic field of 310 

kHz and 400 to 800 Oe. As can be seen in Figure 2.21, the heating rate of cubic magnetic 

nanoparticles with an average size of 20 nm was found to be higher than that of spherical 

magnetic nanoparticles in every magnetic field examined. With the variation of this heating 

rate, the SAR values of the cubic and spherical particles under 600 Oe and 310 kHz magnetic 

fields were calculated as 200 W/g and 135 W/g, respectively. Considering the magnetic 

properties of the investigated nanoparticles, it was observed that the anisotropy was larger 

for cubic particles, whereas the saturation magnetization was larger for spherical 

nanoparticles, which exhibited lower enhancement. This suggests that saturation 

magnetization is not a key and influential factor in terms of enhancement, as SAR values 

and temperature heating rates are higher for cubic nanoparticles [68]. 

 

Figure 2.21. Temperature versus time data for the spherical and cubic magnetic 

nanoparticles at 310 kHz and different magnetic field strengths [68] 

Mohapatra et al. synthesized magnetite nanoparticles with different morphologies and 

studied the effect of geometry on heating characteristics under a fixed frequency of 265 kHz 

and a field strength of 39 kA/m. Figure 2.22 shows the time-dependent temperature change 

for nanoparticles of different morphologies and the results revealed that at approximately 

300 s, the local temperature increased for all samples regardless of the type of morphology 

as nanowires with a length of 80 nm and a diameter of 15 nm have the highest SAR values 
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of 846 W/g in comparison to other nanoparticles. This indicates the importance of the 

anisotropy of the particles on the heating rate due to the high shape anisotropy of the 

nanowires. The results also show that particles with cubic morphology have a higher heating 

rate than spherical particles, as stated in the previous study [69]. 

 

Figure 2.22. Time-dependent temperature variation of samples with different morphologies 

[69] 

2.3.1.4. Effect of Surface Modification 

Surface modification of magnetic nanoparticles plays a critical role in biocompatibility, 

functionality and colloidal stability. In order to effectively utilize magnetic nanoparticles in 

hyperthermia applications, surface modification with polymers and/or surfactants is essential 

to ensure that the particles remain suspended in suspension and do not precipitate over time. 

Various studies have also been conducted on the effect of surface modification on SAR 

values of magnetic nanoparticles, but the results are generally inconsistent. In principle, the 

surface coating can alter the viscosity of the nanofluids and inhibit the relaxation process of 

the particles. Moreover, since surface modification agents create a non-magnetic layer 

around the particles, thus reduce the saturation magnetization and cause SAR values to 

decrease [70]. 
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Rajan et al. investigated the effect of surface modification of magnetic nanoparticles on the 

heating ability for magnetic hyperthermia using biocompatible surfactants and polymers 

such as polyethylene glycol, citric acid and ethylene diamine to achieve colloidal stability 

by electrostatic and steric repulsive interactions. The results of the study showed that the 

highest SAR value was found to be 115 W/g for glutamic acid coated nanoparticles (GA-

Fe3O4), which have higher magnetic anisotropy and also faster relaxation time. In contrast, 

although Citric acid-coated particles have the highest saturation magnetization value, the 

relaxation time is slower than that obtained for GA-Fe3O4 NPs, so the relatively higher SAR 

value could not be achieved with this nanoparticle system [63]. 

In another study by Jamir et al., the heating efficiencies of Fe3O4 nanoclusters modified with 

chitosan and dextran were investigated and the effect of surface modification on SAR was 

analyzed. At a fixed concentration of 1 mg/ml, the SAR value of the dextran modified 

nanoclusters was found to be 40% higher than that of the bare nanoclusters and a decrease 

in SAR values was obtained with increasing concentration (Figure 2.23). The increase in 

SAR value as a result of both concentration decrease and surface modification was attributed 

to the dipolar interaction between the particles [70]. 

 

Figure 2.23. The variation of SAR dependence of concentration for bare (FO), chitosan 

modified (CFO) and dextran modified (DFO) nanoclusters [70] 
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Majeed et al. measured SAR values of core-shell Silica and magnetite nanoparticles under 

the influence of an externally applied AMF (265 kHz and 400 A). According to the results 

obtained, the temperature enhancement was higher in modified nanoparticles than that of 

bare nanoparticles and the SAR value decreased with the increase in the shell thickness 

around the particle. However, according to the results given in Figure 2.24, the initial slope 

obtained in bare nanoparticles appears to be higher than that of all samples and the relatively 

lower SAR value calculated and shown in the inset is not clearly addressed [71]. 

 

Figure 2.24. Temperature change over time for bare (a), magnetite-silica core-shell 

particles (b), Inset shows the corresponding SAR values [71] 
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3. MATERIALS 

3.1. CHEMICALS 

Table 3.1. Chemicals used for the synthesis of magnetite nanoparticles 

Chemical Name Formula Structure Provider 

Iron (II) Sulfate 

Hepta Hydrate 
Fe (SO4)2. 7H2O 

 

Riedel de 

Haën 

Iron (III) 

Chloride 
FeCl3 

 

Riedel de 

Haën 

Polyacryclic Acid 

(450kDa) (C3H4O2)n 

 

 

Sigma 

Aldrich 

Polyacryclic Acid 

(250kDa)  (C3H4O2)n 

 

Sigma 

Aldrich 

Potassium Nitrate KNO3 

 

Sigma 

Aldrich 
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Table 3.1. (continued) 

Potassium 

Hydroxide 
KOH 

 

Emsure 

Citric Acid C6H8O7 

 

Sigma 

Aldrich 

Polyethylenimine 

(25 kDa) 
H(NHCH2CH2)nNH2 

 

Sigma 

Aldrich 

Polyethylene 

glycol (400 Da) 
(C2H4O)nH2O 

 

Sigma 

Aldrich 

Ammonium 

Hydroxide 
NH4OH 

 

Sigma 

Aldrich 
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Table 3.2. Chemicals used for the Tiron chelation test 

Chemical Name Formula Structure Provider 

 

Tiron 

 

C6H4Na2O8S2 

 

Fluka 

Hydrochloric Acid 

(37%) 
HCl 

 

Sigma 

Aldrich 

Sodium Hydroxide 

 

NaOH 

  

Riedel de 

Haën 

Potassium 

Hydroxide 
KOH 

 

Emsure 

 

 

 

 

 

 

 

 

 

 

 

 



38 

3.2. INSTRUMENTS 

Table 3.3. Instruments used for characterization of magnetic nanoparticles 

Instrument Manufacturer Model 

UV Visible Spectroscope (UV-

VIS) 
Inesa  

L7 

(Yeditepe University) 

X-ray Diffraction (XRD) Bruker 
D8 Advance 

(Kastamonu University) 

X-ray Diffraction (XRD) Rigaku 

D-Max 2200 PCI 

(Gebze Technical 

University) 

Vibrating Sample Magnetometer 

(VSM) 
Lake Shore 

7407 

(Kastamonu University) 

Vibrating Sample Magnetometer 

(VSM) 
Lake Shore 

Quantum Design 

PMS9T (Gebze 

Technical University) 

 

Transmission Electron Microscope 

(TEM) 

JEOL 
JEM 2100 PLUS 

(Yeditepe University) 

 

Transmission Electron Microscope 

(TEM) 

 

JEOL 

 

JEOL JEM-ARM200F 

(Sabancı University) 

Thermogravimetric Analysis 

(TGA) 
PerkinElmer 

Pyris1 

(Yeditepe University) 

Vacuum Oven Memmert 
V0-200 

(Yeditepe University) 
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Table 3.3. (continued) 

Hyperthermia Testing Device nanoTherics magneTherm 

Fourier Transform Infrared 

Spectroscope (FTIR) 
Thermo Scientific Nicolet iS50 

Water bath circulator 

 

VWR 

 

1146D 

(Yeditepe University) 

Mechanical Stirrer WiseStir 

Feedback Control 

Digital 

(Yeditepe Üniversitesi) 
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4. EXPERIMENTAL PROCEDURE 

4.1. SYNTHESIS OF MAGNETITE NANOPARTICLES 

There are numerous chemical synthesis methods in the literature to synthesize of magnetite 

nanoparticles [52]. Considering the reaction kinetics of these synthesis methods, it is 

possible to obtain magnetic nanoparticles of different sizes and morphologies [46]. The 

variation in particle size depending on the synthesis method also directly affects the magnetic 

properties of the particles. In this study, since it is aimed to fully investigate the effects of 

particle size and associated magnetic properties of magnetite nanoparticles on SAR together 

with surface modification, co-precipitation (COP) method was selected for the synthesis of 

superparamagnetic nanoparticles and partial oxidation (POX) method was adopted for the 

synthesis of ferrimagnetic nanoparticles. 

4.1.1. Co-Precipitation Method 

The most employed method in the literature for the synthesis of magnetite nanoparticles is 

the precipitation method due to its simplicity, short reaction time and scalability. By using 

this method, superparamagnetic magnetite nanoparticles with narrow size distribution and 

approximately 5-20 nm in size can be synthesized [46]. Briefly, 80 ml of distilled water is 

taken into a jacketed glass reactor and the medium is brought to a temperature of 60 oC and 

kept constant at this temperature by means of an externally applied water bath. The reaction 

medium was purged of air with a continuous flow of nitrogen for 30 minutes to avoid the 

formation of any other iron oxide species, especially maghemite, due to oxidation. After half 

an hour, ferrous (0.242 g) and ferric (0.282 g) salts at 1:2 molar ratios, stoichiometrically 

required for magnetite formation were added to oxygen-free distilled water and allowed to 

dissolve completely for 5 minutes. Meanwhile, the reaction medium changes from 

transparent to orange color (Figure 4.1) and after complete dissolution, magnetite 

nanoparticles were precipitated with the rapid addition of sodium hydroxide solution (0.514 

g / 10 ml distilled water). Following the addition of the base, the sudden pH increases in the 

reaction medium led to magnetite nucleation and the color of the medium instantly changed 

from orange to black indicating the successful formation of magnetite phase (Figure 4.1). 
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The reaction was continued under nitrogen gas for another 30 minutes and then the final 

product was centrifuged at 6000 RPM for 10 minutes to remove the salts and neutralize the 

pH. The magnetite nanoparticles obtained after centrifugation were then dried in vacuum 

(20 mBar) and at 60 oC for further characterization. Surfactants or polymers were dissolved 

in deoxygenated distilled water at the beginning of the reaction and the whole reaction was 

carried out identically in the presence of these surface agents to obtain surface-modified 

magnetite nanoparticles with colloidal stability in contrast to bare nanoparticles. 

 

Figure 4.1. Schematic representation of the experimental pathway for chemical co-

precipitation method 

4.1.2. Partial Oxidation Method 

Another relatively less commonly utilized water-based synthesis method for obtaining 

magnetite nanoparticles is the partial oxidation (POX) method. Using this method, relatively 

much larger (>20 nm) and most importantly ferrimagnetic nanoparticles can be obtained as 

a consequence of the corresponding reaction kinetics [48]. In this method, iron ions with 

dissimilar charges are not reacted in the stoichiometric ratio required for magnetite formation 

as in the co-precipitation method. Rather, the reaction starts only in the presence of iron (II) 

ions and then partially oxidized to iron (III) ions by a simple oxidant present in the medium. 

Thus, the nucleation and growth phases for magnetite formation are relatively slower, 

resulting in comparatively larger particles [49]. 
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Figure 4.2. Schematic representation of the experimental pathway for partial oxidation 

method 

Simply, 2.525 g of potassium nitrate and 0.974 g of potassium hydroxide were dissolved in 

118.75 ml of distilled water and the solution was taken into a 3-neck round bottom flask. On 

the other hand, 6.25 ml of distilled water was also taken in a glass vial and both media were 

exposed to nitrogen gas for one hour to remove the ambient oxygen. Simultaneously, an oil 

bath was set to a constant temperature of 90 oC and the round bottom flask containing the 

base/oxidant solution was placed in the oil bath. Meanwhile, 0.8685 g of ferrous (II) sulfate 

heptahydrate was dissolved in 6.25 ml of previously de-aerated water and gently added to 

the base/oxidant solution using an injector. After 1 minute, the nitrogen gas supplied to the 

environment was cut off due to the system being sealed off and the reaction medium was 

continuously stirred and kept at constant temperature for an additional 4 hours. At this stage, 

the reaction medium turns green by the addition of iron (II) salt and then gradually turns 

black due to the formation of the magnetite phase with partially formed iron (III) ions. 

(Figure 4.2) Following the completion of the reaction, the magnetite nanoparticles obtained 

were separated from the medium and centrifuged at 6000 RPM for 10 minutes and then dried 

in vacuum at 60 oC for further characterization. Surfactants or polymers intended to be 

employed for surface functionalization and colloidal stabilization were introduced into the 
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base/oxidant solution at the beginning of the reaction and all nucleation and growth phases 

were ensured to take place in the presence of these agents. 

4.2. CONCENTRATION DETERMINATION 

The synthesis of magnetite nanoparticles was carried out by co-precipitation and partial 

oxidation methods for comparison in this study. Subsequently, Tiron test was carried out to 

determine the concentration of the obtained nanoparticles after they formed nanofluid with 

distilled water as the base liquid [72]. Tiron is a chemical substance that can form very strong 

complexes with iron and titanium. Since magnetite contains both iron (II) and iron (III) in 

its structure, this colorimetric method could be used to determine the concentration of 

nanofluids. Simply, concentrated hydrochloric acid (0.4 ml) was added to a suspension of 

magnetic nanofluid (0.1 ml) to liberate the iron ions contained within the structure of 

magnetite. This acidic environment also ensured that the shell around the particle, which 

provides colloidal stability, was eliminated. Following the addition of the Tiron solution (0.6 

ml, 0.083 g/ml), the liberated iron ions and Tiron molecules formed a complex in a 1:3 ratio 

and the color of the solution changed instantly to dark maroon as the pH of the solution was 

enhanced by the addition of 4 M 3 ml of sodium hydroxide (Figure 4.3). Since this solution 

obtained as a result of the chelation between Tiron molecules and iron ions gives strong 

absorbance at 480 nm, absorbance measurements were performed using UV-Vis 

spectroscopy. The absorbance value obtained was then placed in Equation 5.1 to determine 

the concentration of magnetite nanoparticles. In order to determine the unknown 

concentration, the Tiron test was performed on 3 different samples with 3 replicates for each 

sample and the average of the absorbance value was then used in the equation. 

 

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (
𝑔

𝑚𝑙
) =

(𝑎𝑏𝑠@480 𝑛𝑚) × (𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟) × 231.52 × 25

39986 × 162.15 × 3 × 0.1
 

(5.1) 
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Figure 4.3. Color change during the concentration determination via Tiron test 

4.3. MAGNETHERM 

The essential objective of this study is to investigate the heating efficiency of magnetite 

nanoparticles prepared by different synthesis methods and thus having different average size 

and magnetic properties, after being modified with various and comparable surfactants, 

depending on the concentration, frequency and intensity of the externally applied alternating 

magnetic field, by considering SAR values. In order to evaluate the initial maximum slope 

of the heating curve (temperature vs time) required for the determination of SAR for a 

specific magnetic nanofluid, the variation of temperature as a function of time in the presence 

of an externally applied alternating magnetic field was acquired via the NanoTherics 

MagneTherm system which is composed of a coil assembly, function generator, DC power 

supply, and oscilloscope as shown in Figure 4.4. 
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Figure 4.4. NanoTherics- MagneTherm Instrument (a), Control units that adjust the 

magnetic field amplitudes and frequencies (function generator, DC Power supply and 

oscilloscope)(b) 

The coil assembly of the system is capable of being fitted with two different coils bearing 9 

and 17 turns, which allow measurements to be made using various frequencies ranging from 

100 to 950 kHz and magnetic field amplitudes from 12 to 25 mT as illustrated in Table 4.1 

Table 4.1. Magnetic field amplitude and frequency ranges for 17-turn coil 

Coil 

turns 

Capacitor 

type 

Nominal 

frequency 

(kHz) 

DC Power 

Supply 

Voltage 

DC Power 

Supply 

Current 

Maximum 

Current  

(mT) 

17 200 nF 106.7 30 19.2 25 

17 88 nF 160.2 25.8 13.5 17 

17 26 nF 268.3 33.7 13.75 17 

17 15 nF 378.8 37.3 12.8 16 

17 6.2 nF 612.0 39.8 11.1 12 

 

In order to regulate the current flowing through the coils to create a magnetic field within 

the MagneTherm system, the voltage input is provided by a DC power supply. In addition, 
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different capacitors are used to obtain the desired frequency while a function generator is 

used to generate the necessary waveform. Finally, temperature variation within the samples 

under the influence of an alternating magnetic field was measured by using a fiber optic 

temperature sensor and the data was digitized using the device-specific Osensa software. 

(Figure 4.5). 

 

Figure 4.5. Representative diagram of the MagneTherm system 

In order to obtain the heating curves of nanofluids containing MNP under the effect of an 

externally applied AMF briefly, 2 ml of suspensions with different concentrations were 

placed in a cryotube. The samples were then placed in styrofoam specially designed for the 

sample holder to minimize heat transfer to the surroundings. Subsequently, a fiber optic 

temperature sensor was placed at the center of the suspension to digitally monitor the 

temperature elevation occurring within the nanofluid at 1 second intervals, and finally, the 

sample holder was positioned at the center of the 17-turn coil which produces the AMF by 

the current provided via power supply (Figure 4.6). Tap water was used as a coolant to 

prevent the internal temperature rise in the system due to the magnetic field generated by the 

coils with the current flowing. Therefore, sufficient time was allowed for the temperature of 

the nanofluid to reach steady state before each measurement ensuring that the temperature 

variation was at most 0.1 oC. After reaching steady state, an alternating magnetic field was 

generated by applying voltage to the system and the temperature change in the medium was 

measured for at least 25 minutes. Since the system is not fully adiabatic, the measurements 

were also repeated for distilled water free of nanoparticles for each frequency and/or 

magnetic field strength utilized. All measurements were replicated at least a minimum of 3 

times for both the nanofluid and control samples. 
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Figure 4.6. Sample preparation for heating curve measurements 

 

Figure 4.7. A representative heating curve for a magnetic nanofluid along with control 

measurement and their corresponding 3rd order polynomial fit 

The temperature data of the nanofluid taken at 1 second intervals for each sample for a total 

of 25 minutes was then visualized using OriginLab. In order to determine the initial 

maximum slope required for the calculation of the SAR of the samples, the time-dependent 

temperature curves needed to be smoothed by eliminating noise. Therefore, a 3rd order 

polynomial regression was applied to the obtained curves and the calculations were carried 
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out through these curves (Figure 4.7). Although there is an insulating material surrounding 

the samples in the system, even for distilled water free of nanoparticles, a temperature rise 

occurs due to the heat generated by the alternating magnetic field applied. Consequently, 

this temperature variation obtained as a base was subtracted from the temperature differences 

observed in the samples after polynomial regression to obtain the resultant enhancement 

curves. These curves were then automatically divided into 50 second intervals and the 

maximum slope values in these segments were calculated with Slope Analyzer which is an 

add-on package for OriginLab (Figure 4.8). Finally, as multiple measurements were 

performed for each sample, SAR values were calculated using Equation 2.2 and presented 

with their standard deviations. 

 

Figure 4.8. Maximum slope determination via Slope Analyzer add-on for OriginLab 
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4.4. CHARACTERIZATION OF MAGNETIC NANOPARTICLES 

4.4.1. Transmission Electron Microscope (TEM) 

The average size, size distribution, and morphology of bare nanoparticles were evaluated 

using JEOL JEM 2100 PLUS (200kV LaB6) transmission electron microscope (TEM) at 

Yeditepe University for nanoparticles synthesized via co-precipitation method. Additionally, 

the same properties of nanoparticles synthesized using the partial oxidation method were 

analyzed via 200keV JEOL JEM-ARM200F microscope at Sabancı University. For the 

measurements, sonicated suspensions were dropped onto 200 mesh Cu TEM grids and 

allowed to dry overnight. Representative average size of 100 individual nanoparticles were 

determined by measuring both the long and the short axes lengths using ImageJ. The 

corresponding size distribution for different samples were then plotted as histograms and 

related standard deviations were also calculated. In addition, high-resolution images of the 

samples were taken (HRTEM) in order to analyze the lattices which, exhibit the crystalline 

nature of the product.  

4.4.2. X-Ray Diffraction (XRD) 

X-ray diffraction (XRD) analysis for the phase identification of nanoparticles were carried 

out by Rigaku D-Max 2200 PCI diffractometer with Cu Kα radiation at Gebze Technical 

University and Bruker D8 Advance at Kastamonu University respectively. Diffraction 

patterns for dried powder form samples were acquired in between 20-70 2ϴ values at room 

temperature. The intensities and positions of obtained diffraction peaks along with the ratios 

of the peak intensities were compared with JCPDS card for magnetite phase presented in the 

literature.  

4.4.3. Vibrating Sample Magnetometer (VSM) 

The magnetic properties of magnetite nanoparticles synthesized via both chemical co-

precipitation method and partial oxidation method were examined by Lake Shore 7404 

(Kastamonu University) and Quantum Design PMS9T (Gebze Technical University) 
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vibrating sample magnetometers (VSM). The hysteresis loops of powder form nanoparticles 

were acquired at room temperature and in a range of positive and negative externally applied 

magnetic field strengths. Subsequently, the corresponding saturation magnetization along 

with the coercivity and remanence of samples were calculated in order to reveal whether the 

particles exhibit superparamagnetic properties. 

4.4.4. Fourier Transform Infrared Spectroscopy (FTIR) 

Infrared spectra of bare and functionalized magnetite nanoparticles were obtained via 

Nicolet iS50 Fourier transform infrared spectroscope (FTIR) at Yeditepe University. For the 

measurements, spectrum of solid powder-form particles was acquired in the wavenumber 

range of 400 – 4000 cm-1 at room temperature and obtained bands and peaks were compared 

with the literature data to confirm the presence of surface modifying agents on the surface 

of magnetite nanoparticles synthesized via co-precipitation and partial oxidation methods. 
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5. RESULTS AND DISCUSSION 

5.1. SYNTHESIS OF MAGNETITE NANOPARTICLES 

In this study, the co-precipitation method, which is often preferred in the literature, and the 

water-based partial oxidation method, which is less commonly employed, were adopted for 

the synthesis of MNPs. The purpose of this approach is to measure the SAR values of bare 

and modified nanoparticles, which differ in both size and magnetic properties according to 

the applied synthesis method and to analyze the effect of different variables on this 

parameter. Nanoparticle synthesis was carried out primarily by co-precipitation method and 

during the course of the reaction, a sudden transformation from orange to black color was 

observed as described in the literature (Figure 5.1) [46]. It was expected that the orange color 

obtained by the dissolution of iron (II) and iron (III) salts in the medium would turn black as 

a result of magnetite nanoparticles precipitated by suddenly increasing the pH value of the 

medium with sodium hydroxide solution. This sudden color shift also indicated that the 

reaction rate and kinetics should also be taken into account during the analysis of the average 

size and morphology of the particles. 

 

Figure 5.1. Color change during the formation of MNPs prepared by COP method  
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Figure 5.2. Color change during the formation of MNPs prepared by POX method 

The other method employed in this study for the synthesis of magnetite nanoparticles is the 

partial oxidation method. The most important distinction of this method as compared to the 

co-precipitation method is that it allows the synthesis of larger nanoparticles with different 

magnetic properties. During the synthesis by following the method detailed in 4.1.2, it was 

observed that the color of the reaction medium turned light green upon addition of iron (II) 

salt. This is attributed to the formation of iron (II) oxide, the intermediate phase as shown in 

the literature [73]. Subsequently, the reaction medium gradually turned dark green and 

finally black, indicating the formation of magnetite nanoparticles. The fact that the abrupt 

color change obtained when the co-precipitation method was carried out but not in this 

method is due to the fact that the kinetics of the reactions are completely different from each 

other, as mentioned earlier. 
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Table 5.1. The characteristic colors of the iron oxide phases [74] 

 

The preliminary phase identification of numerous iron oxide species, which are found in 

nature and prepared synthetically, can be carried out on the basis of color before any 

characterization method. Since magnetite is the only phase with black color among all these 

different iron oxide species (Table 5.1), the black colors observed in the samples synthesized 

and dried by co-precipitation and partial oxidation methods provide preliminary evidence 

that the magnetite phase has been successfully obtained as shown in Table 5.1 and Figure 

5.3 [75]. 
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Figure 5.3. The color of the dried MNP synthesized by COP method 

One of the most important distinctions that differentiate magnetite nanoparticles from other 

substances, although not from iron oxides, is that they possess magnetic properties. It can be 

seen from Figure 5.4 and Figure 5.5 that the particles synthesized by both co-precipitation 

and partial oxidation methods respond and migrate in the direction of the field under the 

influence of an externally applied magnetic force. In addition to this preliminary evaluation 

in terms of phase, a variation was also observed in the response of the particles synthesized 

by co-precipitation and partial oxidation to the externally applied magnetic field. It has been 

observed that the particles synthesized by COP method react to the magnetic field and drop 

to almost zero magnetization with the removal of the field, whereas for the particles 

synthesized by  POX method, the magnetization persists after the removal of the field effect 

due to the ongoing interaction between the particles. This provides evidence that particles 

synthesized by different synthesis methods possess different magnetic properties as shown 

in the literature [73]. 
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Figure 5.4. a) Powder-form MNPs synthesized via COP method b) The response of 

magnetite nanoparticles to an externally applied magnetic field 

 

Figure 5.5. a) Powder-form MNPs synthesized via POX method b) The response of 

magnetite nanoparticles to an externally applied magnetic field 

5.2. CHARACTERIZATION OF MAGNETITE NANOPARTICLES 

The average size, size distribution and morphology of nanoparticles were analyzed via TEM. 

It has been clearly shown in the literature that particles synthesized via conventional 

chemical co-precipitation method yields comparably smaller nanoparticles (i.e., 6-20 nm) 

[46]. Whereas, partial oxidation method is capable of producing larger nanoparticles 



56 

depending on the reaction conditions [73]. The TEM images given in Figure 5.6a and Figure 

5.6b clearly demonstrate that the particles synthesized by chemical precipitation method 

indeed yield considerably smaller nanoparticles as compared to counterparts synthesized by 

partial oxidation method as illustrated in Figure 5.7a and Figure 5.7b. The TEM analysis 

additionally indicated the formation of irregular morphologies (mostly spherical) for co-

precipitation-based nanoparticles whereas the particles produced via partial oxidation 

method mostly exhibited well-defined octahedral and cubic nanoparticles as shown in the 

literature for the same type of nanoparticles [46] and [49]. 

 

 Figure 5.6. TEM images of bare magnetite nanoparticles synthesized via co-precipitation 

method at different magnifications a) Scale bar is 50 nm, b) Scale bar is 100 nm  
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Figure 5.7. TEM images of bare magnetite nanoparticles synthesized via partial oxidation 

method at different magnifications a) Scale bar is 200 nm, b) Scale bar is 100 nm  

The size analysis performed by measuring the short and long axis of at least 100 individual 

nanoparticles indicated that the superparamagnetic nanoparticles have an average size of 9.8 

± 2.5 nm while the nanoparticles synthesized via partial oxidation method possessed 41.6 ± 

6.9 nm (Figure 5.8). The variation of average size in between different samples is solely due 

to the distinctive reaction kinetics of the corresponding synthesis method applied. It is well 

known that chemical COP method is performed at high supersaturation levels leading to 

rapid nucleation thus formation of smaller sized nanoparticles [47]. On the other hand, partial 

oxidation method possesses an extended growth phase as compared to nucleation stage 

yielding larger nanoparticles [46]. In addition to the imaging of the samples, the crystalline 

nature of nanoparticles was also analyzed via high resolution TEM imaging (HRTEM). The 

presence of lattices clearly demonstrates the crystalline nature rather than amorphous 

structures for magnetite nanoparticles regardless of the synthesis method employed as shown 

in Figure 5.9.  
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Figure 5.8. Size distributions obtained using TEM images of bare magnetite nanoparticles 

synthesized via a) co-precipitation method, b) partial oxidation method 

 

Figure 5.9. HRTEM images of bare magnetite nanoparticles synthesized by                       

a) co-precipitation method (Scale bar = 5nm), b) partial oxidation method (Scale bar = 10 

nm) 

Afterwards, the phase identification of nanoparticles synthesized by two different aqueous 

chemical pathways was performed by X-ray diffraction (XRD). The diffraction patterns for 

both co-precipitation and partial oxidation originated nanoparticles exhibited 2ϴ values 

mapped to the peak’s positions and relative peak intensities which can be exactly matched 

with magnetite phase illustrated in the literature (Figure 5.10) [76]. Although, no other iron 
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oxide species are expected as a product of co-precipitation method due the presence of 

stoichiometric quantities required for magnetite phase, it is known that oxidative aging of 

ferrous ions may yield several iron oxide types if the reaction conditions are not sufficiently 

controlled [77]. As the diffraction analysis confirms the formation of phase pure magnetite 

nanoparticles, it can be concluded that POX method was performed effectively along with 

chemical precipitation method for the synthesis of MNPs in a controlled manner.  

 

Figure 5.10. XRD patterns of bare magnetite nanoparticles synthesized via a) partial 

oxidation b) co-precipitation 

Vibrating sample magnetometer (VSM) analysis was employed to determine the magnetic 

properties of magnetite nanoparticles synthesized by partial oxidation and co-precipitation 

methods. This analysis method can be used to determine the saturation magnetization at 

which the particles reach maximum magnetization. On the other hand, it is also possible to 

determine properties directly related to the magnetic behavior, such as coercivity and 

remanence. Basically, the magnetization of particles increases with increasing the intensity 

of the magnetic field strength in opposite directions. In addition, it is expected that the 

removal of the externally AMF will result in zero or negligible magnetization in 

superparamagnetic nanoparticles which is identified by the hysteresis curve to pass through 

origin but will conversely produce permanent magnetization in ferrimagnetic nanoparticles. 

The saturation magnetization of bare magnetite nanoparticles synthesized by the co-

precipitation method and by the partial oxidation method were determined as 55.1 and 69.2 

emu/g as illustrated in corresponding hysteresis curves shown in Figure 5.11. These 

relatively higher saturation magnetization values observed in nanoparticles synthesized by 
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partial oxidation method are also encountered in the literature which can be attributed to the 

larger average size of the corresponding particles as compared to superparamagnetic 

counterparts. In addition, nanoparticles obtained by the partial oxidation method exhibited 

significant coercivity and remanence as illustrated for the particles synthesized with the same 

procedure and regarded as ferrimagnetic in the literature (Figure 5.11) [48]. 

 

Figure 5.11. Hysteresis curve of bare magnetite nanoparticles synthesized by under varying 

magnetic field intensity a) partial oxidation method b) co-precipitation method 

5.3. SURFACE MODIFICATION OF MAGNETITE NANOPARTICLES 

In order to provide effective use of magnetite nanoparticles in any application, it is essential 

to ensure the colloidal stability of the particles. Regardless of the preferred method, 

surfactants or polymers should be used for surface functionalization, since the synthesized 

bare nanoparticles cannot remain suspended in suspension for a long time. In this study, 

magnetite nanoparticles synthesized by partial oxidation and co-precipitation methods were 

modified with PAA and for comparison superparamagnetic particles were modified with 

PEG and PEI in two layers to ensure colloidal stability and to examine the effect of surface 

functionalization on SAR. Since these polymers do not show toxic activity at sufficient 

concentrations and have a hydrophilic structure, they have been used together with magnetite 

nanoparticles in numerous studies in the literature for biomedical applications [49,78]. 

During the synthesis of magnetite nanoparticles, the entire synthesis was carried out in the 
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presence of polymers in order to ensure that surfactants were present at all stages of particle 

formation. In order to demonstrate that the surface modification of the nanoparticles was 

achieved, time-dependent stability analysis was initially performed. Considering the 

suspension pictures presented in Figure 5.12, it is evident that the bare nanoparticles 

prepared by partial oxidation method undergo complete precipitation within 1 hour. Since 

there is no stabilizing agent on the surface of these particles, such a rapid sedimentation is a 

highly expected result. In addition, only a partial phase separation appeared after 24 hours 

in the bare nanoparticles synthesized by co-precipitation. This contradictory situation in both 

bare particle systems was attributed to the different sizes of the nanoparticles. The much 

smaller size of the bare superparamagnetic nanoparticles synthesized by co-precipitation and 

their lack of permanent magnetization allowed them to remain suspended in suspension for 

a longer time. However, although a temporary colloidal stability can be achieved, time-

dependent precipitation also occurs in these superparamagnetic nanoparticles. 

 

Figure 5.12. The colloidal stability of suspensions containing magnetite nanoparticles        

a) bare particles synthesized via partial oxidation b) bare particles synthesized via co-

precipitation c) PEG-PEI modified particles synthesized via co-precipitation 
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Whereas, it was clearly seen that the polymers added to the medium during the synthesis 

increased the colloidal stability of the particles in water and no precipitation was observed 

after more than 24 hours. This indicates that the particles were successfully functionalized 

considering the relatively low time-dependent stability of the bare nanoparticles. 

 

Figure 5.13. FTIR Spectra of bare and PEG-PEI modified magnetite nanoparticles 

synthesized via co-precipitation method [78] 
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Figure 5.14. FTIR Spectra of bare and PAA modified magnetite nanoparticles synthesized 

via co-precipitation and partial oxidation methods 

In addition to time-dependent colloidal stability tests, FTIR analysis was also performed to 

further demonstrate that magnetite nanoparticles synthesized by co-precipitation and partial 

oxidation methods were modified with PEG-PEI and PAA. This analysis was carried out 

with the Thermo Scientific Nicolet iS50 FT-IR device at Yeditepe University, in the 

wavelength range of 400-4000 cm-1, and on powdered particles obtained at a pressure of 20 

mBar and 60 oC using a vacuum oven. When the FTIR spectrum of the bare nanoparticles 

was examined, the characteristic absorption bands of the magnetite phase were observed at 

approximately 536 cm-1 and 1635 cm-1 and these bands can be attributed to Fe-O bond 

vibration and absorbed water molecules, respectively [79,80]. The presence of the same Fe-

O mode (535 cm-1 and 539 cm-1) in the modified nanoparticles suggests that the magnetite 

phase was successfully acquired for both samples and that the polymers introduced into the 

medium did not have a negative effect on the formation of the magnetite phase. The PEG-

PEI functionalized particles additionally show absorption peaks at 1103 cm-1, 1315 cm-1, 

1472 cm-1, 1557 cm-1, 2841 cm-1, 2918 cm-1 and 3266 cm-1, which can be indexed to C-O 

symmetrical stretching, C-N stretching, N-H stretching or C-H bending vibration, N-H 
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bending vibration, C-H stretching vibrations (for 2841 cm-1 and 2918 cm-1) and N-H 

stretching modes respectively [78]. On the other hand, the PAA modified nanoparticles show 

absorption peaks at 1434 cm-1, 1545 cm-1, 1652 cm-1 and 1761 cm-1, which may be assigned 

to CH2 stretching, asymmetrical -COO stretching and -C=O stretching modes respectively. 

The bands near 1370 cm-1 and 1401 cm-1 may also be indexed to symmetrical -COO 

stretching modes [81–85]. These additional peaks obtained in the modified nanoparticles as 

compared to the bare nanoparticles further confirmed that the nanoparticles synthesized by 

both methods were successfully modified with surface active agents (Figure 5.13 and Figure 

5.14). 

5.4. SPECIFIC ABSORPTION RATE OF MAGNETITE NANOPARTICLES 

SAR measurements are frequently performed in the literature to determine the efficiency of 

magnetite nanoparticles in magnetic hyperthermia applications [6]. Although there are 

numerous studies in this context, variations in nanoparticle preparation and the way SAR 

measurements are performed in each study can lead to quite different values. Whereas the 

SAR values of bare magnetite nanoparticles are generally not taken into account due to their 

inadequate application capabilities as a consequence of instability. While a high level of 

colloidal stabilization of magnetite nanoparticles is a requirement in applications such as 

hyperthermia, the temperature changes and subsequent SAR values of the bare nanoparticles 

under the influence of an externally applied magnetic field may also be examined in order 

to determine the limit and evaluate the efficiency. Since the partial oxidation method is rarely 

used in the literature, the aim of this study is to determine the heating efficiencies of both 

bare and modified magnetite nanoparticles synthesized by co-precipitation and partial 

oxidation methods concurrently. For this purpose, magnetite nanoparticles were prepared by 

two different methods and the heating efficiencies of the obtained nanoparticle systems were 

analyzed depending on the intensity and frequency of the externally applied magnetic field 

and as a function of nanoparticle concentration. In addition, the effect of polymers added to 

the nanoparticle surface to ensure colloidal stabilization was also investigated. Since the co-

precipitation and partial oxidation methods used throughout the study produce magnetite 

nanoparticles that are completely different from each other in terms of size and magnetic 

properties, the effect of these variables on heating efficiencies was also investigated.  
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Initially, the heating efficiencies of bare magnetite nanoparticles synthesized by co-

precipitation method were analyzed depending on the nanoparticle concentration, the 

intensity and frequency of the externally applied magnetic field. Essentially, the frequency 

and magnetic field pairs given in Table 5.2 were adopted for all samples, so that the effects 

of both frequency at comparable field strengths and magnetic field strength at fixed 

frequency could be examined. 

Table 5.2. The frequency and the intensity pairs selected for the externally applied 

magnetic field 

Coil turns 
Capacitor 

type 

Nominal 

frequency 

(kHz) 

Field 

Strength 

(mT) 

17 200 nF 106.5 24.0 

17 200 nF 106.5 16.1 

17 15 nF 378.2 15.4 

17 6.2 nF 610.9 11.7 

 

At the beginning of the analyses, control measurements were carried out at conditions 

specified in Table 1 with distilled water free from nanoparticles in order to prevent the 

temperature increase caused by the current supplied to the system to produce the magnetic 

field from affecting the further analysis and calculations. For distilled water free from 

nanoparticles, temperature measurements were taken with at least 3 repetitions, the 

temperature-time curve was regressed with a 3rd order polynomial as suggested in the 

literature (86) and finally the base was determined by averaging all measurements. 

Afterwards, the temperature-time curve of the nanofluids at that frequency and magnetic 

field strength was polynomially regressed with 3rd order (Figure 5.15a) and the base 

temperature increment was deduced from the data of each sample to determine the resulting 

temperature change (Figure 5.15b). 
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Figure 5.15. Regressed temperature vs. time data for distilled water and COP-Bare (a), 

Resultant heating curve for the sample (b) 

Figure 5.15a shows that the heating curve of the suspension containing nanoparticles exhibits 

a temperature increase after a period of 1500 seconds. On the other hand, distilled water free 

of nanoparticles also heats up as a result of the electrical current and eventually presents 

minor a temperature variation in the range of 0-500 seconds. In the majority of the studies 

in the literature, this fact is either not taken into account when presenting the heating curves 

of magnetic nanofluids or, if a background subtraction is performed, it is not mentioned. 

This analysis reveals that since the calculation of SAR values of magnetic nanofluids uses 

the maximum slope due to the temperature change that occurs initially, a control 

measurement must be performed and extracted from the temperature change data of the 

sample as clearly stated in few studies [87]. 
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Figure 5.16. Temperature-time data for bare magnetite nanoparticles (0.775 mg/ml)            

a) 106.5 kHz – 16.1 mT, b) 106.5 kHz – 24.0 mT, c) 378.2 kHz – 15.4 mT, d) 610.9 kHz – 

11.7 mT 

The time-dependent temperature changes of bare magnetite nanoparticles synthesized by co-

precipitation method under the effect of externally applied alternating magnetic field are 

given in Figure 5.16 together with the control group of distilled water and the resultant 

temperature changes are given in Figure 5.17 and Figure 5.18 for different concentrations. 

When the results are evaluated, it is seen that even at low concentrations, bare magnetite 

nanoparticles exhibit an extra temperature elevation as compared to distilled water at each 

magnetic field strength and frequency pairs applied (Figure 5.16). It is also observed that the 

resulting temperature differences increase with increasing the magnetic field strength from 

16.1 mT to 24.0 mT at a fixed frequency value of 106.5 kHz. In addition, under 

approximately comparable magnetic field strengths (15.4 mT vs. 16.1 mT), it is observed 

that the temperature changes increase radically with increasing the frequency by more than 
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a factor of 3 (from 106.5 kHz to 378.2 kHz). Similar results for magnetic nanofluids have 

also been presented in the literature, showing a similar trend with the increase in magnetic 

field strength and frequency possibly due to Brownian and Néel relaxation losses as the 

relatively smaller average size of the nanoparticles are considered [88–92]. 

 

Figure 5.17. Resulting temperature-time data for bare (COP) magnetite nanoparticles 

(0.775 mg/ml) a) 106.5 kHz – 16.1 mT, b) 106.5 kHz – 24.0 mT, c) 378.2 kHz – 15.4 mT, 

d) 610.9 kHz – 11.7 mT 
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Figure 5.18. Resulting temperature-time data for bare (COP) magnetite nanoparticles 

(1.550 mg/ml) a) 106.5 kHz – 16.1 mT, b) 106.5 kHz – 24.0 mT, c) 378.2 kHz – 15.4 mT, 

d) 610.9 kHz – 11.7 mT 
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Figure 5.19. The variation of resultant temperature difference for bare magnetite 

nanoparticles synthesized via co-precipitation with respect to concentration 

In order to demonstrate the effect of concentration on the heating curves regardless of the 

effect of colloidal stability, the analyses were also performed at higher concentrations, and 

it was observed that the temperature differences increased with increasing the magnetic field 

strength and frequency, in agreement with the results obtained at low concentrations (Figure 

5.18). For example, at 106.5 kHz and 16.1 mT, an elevation of 1.99 oC was found at the end 

of 500 seconds, while an increase of 4.57 oC was achieved at the same frequency as the 

magnetic field strength was raised to 24.0 mT. When the frequency was increased to 378.2 

kHz, this temperature increase was even higher and measured as 7.89 oC. The highest 

temperature elevation of 8.69 oC was obtained at a frequency of 610.9 kHz and a magnetic 

field strength of 12 mT. When the temperature increases obtained at the end of 500 seconds 

at both concentration values are compared, an 85% enhancement is observed by increasing 

the magnetic field strength from 16.1 mT to 24.0 mT at a frequency of 106.5 kHz for the 

low concentration, while this increase is determined as 2.3 times for the higher 

concentration. Under different frequencies and comparable magnetic field strengths, an 

enhancement of approximately 4 to 5 fold is also observed, indicating that the increase in 

frequency is more effective in temperature changes than the relative increase in magnetic 

field strength.  
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Figure 5.20.  SAR of bare magnetite nanoparticles synthesized via co-precipitation at 

various magnetic field strengths and frequencies as a function of concentration 

Finally, a comparison of the effect of concentration shows that the temperature changes 

clearly increase with increasing concentration, irrespective of the frequency and magnetic 

field strength. This is highly expected due to the higher number of magnetic nanoparticles 

per unit volume in the suspension, and similar results have been presented in the literature 

for modified nanoparticles [93]. 
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Figure 5.21. Resulting temperature-time data for bare (POX) magnetite nanoparticles 

(0.775 mg/ml) a) 106.5 kHz – 16.1 mT, b) 106.5 kHz – 24.0 mT, c) 378.2 kHz – 15.4 mT, 

d) 610.9 kHz – 11.7 mT 

The SAR values calculated using the maximum slope values of the heating curves 

representing the time-dependent temperature changes of samples are also given in Figure 

5.20. According to the results obtained, it was observed that when the magnetic field strength 

was increased from 16.1 mT to 24.0 mT at constant frequency (106.5 kHz), the SAR values 

increased from 11.00 W/g to 20.92 W/g for higher concentration and from 12.80 W/g to 

26.88 W/g for lower concentration, respectively. Similar enhancements were also obtained 

by increasing the frequency from 106.5 kHz to 378.2 kHz (from 11.00 W/g to 56.96 W/g at 

high concentration) in combination with a comparable magnetic field strength. The highest 

SAR values for both concentrations were 54.94 W/g and 68.00 W/g at 610.9 kHz, which is 

the highest frequency measured. The increase in SAR values with increasing frequency and 

magnetic field has been shown in the literature for different nanofluids due to enhanced 

magnetic field properties leading to larger temperature variations [56,91]. Another 

significant aspect is the decrease in SAR values with increasing concentration, especially at 
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high frequencies, which has also been demonstrated in the literature and may be attributed 

to the higher dipolar interactions at increasing particle concentration [58,94].  

 

Figure 5.22. Resulting temperature-time data for bare (POX) magnetite nanoparticles 

(1.550 mg/ml) a) 106.5 kHz – 16.1 mT, b) 106.5 kHz – 24.0 mT, c) 378.2 kHz – 15.4 mT, 

d) 610.9 kHz – 11.7 mT 
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Figure 5.23. The variation of resultant temperature difference for bare (POX) MNPs 

synthesized via POX with respect to concentration 

In order to make a direct comparison with the bare magnetite nanoparticles synthesized by 

co-precipitation (COP-Bare), bare magnetite nanoparticles were also synthesized by partial 

oxidation method (POX-Bare). As mentioned before, the nanoparticles prepared using this 

method are considered as a suitable candidate for comparison as they will exhibit different 

properties in terms of both size and magnetism. The heating curves of the suspensions 

prepared using POX-Bare nanoparticles at the same concentration values as COP-Bare 

nanoparticles under the same frequency and magnetic field strength are given in Figure 5.21 

and Figure 5.22. Similar to the COP-Bare nanofluid, the temperature changes of the POX-

Bare samples increased regardless of the concentration by increasing the frequency and 

magnetic field strength. For instance, Figure 5.23 shows that after 500 seconds, the 

temperature change increased from 0.73 oC to 3.75 oC by increasing the magnetic field 

strength from 16.1 mT to 24.0 mT at a frequency of 106.5 kHz for the higher concentration 

sample. Similarly, increasing the frequency from 106.5 kHz to 378.2 kHz at a comparable 

magnetic field strength increased the temperature change to 3.03 oC. In addition, increasing 

the concentration from 0.775 mg/ml to 1.550 mg/ml resulted in higher temperature 

differences at all frequency and magnetic field binaries. For example, at the end of 500 
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seconds, for 106.5 kHz and 24.0 mT, the temperature change for the higher concentration 

sample was 3.75 oC, while for the lower concentration it was only 1.11 oC. This variation 

can be attributed to the increase in the amount of magnetite nanoparticles in the suspension, 

which act as heating agents. Additionally, when Figure 5.23 is investigated, the increase in 

magnetic field strength is found to be more effective in temperature changes than the relative 

increase in frequency unlike superparamagnetic nanoparticles due to enhancement of 

hysteresis by the increase of applied magnetic field amplitude [95].  

 

Figure 5.24. SAR of bare (POX) magnetite nanoparticles at various magnetic field 

strengths and frequencies as a function of concentration 

SAR values calculated using the initial maximum slope of the heating curves obtained are 

also given in Figure 5.24. As in the case of superparamagnetic bare nanoparticles, it was 

observed that the SAR values increased with increasing magnetic field strength and 

frequency. For example, increasing the magnetic field strength from 16.1 mT to 24.0 mT at 

a fixed frequency of 106.5 kHz increased the SAR values from 5.28 W/g to 17.01 W/g at 

low concentration and from 5.36 W/g to 30.71 W/g at high concentration. When the variation 

of SAR values with concentration was analyzed, it was determined that SAR values of 

particles were generally higher at higher concentrations which has also been shown in the 

literature for nanoparticles with relatively larger sizes (~30 nm) where SAR increases up to 

a certain concentration and then decreases [96]. When the heating curves of POX-Bare 

nanoparticles are compared with COP-Bare nanoparticles, it is seen that COP-Bare 
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nanoparticles reach higher temperature changes in almost all frequency and magnetic field 

pairs (Figure 5.19 and Figure 5.23). For example, at the highest frequency of 610.9 kHz and 

11.7 mT, COP-Bare and POX-Bare showed enhancements of 8.69 oC and 2.71 oC at the end 

of 500 seconds and at the highest concentration, respectively. This is considered as an 

anomaly, mainly due to the higher saturation magnetization of larger bare magnetite 

nanoparticles (POX-Bare) synthesized by partial oxidation compared to bare magnetite 

nanoparticles (COP-Bare) prepared by co-precipitation. However, the much higher colloidal 

stability achieved in suspensions containing COP-Bare nanoparticles due to their 

corresponding smaller size is worth noting. The time-dependent precipitation of POX-Bare 

nanoparticles, which occurs very rapidly, may become much more radical and rapid under 

the influence of an externally applied magnetic field. This indicates that a stable medium 

cannot be maintained within the suspension during the measurements. When both samples 

are evaluated, at the end of the analyzes performed to obtain the heating curves, no 

precipitation was observed in the COP-Bare samples despite the magnetic field interference, 

while a significant level of precipitation occurred in the POX-Bare samples. Thus, a 

homogeneous distribution could not be achieved within the suspension and the effective 

nanoparticle concentration was decreased. While the SAR values of POX-Bare nanoparticles 

were expected to be relatively higher as shown in the literature [96], the lower SAR values 

compared to COP-Bare nanoparticles, especially at high frequencies such as 378.2 kHz and 

610.9 kHz, are attributed to this fact along with the relatively lower temperature 

enhancement. In the literature, there are various contradictory results in concentration-

dependent studies examining the efficiency of magnetic nanoparticles in hyperthermia 

applications. While there are publications stating that the SAR value decreases with 

increasing concentration [94,97], there are also studies indicating that it remains constant 

[56,66] or increases up to a certain concentration and then decreases [96]. It is evident that 

an increase in concentration for different bare nanoparticles lead to opposite results as SAR 

increases for POX-Bare nanoparticles while decreases for COP-Bare nanoparticles with 

increasing concentration. This situation, especially when evaluated together with the results 

obtained for bare nanoparticles, reveals that the concentration effect should be examined in 

much more depth when determining the efficiency of any nanofluid in hyperthermia 

applications. 
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Figure 5.25. Temperature-time data for magnetite nanoparticles modified with PEG-PEI 

(0.775 mg/ml) a) 106.5 kHz – 24.0 mT, b) 378.2 kHz – 15.4 mT 

Although the stability of bare nanoparticles may be relatively longer than each other, their 

efficiency in applications is very low due to their very limited colloidal stability. Therefore, 

surface modifications are required to increase the colloidal stability of nanoparticles. For this 

purpose, magnetite nanoparticles synthesized by co-precipitation method were modified 

with PEG-PEI (COP-PEG-PEI) and PAA (COP-PAA450(1:1)) in this study [78]. In this 

way, while their applicability was increased, their heating efficiency in comparison to bare 

nanoparticles could be examined. While the measurements were carried out exactly under 

the frequency and magnetic field strength applied to the bare nanoparticles, the concentration 

could only be attained at 0.775 mg/ml as higher concentrations could not be achieved due to 

insufficient stability. Measurements were initially performed under low frequency (106.5 

kHz) and high magnetic field strength (24.0 mT).  
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Figure 5.26. Resultant temperature-time data for magnetite nanoparticles modified with 

PEG-PEI (0.775 mg/ml) under the influence of an externally applied magnetic field of 

610.9 kHz – 11.7 mT 

According to the results presented in Figure 5.25a, it was realized that the nanofluids did not 

exhibit any enhancement as compared to distilled water under the influence of an externally 

applied alternating magnetic field. Measurements were then performed at 378 kHz and 15.4 

mT by increasing the frequency, but no significant difference in resultant temperature 

difference was obtained (Figure 5.25b). Similar results were also obtained for COP-PAA 

nanofluids under the same conditions and at the same concentration (Figure 5.27a). Thus, 

the measurements were carried out at the highest frequency of 610.9 kHz and 11.7 mT and 

the temperature changes of the COP-PEG-PEI and COP-PAA450(1:1) nanofluids were 

calculated to be 1.55 oC and 0.50 oC on average after 500 seconds, respectively. The SAR 

values of the COP-PEG-PEI and COP-PAA450(1:1) nanofluids were also calculated as 

21.08 W/g and 6.44 W/g based on the maximum slope obtained using the resultant heating 

curves given in Figure 5.26 and Figure 5.27b. When these obtained temperature increases 

and SAR values are compared with the bare nanoparticles (Figure 5.19 and Figure 5.20), it 

is evident that a decrease is present in both cases. This result is rational since surfactants or 

polymers applied to the surface of magnetic nanoparticles to increase their colloidal stability 

decrease the saturation magnetization [98].  
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Figure 5.27. Temperature-time data for magnetite nanoparticles modified with 

PAA450(1:1) (0.775 mg/ml). a) 378.2 kHz – 15.4 mT, b) 610.9 kHz – 11.7 mT 

On the other hand, when the effects of the polymers integrated on the surface of the 

nanoparticles prepared by co-precipitation method to increase their colloidal stability on 

temperature change and SAR were compared, it was determined that both temperature 

changes (1.55 oC vs. 0.50 oC) and SAR values (21.08 W/g vs. 6.44 W/g) were higher for 

COP-PEG-PEI at the same concentration value. This was attributed to the fact that the non-

magnetic layer on the surface of COP-PEG-PEI (25 kDa) is estimated to be narrower than 

that of COP-PAA450(1:1) (450 kDa) considering its molecular weight and thus potentially 

being more magnetic. 

For another comparison, the amount of polymer was doubled during the modification of 

magnetite nanoparticles synthesized by co-precipitation method with PAA (COP-

PAA450(1:2)) and it was aimed to observe the effect of the polymer amount by this means. 

According to the results obtained, there was essentially no increase in temperature at 106.5 

kHz – 16.1 mT, 106.5 kHz – 24.0 mT and 378.2 kHz – 15.4 mT magnetic field and frequency 

binaries, similar to other modified nanoparticles (Figure 5.28). However, at the lower 

concentration (0.775 mg/ml), an increase in medium temperature of approximately 0.73 oC 

was obtained at the end of 500 seconds by increasing the magnetic field to 610.9 kHz – 11.7 

mT as shown in Figure 5.29.  
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Figure 5.28. Temperature-time data for magnetite nanoparticles modified with 

PAA450(1:2) (0.775 mg/ml) a) 106.5 kHz – 24.0 mT, b) 378.2 kHz – 15.4 mT 

 

 

Figure 5.29. Resultant temperature-time data for magnetite nanoparticles modified with 

PAA450(1:2) (0.775 mg/ml) under the influence of an externally applied magnetic field of 

610.9 kHz – 11.7 mT 
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In addition, by increasing the concentration (1.550 mg/ml), an enhancement of 0.60 oC was 

reached even at the lower frequency value (378.2 kHz – 15.4 mT) as shown in Figure 5.30, 

while 1.09 oC was attained at 610.9 kHz – 11.7 mT which once again illustrate that an 

increase in concentration also enhances the resulting temperature difference at comparable 

magnetic field properties. When these temperature changes and corresponding SAR values 

are evaluated together for all the particles prepared via co-precipitation method (Figure 5.31 

and Figure 5.32), the lower recorded temperature changes, as well as SAR values, as 

compared to bare and COP-PEG-PEI nanoparticles are attributed to the relatively larger 

polymer layer on the surface, and the higher values as compared to COP-PAA450(1:1) is 

attributed to the potentially increased colloidal stabilization. It should be noted that when the 

amount of polymer was kept low, the nanofluid concentration could not be increased to 1.550 

mg/ml, but with the doubling of the amount of polymer, the elevated concentration value 

could be reached. This led to a prejudgment that the COP-PAA450(1:2) nanofluid may be 

more colloidally stable which should be supported by zeta potential measurements in the 

subsequent future studies. 

 

Figure 5.30. Resultant temperature-time data for magnetite nanoparticles modified with 

PAA450(1:2) (1.550 mg/ml) under the influence of an externally applied magnetic field of 

a) 378.2 kHz – 15.4 mT b) 610.9 kHz – 11.7 mT 
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Figure 5.31. The variation of resultant temperature difference for modified magnetite 

nanoparticles synthesized via co-precipitation with respect to concentration under the 

influence of an externally AMF of 610.9 kHz – 11.7 mT 

 

Figure 5.32. SAR of modified (COP) magnetite nanoparticles as a function of 

concentration under the influence of an externally AMF of 610.9 kHz – 11.7 mT 

Finally, the surfaces of magnetite nanoparticles synthesized by partial oxidation method 

were modified with PAA (POX-PAA450(1:1)) in order to investigate the effects of surface 
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modification and nanoparticle concentration on temperature enhancement and SAR values 

for particles of relatively larger size. Since the nanoparticles synthesized by partial oxidation 

method are larger in size compared to the nanoparticles obtained by co-precipitation method, 

the effect of dimensional change could also be compared. According to the resultant heating 

curves presented in Figure 5.33, the time-dependent temperature enhancement could be 

obtained even for the lowest concentration (0.775 mg/ml) at the lowest possible frequency 

(106.5 kHz) for POX-PAA450(1:1) (Figure 5.33a and Figure 5.33b). The fact that no 

enhancement could be obtained in the nanoparticles prepared via co-precipitation method 

under the same conditions revealed that the magnetic field strength was much more effective 

in these modified particles, just as it was revealed in the comparison of bare nanoparticles. 

In addition, it was determined that the temperature enhancement increases by raising the 

magnetic field strength at the comparable frequency and by increasing the frequency at the 

comparable magnetic field strength, as expected and observed in bare nanoparticles. At a 

frequency of 106.5 kHz, the temperature changes at 500s with increasing the magnetic field 

strength from 16.1 mT to 24 mT were determined as 0.53 oC and 2.98 oC, respectively. Under 

comparable magnetic field strengths (16.1 mT vs. 15.4 mT), the temperature changes were 

measured as 0.53 oC and 0.79 oC, respectively, when the frequency was increased from 106.5 

kHz to 378.2 kHz. Additionally, the temperature variation of 0.48 oC with increasing the 

frequency to 610.9 kHz, which is lower than that of obtained for 378.2 kHz - 15.4 mT, once 

again shows that magnetic field strength is more effective than frequency for larger-sized 

particles due to enhanced hysteresis loss (Figure 5.33d) [95]. 

In addition, increasing the concentration of magnetite nanoparticles synthesized by partial 

oxidation method to 1,550 mg/ml resulted in an increase in temperature enhancement at all 

frequency and magnetic field binaries as compared to the lower concentration (Figure 5.33 

and Figure 5.34). As with all other nanofluids, the higher number of heating agents in the 

medium for systems possessing colloidal stability resulted in higher temperature changes as 

expected. Briefly, as the magnetic field strength was increased from 16.1 mT to 24.0 mT at 

a frequency of 106.5 kHz, the temperature changes were calculated as 0.80 oC and 6.02 oC, 

respectively (Figure 5.34a and Figure 5.34b). Whereas, under a magnetic field strength of 

378.2 kHz - 15.4 mT, the temperature change was determined as 1.40 oC (Figure 5.34c). 

This confirms that the temperature variation is much more affected by increasing the 

magnetic field strength than by increasing the frequency, as in the case of low concentration. 
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When the nanoparticles with modified surfaces were compared with the bare nanoparticles, 

it was found that the modified nanoparticles showed higher temperature enhancement for 

low frequency and high magnetic field strength, which was attributed to the colloidal 

stability obtained in the modified nanoparticles, which was absent in the bare nanoparticles. 

In addition, contradictory results were observed at high frequency values and it was 

concluded that these two comparisons were not reliable, especially since the bare 

nanoparticles undergo rapid precipitation.  

 

Figure 5.33. Resulting temperature-time data for (POX) magnetite nanoparticles modified 

with PAA450(1:1) (0.775 mg/ml) a) 106.5 kHz – 16.1 mT, b) 106.5 kHz – 24.0 mT, c) 

378.2 kHz – 15.4 mT, d) 610.9 kHz – 11.7 mT 

 



85 

 

Figure 5.34. SAR for (POX) magnetite nanoparticles modified with PAA450(1:1) (1.550 

mg/ml). a) 106.5 kHz – 16.1 mT, b) 106.5 kHz – 24.0 mT, c) 378.2 kHz – 15.4 mT, d) 

610.9 kHz – 11.7 mT 

Finally, nanofluids containing magnetite nanoparticles synthesized and modified by partial 

oxidation were compared with nanofluids containing nanoparticles synthesized and 

modified by co-precipitation at the same concentration (0.775 mg/ml). At the highest 

frequency of 610.9 kHz, POX-PAA450(1:1), COP-PAA450(1:1), COP-PAA450(1:2) and 

COP-PEG-PEI showed enhancements of 0.48, 0.50, 0.73 and 1.55 oC, respectively, 

indicating that partial oxidation based nanoparticles presented the lowest enhancement in 

heating performance at high frequency (Figure 5.33d, Figure 5.27b, Figure 5.29 and Figure 

5.26). This result is expected considering that superparamagnetic nanoparticles were found 

to be much more affected by frequency. On the other hand, no comparison could be made at 

high magnetic field strength and low frequency since there was no enhancement in 

temperature for superparamagnetic nanoparticles at comparable magnetic field conditions. 
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However, with surface modification of the superparamagnetic nanoparticles, a lower 

temperature rise was obtained as compared to the bare nanoparticles (Figure 5.32). The fact 

that POX-PAA450(1:1) exhibits higher values than even COP-Bare nanoparticles at 106.5 

kHz and 24.0 mT indicates that all potentially obtainable modified superparamagnetic 

nanoparticles may exhibit lower performances than larger nanoparticles under high magnetic 

field strengths (Figure 5.36 vs. Figure 5.20).  

 

Figure 5.35. The variation of resultant temperature difference for (POX) magnetite 

nanoparticles modified with PAA450(1:1) with respect to concentration under the 

influence of an externally AMF 

When SAR values for POX-PAA450(1:1) sample were analyzed, it was determined that 

there was a radical change in SAR values with increasing the magnetic field strength as in 

the case of temperature change, but the effect of frequency was found to be minimal (Figure 

5.36). Compared to the bare nanoparticles, SAR values showed a clear increase at high 

magnetic field strengths (Figure 5.36 vs. Figure 5.24), while the SAR value obtained by 

increasing the frequency value to 610 kHz (5.85 W/g) was found to be lower than all 

modified superparamagnetic nanoparticles as frequency highly affects superparamagnetic 

nanoparticles. On the other hand, although SAR values generally decreased with increasing 

concentration, a different behavior was found especially at high frequency (610.9 kHz – 11.7 

mT), indicating that concentration may have a very complicated effect and should be 

investigated in more depth, as frequently mentioned in the literature. 
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Figure 5.36. The variation of SAR for (POX) magnetite nanoparticles modified with 

PAA450(1:1) with respect to concentration under the influence of an externally AMF 
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6. CONCLUSION 

Cancer is still the second leading cause of death worldwide. Traditional cancer treatment 

methods such as chemotherapy, radiotherapy and surgery, which are applied individually or 

in combination, fail to achieve the intended therapeutic effect due to their inefficiency and 

corresponding side effects. Therefore, alternative treatment methods based on different 

principles such as gene therapy, immunotherapy, stem cell therapy and hyperthermia have 

been studied for many years. 

Hyperthermia is based on the principle of activating the response of the immune system and 

causing the death of cancer cells by disrupting the structures of membranes and proteins by 

increasing the local temperature between 39 oC and 44 oC at the tumor site. Furthermore, the 

utilization of magnetite nanoparticles exhibiting magnetic properties in hyperthermia 

applications is called as magnetic hyperthermia. The physical and magnetic properties of 

magnetite nanoparticles as well as their biocompatibility, which enables their use in 

biomedical applications, cause them to be especially preferred in hyperthermia applications. 

The application of magnetite nanoparticles as heating agents in magnetic hyperthermia is 

facilitated by their ability to convert electromagnetic energy into heat energy through 

different processes under the influence of an externally applied alternating magnetic field. 

The efficiency of magnetite and other magnetic nanoparticles in hyperthermia applications 

is quantified by specific absorption rate (SAR) and corresponding measurements are carried 

out by applying an alternating magnetic field of known frequency and intensity to the 

nanofluid containing magnetic nanoparticles in the absence of cancer cells and analyzing the 

subsequent temperature change in the medium. SAR generally depends on the concentration, 

size, magnetic properties and colloidal stability of the magnetic nanoparticles that constitute 

the nanofluid, as well as the frequency and intensity of the externally applied magnetic field. 

There are various synthesis methods for the synthesis of magnetic nanoparticles to enable 

their use in applications such as hyperthermia. The most commonly employed method is the 

co-precipitation method due to its simplicity which allows to obtain nanoparticles with 

superparamagnetic properties. On the other hand, the aqueous-based partial oxidation 

method, which allows the synthesis of ferrimagnetic magnetite nanoparticles, is not 

generally preferred due to the size and magnetic properties of the particles, which pose an 

obstacle to colloidal stability. 
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Therefore, the aim of this study is to synthesize both bare and modified superparamagnetic 

and ferrimagnetic nanoparticles by co-precipitation and partial oxidation methods, 

respectively, and to quantify and analyze subsequent temperature variations and SAR values 

under the influence of an externally applied alternating magnetic field. Hence, it is aimed to 

evaluate the effects of nanoparticle size, surface modification, concentration, magnetic field 

frequency and field strength on temperature variation and SAR in a wholistic manner. 

In order to synthesize magnetite nanoparticles, co-precipitation and partial oxidation 

methods, which have different characteristics, were preferred for comparison in this study. 

The fact that the nanoparticles formed after the nucleation and growth phases during both 

synthesis methods possessed a black color indicated preliminary evidence that the targeted 

magnetite nanoparticles were successfully obtained. Following the syntheses, it was 

observed that the particles in the powder form obtained by drying reacted strongly to the 

externally applied magnetic field and their alignment in the direction of the magnetic field 

further supported the formation of magnetite nanoparticles. 

The size and morphology of the nanoparticles obtained by both methods were analyzed by 

TEM and the results showed that nanoparticles with an average size of 9.8 nm were prepared 

by co-precipitation and 41.6 nm by partial oxidation as anticipated. Considering the reaction 

kinetics of both methods, such a variation in size is an expected result and has been 

demonstrated in our previous studies. Additionally, high-resolution TEM analysis revealed 

that both classes of nanoparticles have a crystalline structure rather than an amorphous state. 

XRD was also utilized to determine the crystal structures and phases of the nanoparticles. 

When the XRD patterns of the nanoparticles were evaluated, it was determined that all the 

peak positions and relative intensity ratios matched with the theoretical magnetite phase. 

Finally, the magnetic properties of the nanoparticles were determined by VSM and the 

results revealed that the nanoparticles synthesized by co-precipitation method displayed 

superparamagnetic properties and had a saturation magnetization of 55.1 emu/g while the 

nanoparticles synthesized by partial oxidation method were found to possess coercivity and 

remanence and attained relatively a higher saturation magnetization. 

In order to make a comparison with the bare nanoparticles obtained in both methods, the 

surfaces of the nanoparticles synthesized by co-precipitation and partial oxidation methods 

were modified with polymers and when the peak and band positions revealed by the FTIR 

spectrum were evaluated, it was determined that the nanoparticles were successfully 
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functionalized. Moreover, in time-dependent colloidal stability tests, it was determined that 

bare nanoparticles prepared by partial oxidation method were subjected to rapid precipitation 

due to their high magnetization, whereas bare superparamagnetic nanoparticles remained 

suspended for a relatively longer time due to their size, but on the other hand, surface 

modified nanoparticles regardless of the synthesis method employed had colloidal stability 

for a much longer time as expected. 

Finally, the heating capacities and SAR values of magnetite nanoparticles synthesized by 

different methods were measured depending on their concentration, frequency and intensity 

of the externally applied magnetic field. During the measurements, it was determined that 

although a certain level of insulation was provided by the hyperthermia system, the system 

was not fully adiabatic. Consequently, all measurements were repeated with distilled water 

free of nanoparticles under the designated frequencies and magnetic field strengths and a 

temperature increment was also obtained in this condition. Since these increases can directly 

affect the changes that nanoparticles can produce, the resulting temperature differences were 

calculated for each measurement and SAR values were calculated based on these resultant 

heating curves. Primarily, it was determined that superparamagnetic nanoparticles of 

relatively small size can only increase the temperature of the medium at very high 

frequencies, and with only increasing concentration they could achieve a temperature 

enhancement at lower values, whereas comparably larger sized nanoparticles caused an 

increase in local temperature of the medium at all concentration, frequency and magnetic 

field intensity values. It was also observed that higher temperature enhancements were 

attained with the increment of all these factors as the amount of magnetic nanoparticles in 

the medium increased and the properties of the magnetic field were intensified. For this 

reason, large-sized particles may be preferred for hyperthermia applications, especially when 

low magnetic field intensity is required, and if low-sized nanoparticles are to be preferred, 

high concentrations should be utilized. Otherwise, sufficient temperature increase can only 

be achieved by reaching high frequency values. 

On the other hand, as in the case of temperature change, SAR values were found to increase 

with magnetic field strength and frequency for both nanoparticle types, but displayed 

different behaviors with variation in concentration as it can both positively and negatively 

affect SAR due to enhanced dipolar interactions.  
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In addition, on the basis of the comparison of nanoparticles of different sizes, it was 

determined that superparamagnetic nanoparticles were much more affected by frequency, 

while nanoparticles with coercivity and remanence were significantly influenced by 

magnetic field strength, which was attributed to the enhancement of hysteresis loss. 

Although the modification of magnetite nanoparticles synthesized by co-precipitation 

method with different polymers in order to ensure colloidal stability, which has an extremely 

important role in terms of application, has a positive effect on stability, it has shown a 

contrary consequence in both temperature enhancement and SAR values possibly due to the 

reducing effects on magnetic properties. This argument may be supported by the fact that 

the highest temperature elevation was obtained with PEG-PEI, which has the lowest 

molecular weight in the modified nanoparticles. However, it may not be sufficient to 

consider only the polymer molecular weight as there may be a variety of interactions between 

the particle surface and functional groups. 

This situation also reveals the potential for a decrease in heating efficiency as a consequence 

of the surface modification required by applications. However, in order to recover this 

reduction, the nanoparticle concentration might be increased. But in this case, the increase 

in nanoparticle concentration may cause toxic effects. High concentration and consequently 

a temperature enhancement could be achieved by increasing the amount of polymer as seen 

in the case of COP-PAA450(1:2). However, the higher amount of surfactant used to achieve 

a high nanoparticle concentration may also be toxic on its own or simultaneously decrease 

the magnetic properties. Finally, complications may also occur in obtaining concentrated 

nanofluid due to the kinetics and nature of the synthesis method employed. For all these 

reasons, the type of synthesis, hence the kinetics, the surface agent employed, and the 

nanoparticle concentration should be evaluated simultaneously for the design of nanofluids 

possessing colloidal stability, which are intended to be used in magnetic hyperthermia 

applications. 

For future studies, in order to evaluate the optimum conditions to be used in hyperthermia 

applications, the properties of nanoparticle systems and the influencing factors, it is 

necessary to measure the magnetic properties of each nanoparticle in detail by means of 

VSM. In this case, the effect of coercivity and remanence values can be analyzed, especially 

for nanoparticles synthesized via partial oxidation. Moreover, since the colloidal stability of 

nanofluids is of great importance, long-term stability tests should be carried out for each 
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sample by zeta potential measurements. Since the concentration can cause toxic effects 

especially at high values, the highest concentrations that can be used in practice should be 

determined for each sample by cell viability tests. As shown in this study and in the literature, 

it is also a necessity to examine the effect of concentration on SAR in a much wider spectrum 

considering all parameters. On the other hand, for this study only, it is suggested that the 

Tiron method for determining the concentration of magnetic nanoparticles should be 

replaced with an instrumental analysis method since it consists of numerous error-prone 

steps, and that the hyperthermia device should be modified to set constant conditions by 

manipulating the voltage and current values to reduce the deviations in the measured samples 

at fixed frequency and magnetic field amplitude values. 
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