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FABRICATION OF MULTI-COMPONENT SUPERPARAMAGNETIC 

NANOPARTICLES AND MAGNETIC HEATING PERFORMANCE FOR 

HYPERTHERMIA CANCER THERAPY 

SUMMARY 

Nowadays, cancer has become a major public health problem worldwide. It is known 

that 19.3 million new cancer cases and approximately 10 million cancer deaths 

occurred worldwide in 2020 alone. The TUIK 2020 report, the cancer is in second 

place with 80,186 people in Turkey ranking of causes of death. 

Traditional methods such as chemotherapy, radiotherapy and surgery do not give 

highly successful results in cancer stages that have spread in the body. These treatment 

methods carry fatal risks by damaging healthy tissues depending on the treatment 

method in the patient. For this reason, various treatment methods have been developed 

that are expected to affect only damaged tissue. 

 

Hyperthermia is one of the methods developed for this purpose. Multilayer functional 

superparamagnetic nanoparticles (NPs) are used in the method, which can be used in 

medical imaging and treatment applications. With these NPs, it is tried to develop the 

use of optical and magnetic methods for both diagnosis and treatment of cancer.  

Thanks to a dielectric shell coated on the NPs, its agglomeration can be prevented, and 

thanks to an organic shell coated on it, its properties such as biocompatibility and 

stability can be increased, as well as various molecule adhesion capabilities for 

treatment purposes can be given to the surfaces of the NPs. In addition to the magnetic 

properties of these NPs, it will be possible to heat them with the near infrared (NIR) 

laser to be applied due to their surface plasmon resonance properties. 

 

Basically in this method; It is aimed to; (a) reach the denaturation temperature (42ºC)   

of the cancer cells by applying an alternative magnetic field that will affect only the 

tumor area, and (b) the malignant cells are destroyed by heating while the other healthy 

tissues remain stable. In this way, the side effects that occur in traditional methods are 

tried to be minimized. 

 

The two most important factors determining the use of magnetic NPs in hyperthermia 

therapy are; (a) the applied NPs must have a high ability to heat the cancerous tissue 

to the desired temperature and (b) heating should be limited only to the cancerous 

tissue. These two factors can be achieved by having excellent magnetic properties that 

can reach the target temperature by using a small amount of NPs in the target tissue. 

For this reason, the type of magnetic NPs used and their magnetic heating performance 

are of great importance. 

 

Studies on various NPs such as Fe3O4, MnFe2O4 are quite common, but it becomes 

impossible to compare the experimental results due to the different methods and 
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different environmental conditions determined for NPs fabrication in the studies. 

Therefore, more research is needed to make hyperthermia treatment available. 

 

In the thesis, in the first part, Fe3O4, MgFe2O4, MnFe2O4 and SrFe12O19 NPs were 

synthesiszed as cores. Later, their outher surface was first coated with SiO2 layer, 

functionalized with amination, then decorated via Au NPs and consequently the outer 

surface of overall NPs will be coated via PEG. 

 

After each coating, the NPs have been characterized using FTIR, SEM and EDX. 

Heating process was carried out under AMF, using induction generator, in water and 

in agar according to the rate calculation of 0.1% (v/m) of the produced NPs. 

 

According to the results of the heating tests, among all samples, SrFe12O19 NPs showed 

the lowest and MgFe2O4 NPs showed the highest heating performance among all 

samples in the tests where different core types were compared. 

 

According to the heating results comparing the different coating stages, the aminated 

NPs gave the fastest warming result among the other coating stages. 

 

Comparing different coating steps, PEG coated samples gave the slowest heating result 

in the heating results. In addition, the heating performance of gold-coated samples, 

which is the previous coating step from PEG, is very close to that of PEG coated 

samples and gave the second lowest performance. 

 

As a result, our study has shown that different coating stages and NPs differences 

change the heating performance of superparamagnetic NPs. Although there are many 

studies of magnetic NPs in the literature, the effects of different types of magnetic NPs 

on the heating performance of different coating stages of these NPs were compared 

under standardized laboratory conditions. It is possible to say that this study, which is 

carried out with easily accessible and economical laboratory materials, is illuminating 

for future researches related to the subject. 
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HİPERTERMİ KANSER TERAPİSİ İÇİN ÇOK BİLEŞENLİ 

SÜPERPARAMANYETİK NANOPARTİKÜLLERİN ÜRETİMİ VE 

MANYETİK ISINMA PERFORMANSI 

ÖZET 

 

Günümüzde kanser dünya çapında önemli bir halk sağlık sorunu haline gelmiştir. 

Dünya genelinde, sadece 2020 yılında, 19.3 milyon yeni kanser vakası ve yaklaşık 10 

milyon kanser ölümünün meydana geldiği bilinmektedir. TUİK 2020 raporunda ise 

kanser, Türkiye’de ölüm nedenleri sıralamasında 80.186 kişi ile ikinci sırada yer 

almaktadır. 

Kemoterapi, radyoterapi ve cerrahi gibi geleneksel yöntemler vücutta yayılma 

göstermiş kanser evrelerinde yüksek oranda başarılı sonuçlar vermemektedir. Bu 

tedavi yöntemleri hastada tedavi yöntemine bağlı olarak sağlıklı dokulara da hasar 

vererek ölümcül riskler taşımaktadır. Bu sebeple sadece hasarlı dokuya etki etmesi 

beklenen çeşitli tedavi yöntemleri geliştirilmiştir.  

Hipertermi bu amaçla geliştirilen yöntemlerden biridir. Yöntemde, tıbbi görüntüleme 

ve tedavi amaçlı uygulamalarda kullanılabilecek çok katmanlı fonksiyonel 

süperparamanyetik nanopartiküller (NP) kullanılmaktadır. Bu NP’ ler ile, kanserin 

hem teşhisi hem de tedavisi için  optik ve manyetik yöntemlerin kullanımı 

geliştirilmeye çalışılmaktadır. NP’ lere kaplanan dielektrik bir kabuk sayesinde 

topaklanmaları engellenebilir ve organik bir kabuk sayesinde ise biyouyumluluk, 

kararlılık vb. özellikleri yanı sıra yüzeylerine tedavi amaçlı çeşitli molekül 

yapıştırılabilme kabiliyetleri kazandırılabilir. Bu NP’ lerin manyetik özellikleri yanı 

sıra, yüzey plazmon rezonans özelliklerinden dolayı uygulanacak yakın kızılaltı (NIR) 

lazer ile de ısıtılmaları mümkün olabilecektir.  

Bu yöntemde temel olarak; (a) sadece tümor bölgesine etki edecek alternatif manyetik 

alan uygulanarak kanser hücrelerinin denatürasyon sıcaklığına (42ºC) ulaşması ve (b) 

kötü huylu hücrelerin ısıtılarak yok edilirken diğer sağlıklı dokuların ise stabil kalması 

amaçlanmaktadır. Bu şekilde geleneksel yöntemlerde ortaya çıkan yan etkiler en aza 

indirgenmeye çalışılmaktadır.  

Manyetik NP’lerin, hipertermi terapisinde kullanılmalarını belirleyen en önemli iki 

faktör; (a) uygulanan NP’ lerin kanserli dokuyu istenilen sıcaklığa ısıtabilme 

kabiliyetinin yüksek olması ve (b) ısıtmanın sadece kanserli doku hacmi ile 

sınırlandırılmış olmasıdır. Bu iki faktör, hedef doku içerisinde NP’ lerin az miktarda 

birikme konsantrasyonu ile dokuyu hedeflenen sıcaklığa ulaştırabilecek kadar 

mükemmel manyetik özelliklere sahip olması ile sağlanabilir. Bu sebeple, kullanılan 

manyetik NP’ lerin çeşidi ve manyetik ısınma performansı büyük ölçüde önem 

göstermektedir.  
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Fe3O4, MnFe2O4 vb. çeşitli NP’ lerle ilgili çalışmalar oldukça yaygındır, fakat yapılan 

çalışmalarda NP üretimi için belirlenen metotlarının ve ortam şartlarının farklı olması 

deney sonuçlarının karşılaştırılmasını imkansız kılmaktadır. Bu nedenle hipertermiya 

tedavisinin kullanılabilir düzeyde olması için daha fazla araştırmaya ihtiyaç 

duyulmaktadır. 

Bu çalışmada, süperparamanyetik NP çekirdekleri standartlaştırılmış yöntemler ile 

üretilip literatürde başarılı bulunan metotlar ile kaplanmıştır ve ardından 

karakterizasyon işlemlerine tabi tutulmuştur. Üretilen tüm NP çeşitleri ve uygulanan 

her bir kaplama katmanı için manyetik ısıtma performansları ayrı ayrı incelenmiştir. 

Çalışmada öncelikle , NP çeşitlerinin üretimi ve çeşitli kaplamalar ile modifikasyonu 

yapılmıştır. Bunun için üretimin ilk aşamasında, süperparamanyetik güçlerinin yüksek 

olması, üstün ısınma kabiliyetleri ve literatürde oldukça başarılı sonuçlar göstermesi 

gibi özellikleri sebebiyle seçilen Fe3O4, MnFe2O4, MgFe2O4, SrFe12O19 NP 

çekirdekleri çökeltme metodu ile üretilmiştir. Geçmişteki deneyimlerden bilindiği 

üzere; Fe3O4 NP çekirdekleri hızlı oksitlendiği için sadece bu NP’ ün sentezleme 

aşamasında oleik asit kaplaması yapılmıştır. Üretimin ikinci aşamasında, bu 4 farklı 

NP çekirdekleri topaklanmayı önleyici dielektrik bir kabuk olarak SiO2 ile 

kaplanmıştır. Üretimin üçüncü aşamasında, silika kaplanan numuneler, altın 

kaplamaya uygun bir bağlanma yüzeyi sağlanması adına aminasyon işlemine tabi 

tutulmuştur. Üretimin dördüncü aşaması olan altın kaplama işlemine geçmeden önce, 

bu kaplamada kullanılacak ana madde olan HauCl4 çözeltisi laboratuvar şartlarında 

üretilmiş, daha sonra ise bu çözelti ile NP’ lere altın kaplama yapılmıştır. 

Biyouyumluluğu, kimyasal stabilitesi ve farklı fonksiyonel gruplara bağlanabilme 

kabiliyetini arttırmak amacıyla yapılan altın kaplama sonrası, NP’ lerin kan 

dolaşımında kalma süresinin artması, biyouyumlu olması ve kararlılığının artması için, 

üretimin son aşaması olan PEG kaplama işlemi yapılmıştır. 

NP üretimi bittikten sonra, her kaplama sonrasında elde edilen NP’ ler FTIR (Fourier 

Dönüşümlü Infrared Spektrofotometre) ve SEM (İngilizce: Scanning Electron 

Microscope)  kullanılarak karakterize edilmiştir. FTIR sonuçlarına göre tüm kaplama 

aşamalarının gerçekleştiğinin göstergesi olan piklere ulaşılmıştır. SEM ile NP çapları 

incelenmiş ve ayrıca altın kaplı numunelerin EDX (İngilizce: Energy Dispersive X-

ray Spectroscopy) sonuçlarıyla istenen altın içerikleri elde edilmiştir. 

Çalışmanın son aşamasında ise, üretilen NP’ lerin % 0.1 (v/m)’ lik oran  hesabına göre 

su içerisinde ve agar içerisinde olmak üzere ısıtma işleminin yapılacağı 2ml’lik cam 

kapta ayrı ayrı numuneleri hazırlanmıştır. Hazırlanan numuneler laboratuvar 

şartlarında kurulan indüksiyon jeneratörü kullanılarak ısıtma deneylerine tabi 

tutulmuştur. 

Isıtma testlerinin sonuçlarına göre, farklı çekirdek tiplerinin karşılaştırıldığı testlerde 

tüm numuneler arasında SrFe12O19 NP’ leri en düşük, MgFe2O4 NP’ ü ise en yüksek 

ısınma performansını göstermiştir.  

Farklı kaplama aşamalarının karşılaştırıldığı ısıtma sonuçlarına göre ise, diğer kaplma 

aşamaları arasında en hızlı ısınma sonucunu aminasyon işlemi yapılmış NP’ ler 

vermiştir. Bu şaşırtıcı ve sezgisel olmayan bir sonuçtur. Bir şekilde aminasyon işlemi 

yapılmış örnekler çekirdek tipinden bağımsız olarak tüm çok bileşenli örneklerde 

ısınma gücünü arttırıcı yönde etki göstermiştir.  Şimdiye kadar bilinen dahilinde, elde 

edilen bu çalışma sonuçlarıyla literatürde daha  önce karşılaşılmamıştır. 
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Farklı kaplama aşamalarının karşılaştırıldığı ısıtma sonuçlarında en yavaş ısınma 

sonucunu ise son katman olan PEG kaplı numuneler vermiştir. Buna ek olarak PEG’ 

den bir önceki kaplama aşaması olan altın kaplanmış numunelerin ısınma performansı, 

PEG kaplı numunelerinkine oldukça yakın ve en düşük ikinci performansı vermiştir.  

Literatürde altın kaplamanın numunenin ısınma performansını göreceli olarak 

arttırdığı gözlenen çalışmalar vardır, bizim çalışmamızda ise ısınma performansını 

göreceli olarak azaltmış olmasıyla ilgili olarak; (a) NP’ lerin boyutlarının, kaplama 

kalınlıklarının farklı olması ve (b) ısınma deneylerine yönelik hazırlanan karışımların 

aynı miktarda NP içermemesi gibi standardizasyonu etkileyen parametrelerin 

varlığından söz edilebilir. Bunun yanı sıra, çalışmada altın kaplamanın varlığını 

kanıtlamak için EDX ile numuneler incelenmiş ve hepsinde altın içeriğine 

rastlanmıştır, fakat altın kaplama işleminden sonra yapılan yıkama işleminin yetersiz 

olma ihtimali sebebiyle, altın kaplama başarısız olduğu halde EDX piklerinde altın 

gözükmüş olma ihtimali yadırganamaz. Kaplamaların başarısı ve NP boyutları ile ilgili 

daha güvenilir bir sonuç elde edilmesi için ayrıca TEM ile karakterizasyon çalışması 

yapılması önerilmektedir.  

Sonuç olarak çalışmamız farklı kaplama aşamalarının ve NP farklılıklarının 

süperparamanyetik NP’ lerin ısınma performansını değiştirdiğini göstermiştir. 

Literatürde birçok farklı manyetik NP’ e ait çalışmanın olmasına karşın bu çalışma ile 

standardize edilmiş laboratuvar koşullarında farklı tipte manyetik NP’ ler ile bu NP’ 

lerin farklı kaplama aşamalarının ısınma performansına etkisi karşılaştırılmıştır. Kolay 

ulaşılabilir ve ekonomik laboratuvar malzemeleriyle gerçekleştirilen bu çalışmanın 

konuyla bağlantılı gelecek araştırmalar için aydınlatıcı olduğunu söylemek 

mümkündür. 
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1.  INTRODUCTION 

Despite various treatment methods, cancer is still one of the major health problems 

today. According to the data in 2016, 80.577 people died due to cancer are also turkey 

is the leading cause of death in the United States ranks second area. According to 

statistical data, cancer death rate increased by 22% from 1990 to 2000. According to 

statistics, deaths due to cancer will be around 15.4 million in the 2020s [1]. It carries 

the risk of killing living tissues in traditional cancer treatment methods. In order to 

eliminate this risk, targeted treatment methods are being investigated by using 

nanotechnology. With targeted treatment methods, it is aimed to affect only the 

cancerous tissue without damaging the healthy tissue. In targeted therapies, SPIONs 

are one of the promising cancer treatment methods due to the easy control of the 

magnetic core and their ability to generate enough heat to destroy the tumor site, and 

can be used as an adjunct treatment method with chemotherapy and radiotherapy [2-

4]. SPIONs can be functionalized to change their in vivo behavior or adapt to desired 

size, surface properties, desired magnetic properties [5]. In hyperthermia therapies, 

which is the process of heating the targeted area by exposing the cancerous tissue to 

the AMF by means of functionalized SPIONs, it is aimed to treat only the cancerous 

area by protecting the healthy tissue [6]. It is a cancer treatment method that has 

attracted much attention in biomedical treatment research in the literature and is called 

green therapy [7]. 

1.1 Purpose of Thesis 

In this study, four different SPIONs core, namely Fe3O4, MnFe2O4, MgFe2O4, 

SrFe12O19 were produced using the co-precipitation method, and then a dielectric-SiO2 

nano layer to prevent agglomeration, a functional layer with amination to hold the gold 

coating, decoration with Au NPs and finally coating with PEG to increase the 

biocompatibility of the outer surfaces of these cores were carried out, respectively [8-

11].  
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In our study firstly, in heating experiments under AMF, the change in the heating 

behavior under AMF of the produced superparamagnetics was observed with the 

increase in concentration in water media and agar phantom. Secondly, in order to use 

NPs at the lowest possible dosages in the hyperthermia therapy, it has been tested to 

obtain high heating performance by using the least amount of NPs as possible. 

Therefore, the heating performance of Fe3O4, MnFe2O4, MgFe2O4, SrFe12O19 NPs at 

low concentrations was investigated. Thirdly, the effect of different coating types on 

the heating performance of NPs was investigated. 

1.2 Literature Review 

1.2.1 Treatment methods of cancer 

The diagnosis of cancer and choosing the right treatment method directly affects of the 

treatment of the patient and the prolongation of the patient's life. 

The treatment methods used vary according to the type of cancer. Commonly used 

treatment methods are chemotherpy, immunotherapy radiation therpy, surgery and 

hyperthermia therapy [12]. 

1.2.1.1 Chemotherapy 

Although chemotherapy means "drug therapy", it is the term mainly used for treatment 

using cancer drugs that affect cancer cells. The goals of chemotherapy may differ 

according to the type of cancer, the shape of the cancer cells. Thanks to chemotherapy 

drugs, the fast division mechanisms of cancer cells are destroyed or cell division stops 

[13].  

Cancer treatment with chemotherapy method has been used in medicine for many 

years and successful treatment results have been obtained [14].However, since the 

immune system of the patient lowers, damages the nerves in the hands and feet, affects 

the patient's appetite, can affect the way various organs in the body work negatively, 

and such damage is permanent in some patients, new targeted treatment methods have 

been developed [13]. Many researches such as new drug combinations, targeted 

liposomal and monoclonal antibody therapy, chemo-protective agents, hematopoietic 
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stem cell transplantation and agents are carried out to get rid of the destructive effects 

of chemotherapy [14]. 

1.2.1.2 Immunotherapy 

In immunotherapy, an immune system response against cancer cells are created in the 

body by using biological agents. Normal signals promoting tumor growth are 

mimicked. 

These biological agents, including interferons, interleukins, cytokines, endogenous 

angio-inhibitors and antigens, are produced in the laboratories [14].  

1.2.1.3 Radiation therapy 

In radiation therapy, radiation rays are used for cancer treatment by affecting the DNA 

of cancer cells. Three years after the discovery of X-Rays in 1986, it was used in the 

diagnosis and treatment of cancer. There are two types of radiotherapy as external 

radiotherapy and internal radiotherapy. Radiation therapy affects healthy cells, but the 

repair mechanism resolves this negative effect. 

Radiation therapy is still important cancer therapy methods, although radiation rays 

causes cancer. The duration of treatment depends on the location of the tumor in the 

body, the size and type of cancer [14,15]. 

1.2.1.4 Surgery 

The surgical method is used to diagnose cancer by biopsy or to treat cancer by cutting 

the tumor. In this method, early detection of cancer and removal before it spreads to 

the body increases the success of treatment. It is a treatment method that is not 

sufficient alone in cancers that have spread to the body [16,17]. 

Getting a good result with this method depends on the stage of the cancer, the type of 

cancer, its location in the body and the general health of the patient [17]. With the 

advancement of medical technology in fields such as ultrasound (US), Computed 

tomography (CT), magnetic resonance imaging (MRI) and positron emission 

tomography (PET), less risky methods of eliminating the tumor without cutting it are 
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being investigated. Freezing cancer cells with liquid nitrogen or cutting tumor tissue 

using laser are some of these methods [14]. 

1.2.1.5 Hyperthermia therapy 

Hyperthermia is a treatment approach applied by heating the unhealthy area above 

physiological temperatures in order to make cells more sensitive to damage cells, kill 

cells or help other treatments [18,19]. 

For healthy person, the body temperature varies between 36ºC-38ºC, this temperature 

may increase or decrease during the day. Most people can tolerate body temperature 

differences up to 40°C when hydrated sufficiently, but after this temperature, cells 

begin to die at temperatures around 42°C-43°C [20]. 

In general, for a successful treatment in hyperthermia therapy, the temperature of the 

tumor site is raised to the range 41°C-47°C. The temperature reached for a successful 

hyperthermia treatment depends on the duration of the treatment and the cell and tissue 

properties. With the rise in temperature, the permeability of the vessel within the tumor 

changes and causes irregular, weak blood flow, which causes tumor cells to be more 

sensitive than healthy cells. In addition, cells in the synthesis phase are the most 

sensitive cells to thermal therapy, so rapidly dividing cancer cells die more than normal 

in the treatment of hyperthermia [21,22]. 

Using NPs as hyperthermia agents is one of a kind approach to developing an effective 

hyperthermia method [18]. 

There are some important points for an effective hyperthermia treatment: 

✓ Limited tumor areas give positive results in early treatment. 

✓ It is difficult to maintain healthy cell areas and to affect only the tumor 

area 

✓ When hyperthermia is applied, it is difficult to maintain a homogeneous 

temperature distribution in that area in case of changes in physiological 

factors (such as blood pressure) [6]. 
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As a result of the researches, it has been proven that hyperthermia treatment is an 

important adjunct treatment, but standard treatment has not yet been reached [23]. 

1.2.1.6 Nano-magnetic hyperthermia (NMH) 

One of the critical issues in the treatment of hyperthermia is to make homogeneous 

heat distribution in the tumor tissue. It is risky to have unheated areas inside the tumor 

area. For a good therapeutic approach, the temperature difference between tumor tissue 

and healthy tissue must be observed exactly. Nano magnetic hyperthermia (NMH) 

offers the solution required to create a temperature difference between the tumor area 

and healthy tissue. The basic principle in NMH method is based on magnetic energy 

losses of magnetic nanomaterials in the presence of an AMF. There are two main 

mechanisms in the NMH method: hysteresis losses and relaxation losses [18]. 

Various surface modifications are made to MNPs to prevent agglomeration, 

biocompatibility, and functionalization of NPs. In the case of hyperthermia using 

MNPs, the magnetic core of the NPs is modified with various coatings: stabilization is 

provided to prevent the magnetic fluid from agglomerating, modified with specific 

coatings for biocompatibility, different ligands are added to the surface to increase the 

functionality of the NPs [18,19]. 

After MNPs loaded into a tumor tissue are exposed to an AMF, specific magnetization 

processes take place and the magnetic polarities of the particles are rapidly reversed. 

The heating potential (SAR) of NPs is an important parameter that determines how 

much NPs should be loaded into the tumor area. The amount of heating given per unit 

mass and time after NPs are exposed to AC is called SAR (called heating potential) 

The size of the AMF, the properties and size of the MNPs, the spread of the tumor in 

the body, and the concentration of NPs in the tumor are factors that affect the heating 

of the treatment [23,24]. 

It is technically difficult to rise above 37.5°C in a specific targeted area. 

Approximately 1 W kg 1 SAR is estimated to cause an increase in temperature of 1ºC 

in the human body [25,26]. 
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The volume of the tumor and how much heat is given to the tumor are critical in the 

treatment of hyperthermia. Heating 90% of the tumor to 43°C for 10 min gives two 

times faster results than applying radiotherapy treatment alone [16,27]. 

 

Figure 1.1 : MNPs are injected, afterwards exposed to AMF to generate the 

desired heat in the targeting tumor [28]. 

  

1.2.2 Introductıon of magnetic nanoparticles 

Iron oxide NPs generally have diameters smaller than 40 nm and are called 

superparamagnetic nanoparticles (SPIONs) [23]. 

The geometric properties of MNPs depend on interactions between particles, intra-

particle magnetic interactions, magnetic interactions occurring between NPs and 

matrix material, and applied AMF interaction [29]. 

MNPs display different physical, biological and chemical properties according to their 

varying sizes (1-100nm) [19]. 

MNPs are used in various clinical applications due to their various physical properties 

such as being easy to manipulate, being used as an MRI contrast agent due to their 

effects on the T1 relaxation period, and being able to target thermal energy remotely 

and accurately to the desired area. Apart from these, it has many features such as easy 
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surface modification, high biocompatibility, small size, non-toxicity, injectability 

[19,30].  

Applications of NPs in the medical field are suitable for use in areas such as the control 

and application of magnetic properties, cancer diagnosis and treatment. In addition, 

the use of MNPs in areas such as drug targeting, MRI contrast enhancement agents, 

nano biosensors and magnetic fluid hyperthermia is being investigated. The potential 

use of NPs in these areas varies according to the particle size, composition, structure 

and physicochemical properties of the NPs [19]. 

MNPs are generally coated with a biocompatible material to make them 

biocompatible, thus prolonging their life cycle in the bloodstream and preventing their 

accumulation in the body circulation. Biomolecules such as antibodies are added to 

the part of which active targeting is desired, and it is directed to the desired tissue [30]. 

Late diagnosis of cancer is an important factor that makes treatment difficult. With the 

application of MNPs, cancer can be detected early and adequate treatment can be 

provided [31]. 

In order to use MNPs in the treatment of hyperthermia, the heating power of NPs must 

be sufficient and the NPs must have a good stability. The fact that the NPs are 

superparamagnetic increases its stability, and the high saturation magnetization helps 

the NPs provide a good thermal energy. When the applied AMF is removed and the 

temperature of the block is exceeded, the SPIONs lose its magnetism [29]. 

1.2.2.1 Nanomagnetism  

MNPs are affected by intrinsic and extrinsic parameters that affect magnetism. MNPs 

are classified as paramagnetic, diamagnetic, ferromagnetic, ferrimagnetic, 

antiferrimagnetic according to the movement of the inner dipole and the presence of 

the magnetic forehead applied externally. Figure 1.2 illustrate that magnetic dipole 

arrangement for Diamagnetics, Paramagnetics, Ferromagnetic, Ferrimagnetic and 

Antiferrimagnetic materials. 
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Figure 1.2 : Magnetic dipoles arrangement and movement under AMF and 

absence magnetic [32]. 

Paramagnetics: For paramagnetic materials, there exist magnetic dipoles as showed 

in Figure 1.2, but these dipoles are aligned only onto application of an exterior 

magnetic field applied. In order to the equilize of the magnetic properties showed in 

Figure 1.2, the magnetization in the lack of an applied field express their basic 

character. 

Diamagnetics: For diamagnetic materials in the lack of a magnetic field applied, 

magnetic dipoles are not existing. On the other hand, onto application of a field, the 

material fabricate a magnetic dipole that is directional opposite to that of the applied 

field; in this way, a material that has strong diamagnetic character is repulse by a AMF. 

Ferromagnetic: It has net magnetic dipole moments even if there is no application of 

an external magnetic field. 

Ferrimagnetic and antiferrimagnetic: The atomic level magnetic dipole moments are 

like to those of ferromagnetic materials, on the other hand, adjacent dipole moments 

exist that are not oriented in parallel and effectively cancel or reduce, respectively. 

1.2.2.2 Heating mechanism of magnetic nanoparticles  

Hysteresis losses:  It is defined as the heat generated from the energy losses that occur 

as a result of the periodic magnetization of ferromagnetic materials. Hysteresis losses 

are neglected because of the very small size of SPIONs, the energy required for heating 

to SPIONs basicly comes from relaxation losses [28]. 
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Relaxation losses: It depends on the rotation of the magnetic vectors inside the particle 

(neel) or the rotation of the particle in the carrier fluid (brownian) when exposed to the 

external magnetic field . Figure 1.3 show that the MNPs orientation and their 

relaxation statuse after magnetic field B [33,34].  

 

 

Figure 1.3 : Illustrating Neel and Brownian relaxation after application ıf the 

magnetic filed B [3]. 

The Neel (τN) and Brownian (τB) magnetic relaxation times of a MNPs are expressed 

in the belowing equations (1.1), (1.2), (1.3). 

𝜏𝑁 = 𝜏0 . 𝑒𝑥𝑝 (
𝐾. 𝑉𝑀

𝑘. 𝑇⁄ )                      (1.1) 

𝜏𝐵 =
3 . 𝜂. 𝑉𝐻

𝑘. 𝑇⁄                                   (1.2) 

𝜏 =
𝜏𝐵. 𝜏𝑁

𝜏𝐵 + 𝜏𝑁
⁄                                 (1.3) 

τ0 = 10-9 s, K the anizotropi constant, τN the Neel relaxation time, τB the Brown 

relaxation time the effective relaxation time, VM the volume of particle, k the 

Boltzmann constant, T the temperature,  η the viscosity of the carrier liquid and the VH 

the hydrodynamic particle volume. 
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MNPs relaxation time depends on particle diameter. When the MNPs are applied to an 

AC magnetic field with time of magnetic reversals less than the magnetic relaxation 

times of NPs, heat is spread because of the delay in the relaxation of the magnetic 

vector. In this way , the heat dissipation value is obtained using the harmonic of both 

relaxations and their relative contributions depending on the NPs diameter. The heat 

dissipation (P) is showed by the following equation [34]. 

P =  µ0 . x
n . f . H2apply                      (1.4) 

P heat dissipation value, µ0 permeability of free space, xn AC magnetic susceptibility 

(imaginary part), H2apply strength of applied AC magnetic field. 

1.2.3 Fabrication methods for magnetic nanoparticles 

1.2.3.1 Microemulsion method 

In this method, the surfactant molecules and the oil phase co-precipitate with  the small 

water pool embedded. Here, the surfactant creates the effect of trapping the molecule 

and limits the growth, nucleation and agglomeration of the particles [35-39]. 

It is a system that consists of two thermodynamically and isotropically stable 

immiscible liquids, water and oil phases, and an interface film of surfactant molecules. 

NPs can be synthesized in various morphologies, but a large amount of solvent is 

needed and the production efficiency is low [40]. 

1.2.3.2 Thermal decomposition method 

In this method, organometallic precursors are decomposed under high temperature, 

and in this way, monodisperse and size control of NPs are obtained in high quality 

[28,40]. 

The main parameters determining particle diameter and morphology are the ratio of 

starting reagents. Besides, reaction temperature can be very effective for precise 

control of size and morphology in reaction time. One of the most important challenges 

in this method is to keep the heating rate constant during the period of nucleation and 

growth [28,41,42]. 
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1.2.3.3 Hydrothermal method 

It is a heterogeneous reaction that takes place in an water media under high pressure 

and high temperature conditions. It is possible to produce a wide variety of nano-

structured materials with this method [35]. 

In this method, temperature and time are important parameters that affect the product 

[28,43]. 

1.2.3.4 Co-precipitation method 

There are various studies on the production of MNPs for biomedical use by using co-

precipitation method [44-50].  

One of the most used methods of MNPs production. It is formed by the precipitation 

of various materials containing Fe+2/Fe+3 ions and Sr+2, Mg+2, Mn+2 ions using various 

alkaline solutions. This method requires Fe+2/Fe+3 ions and Sr+2, Mg+2, Mn+2 ions to 

be well protected and the pH value of the solution to be adjusted well [44-50]. The 

process takes place at room temperature or at a high temperature under an inert 

atmosphere. Parameters such as size, shape, composition of salts used in solution, ratio 

of Fe+2/Fe+3 ions, reaction temperature, pH value, ionic strength, used concentration 

affect synthesis [44,45,51-53] 

In the experiments, the structure and size of the NPs produced by changing the 

parameters such as the pH of the distilled water used in the precipitation method, the 

molar ratio and concentration of the material, temperature and mixing speed were 

checked [45,47,54-56]. 

Figure 1.4. it represents the effect of pH change on size of NPs. Figure 1.5. represents 

the effect of temperature change on NPs size. Figure 1.6. represents the effect of 

different stirring rate on NPs size.  

Reaction temperature and time are lower than thermal decomposition and 

hydrothermal methods. In addition, since water is used as a solvent, it is 

environmentally friendly, besides, its reaction efficiency is high and scalable. 

However, size distribution is relatively narrow and shape control is not satisfying 

[40,42]. 
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Figure 1.4 : Solution ph effection on sizes of Fe3O4 NPs [47]. 

 

Figure 1.5 : Reaction temperature effection on sizes of Fe3O4 NPs [47]. 
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Figure 1.6 : Stirring rate effection on sizes of Fe3O4 NPs [47]. 

1.2.4 Functionalization for surface of magnetic nanoparticles 

Studies have found that iron oxide core NPs accumulate in the Kupffer cells of the 

liver. To ensure the accumulation of NPs in the tumor region, the NPs must be covered 

with polymer material or placed inside the polymer shell. NPs with Fe+2 / Fe+3 oxide 

core shell are one of the popular productions to avoid such adverse situations [19,24]. 

In surface modifications to NPs for cancer treatments, oleic acid coating to prevent 

oxidation [57,58], silica coating to prevent agglomeration [59-72], amination process 

to prepare NPs for gold coating [63,73-76], gold coating process NPs to prevent body 

To make them nontoxic to organs [63,73-76,78-85], polymer coating [57,77,86-94] is 

apply to make NPs biocompatible with body organs and cells. 

SPIONs can interact with the human immune system. In addition, depending on the 

type of synthesis method, aggregation may occur on the hydrophobic surface of the 

NPs. For such reasons, coating NPs with silica is a strong necessity. When NPs are 

coated with silica, surface ligands adhere more easily to MNPs surface due to the 

presence of silanol groups on the surface. In addition, silica coating provides 

stabilization of particles by increasing electrostatic repulsions between particles (in 

non-liquid dispersions) and preventing dipolar attraction (in liquid dispersions). For 

such reasons, it is one of the popular coatings for biomedical applications [42,95]. 
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In order to stabilize Fe3O4 NPs and prevent oxidation, oleic acid coating is applied. In 

addition, adding N2 gas during the reaction prevents oxidation [40]. 

Nano gold coating is biocompatible and allows different jewelery to be attached to the 

surface and also increases chemical stability. There are results in the researches that 

the heating performance of the gold-coated NPs is increased when it is heated under 

AMF [24,95]. 

It can be used in natural or synthetic polymers for coating MNPs. The most commonly 

used synthetic polymers are polyethylene glycol (PEG), polyvinyl alcohol (PVA), 

polyethyleneemine (PEI), polyvinylpyrrolidone (PVP). Among these polymers, PEG 

is water soluble and biocompatible. In some studies, it has been reported that PEG 

coating increases the circulation time of NPs in the blood and shows high solubility 

and stability in aqueous solution [43]. 

 

Figure 1.7 : (a) SPIONs core (b) silica coating (c) amination (d) gold decoration 

(e) gold shell coating [63]. 

Figure 1.7 show that SPIONs core fabrication and in the following its functionalization 

which includes silica coating, amination and gold decoration and changing it to gold 

shell coating. 

1.2.5 Importance of particle size for magnetic nanoparticles 

One of the important difficulties in cancer treatment is that the temperature cannot be 

distributed evenly throughout the tumor tissue and the tumor starts to grow again as 

the tumor cells are not completely destroyed. For this reason, ways of targeting directly 

to tumor cells at the cellular level are being investigated. For this reason, treatment 

methods that using NPs have been investigated. Particle size is very important in 



15 

treatments that using NPs. It is generally between 10-50 nm in applications. Particles 

of these sizes act as SPIONs, that is, they are in a single magnetic domain and respond 

faster to AMF application than paramagnetic NPs [29,30]. The size of the coated NPs 

to be used for hyperthermia treatment should be approximately 30-40 nm. NPs can be 

modeled either cylindrically or spherically, and between 50-100 nm [96,97]. 

One of the main factors determining the entry of NPs into the cell or their excretion 

from the body system is size. For instance, if NPs are smaller than 10 nm, it is rapidly 

removed from the body through renal clearance, while those larger than 200 nm in 

diameter are absorbed from the liver and spleen [19]. 

 

Figure 1.8 : Approximative NPs sizes that appear to be most suited for (a) tumor 

penetration, (b) tumor accumulation, and (c) AMF-Neel relaxation-driven 

hyperthermia. Also shown are the size ranges for (d) making stealth iron oxide  

particles for hyperthermia, and (e) particles size needed for magnetic field capture 

[28]. 
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2.  MATERIALS 

Purpose of the synthesis of core type NPs, silica coating and amination; FeCl2.4H2O 

(Iron (II) chloride tetrahydrate), FeCl3.6H2O (Iron (III) chloride hexahydrate), 

Mg(NO3)2.6H2O (Magnesium nitratehedrahydrate(dry)), Mn(NO3)2.4H2O 

(Manganese (II) nitrate (dry)), NaOH (Sodium hydroxide), C6H14 (N-hexane), NH4OH 

(Ammonia solution), C3H8O (2-propanol) was purchased from Merck (Germany). 

Sr(NO3)2 (Strontium (II) nitrate (dry)) was purchased from Kimetsan (Turkey). 

C18H34O2 (oleic acid) was purchased from ZAG (Turkey). De-ionized water produce 

by evaporation. Evaporator was purchased from Nüve. C8H20O4Si (Tetraethyl 

orthosilicate,TEOS) was purchased from Sigma-Aldrich (Germany). 

H2N(CH2)3Si(OCH3)3 (3-aminopropyltrimethoxy-silane) was purchased from 

Flurochem. (U.K.).   

For the purpose of synthesis of gold coating and PEG coating on MNPs; Na3C6H5O7 

(Trisodium citrate dihydrate) was used to make gold NPs and supplied from ZAG 

(Turkey). CH2O (Formaldehyde,%37) and K2CO3 (potassium carbonate) were used in 

gold-shell coating and purchased from Tekkim (Turkey). PEG-400 (Polyethylene 

glycol-400) was purchased from ZAG (Turkey) ,it has 380-420 g/mol of molar mass. 

C2H5OH(Ethanol) was supplied from Elif Endüstriyel Kimyasalları (Turkey).   

In order to produce HauCl4,  Hydrogen chloride (HCl (%37)), HNO3, was purchased 

from Merck (Germany) company. Silicone oil was purchased from ZAG (Turkey) 

company. Pure ingot gold used in order to produce gold chloride (melting process). 

Agar was used for gel phantom for magnetic heating experiments, it purchased from 

ZAG (Turkey). 
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3.  METHODS 

3.1 Core Synthesizing 

In this study, Fe3O4, MgFe2O4, MnFe2O4, SrFe12O19 MNPs were produced as nuclei 

and silica coating, amination process, gold coating and PEG coating were performed 

respectively. Only oleic acid was coated on the core to protect the Fe3O4 NPs from 

oxidation. After calculating the amounts to be used according to the reaction equation 

given in Figure 3.1 below, the materials are dissolved in distilled water in separate 

containers and taken into a single container.  

 

Figure 3.1 : The solution for core NPs synthesis from left to right respectively : 

NaOH, FeCl3, FeCl2, Sr(NO3). 

Then the mixer and N2 gas pipe are placed in the beaker and mixed at 2000 rpm for 30 

min. The appropriate amount of NaOH solid is dissolved in distilled water and added 

to the first mixture. The whole mixture is stirred at 2000 rpm for 3 h. As shown in  

Figure 3.2, at the end of the process, the mixture is taken on the magnet and the NPs 

are expected to settle.  
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 Figure 3.2 : Waiting process of NPs on magnet. 

Since we grow the NPs in  media, the pH (12-13) of the solution is controlled. After 

the precipitation occurs, the washing process is carried out with the magnet under the 

beaker. Washing process is continued three times until pH is 7 [98]. 

The reactions that occurred during the synthesis are given below 3.1, 3.2, 3.3, 3.4: 

For Synthesizing Iron Oxide:    

2FeCl3.6H2O + FeCl2.4H2O + 8NaOH   

                          → Fe3O4 + 16H2O + 8NaCl + 2O2                              (3.1)  

For Synthesizing  Strontium Ferrite:   

2Sr(NO3)2 +8FeCl2.4H2O + 16FeCl3 + 64NaOH   

                        → 2SrFe12O19 (s) + 160H2O + 64NaCl + 3O2 + 2N2    (3.2)  

For Synthesizing  Magnesium Ferrite:   

2Mg(NO3)2.6H2O + 2FeCl3.6H2O + 2FeCl2.4H2O + 20NaOH     

                   → 2MgFe2O4 (s) + 42H2O + 20NaCl + 7O2 + 2N2           (3.3)  

For Synthesizing  Manganese Ferrite:   

4Mn(NO3)2.4H2O + 4FeCl3.6H2O + 4FeCl2.4H2O + 20NaOH  

                   → 4MnFe2O4 (s) + 66H2O + 20NaCl + O2 + 4N2             (3.4) 
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3.2 Surface Coating of Superparamagnetic Nanoparticles 

3.2.1 Oleic acid coating 

The Fe3O4 NPs are oxidized since it is known from previous studies that, 0.1 ml of 

oleic acid was added for each 1g of NPs simultaneously with the addition of NaOH 

during core synthesis. MgFe2O4, MnFe2O4, SrFe12O19 NPs are not coated with oleic 

acid since there is no oxidation problem. 

3.2.2 Silica coating and amination of the superparamagnetic nanoparticles 

The produced core type NPs are covered with silica using the Stöber method. 

According to literature researches, TEOS concentration and alcohol type used in silica 

coating process have an effect on silica coating thickness, structure of NPs and  

agglomeration of NPs. The TEOS concentration was determined as 25% to obtain the 

desired silica thickness. First, DI water, solution of NPs  and ethanol are mixed at 300 

rpm for 30 min. Secondly, ammonia and TEOS are added in appropriate amounts for 

20 g of NPs mixture and mixed at 300 rpm for 3 h. After that, it is washed and clarified 

5 times with distilled water. In order to amination, APTMS (3-

Aminopropyltrimethoxy-silane) is added onto the silica-coated washed NPs and mixed 

at 300 rpm for 6 h. After that, washing and clarifying processes are done 5 times [98]. 

Figure 3.3 shows that after washing and clarifying. 

 

Figure 3.3 : End of the washing and clarifying of the NPs. 

3.2.3 Production process for HAuCl4 

In the gold chloride production process, there are basically two processes: gold melting 

and solution purification. 
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Melting of gold: The beakers must be free from any chemical residue. Cleaning of the 

beaker is very important as it is a very sensitive reaction. The pure gold bullion 

weighed is placed into the beaker.  

First, HCl is added onto the gold bullion taken into the beaker (no reaction is observed 

during this time). Then HNO3 is added dropwise at the rate of 1/4 of HCl. Wait about 

5 min for each drop and then another drop was added. Addition of HNO3 to HCl during 

addition can cause an explosion when added in the opposite order. When the reaction 

of the gold ingot is over and the dissolution is over, the ingot that has not melted is 

weighed again and the process of adding HCl and HNO3 at a rate of 4 to 1 is continued 

gradually. Since the boiling of HNO3 is around 120ºC, adding as little as possible will 

facilitate purification. 

Purification process: For the purification process, 1000 ml of silicone oil was added 

to a 1500 ml beaker and it was expected to reach 110ºC for about 3 h. After the 

temperature was kept constant around 110ºC, a small beaker of silicone oil in which 

the melting process was performed was placed with the help of a hanger. In this setup, 

the purification was continued at intervals for 2 days. Figure 3.4 shows that 

purification set up.  

 

Figure 3.4 : Purification set up for HauCl4 production. 



23 

When the beaker dries and a yellowish-orange, after dries the residue must be like 

slightly wet substance remains at the bottom, Figure 3.5 shown that the residue, pour 

on distile water and quickly put it in the refrigerator.  

 

Figure 3.5 : The residue on the beaker after purification process. 

As shown that Figure 3.6 the color obtained when pouring distile water should be clear 

yellow.  

 

Figure 3.6 : After adding distile water on the residue. 

When sodium citrate was added to the sample obtained, it turned wine color, this 

sample was used for coating.  

If the purification process occurs at very high temperatures or for very long periods of 

time, the orange residue at the bottom dries out completely and turns into pure gold 

powder. This mean that the process returns to the beginning and this period shows at 

Figure 3.7. Care should be taken to avoid this.  
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Figure 3.7 : All process returns to the beginning and obtain again pure gold 

powder (right side), if purification temperature more than 110°C. 

Temperature monitoring of silicone oil should be measured with a thermo couple every 

10 min during boiling and kept constant at 110ºC-115ºC. When the prepared HAuCl4 

solution is kept at room temperature, the gold inside metalizes and sinks to the bottom, 

so it should always be kept in the refrigerator at 4ºC. 

3.2.4 Gold coating and gold nanoparticles  

Turkevich Method : While 1 mm of 50 ml HauCl4 was boiling, 5 ml of sodium citrate 

solution of 1% (w/v) was added and stirred with magnetic stirring with no heating via 

Yellow line MSC Basic C (as shown that Figure 3.9) and as shown that Figure 3.8, 

HauCl4 turns from pale yellow to transparent color and then to ‘red wine colour’ in a 

few min. Boiling is continued for 15 min. When boiling is stopped, it is mixed for 15 

min more and the mixture is expected to come to room temperature. Then the mixture 

is stored in a refrigerator at 4ºC [99]. 

 

Figure 3.8 : Gold colloidal solution after added 1% (w/v) sodium citrate solution. 
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First gold NPs coating : We replace the water in 5ml aqueous MNPs by washing it 

several times with ethanol. We add 50 ml of gold NPs, which we previously added 

into the centrifuge tube, to 5 ml of ethanol-MNPs, then shake it for a few min. The 

mixture was left for two hours to settle. Nüve NF 400 Centrifuge Machine used as 

centrifuge for 10 min at 2000 rpm. The sample is washed 3 times with distilled water. 

Total volume is made 5 ml as before. 

Growing the outer gold layer on the Au coated NPs : Dissolve 25 gr potassium 

carbonate in 100 ml distilled water and mix for 10 min. While it is mixed, 1.5 ml of 

aqueous mixture containing 1% HauCl4 is added. When added, the transparent yellow 

at first begins to become discolored slowly within 30 min. The colour changing that 

after adding potassium carbonate in 1% HauCl4 was shown in Figure 3.9.  

 

Figure 3.9 : Color change from pale yellow to transparent after added potassium 

carbonate solution on %1 HAuCl4. 

After that, 5 ml of gold-coated MNPs are added on it. Immediately after this step, 0.25 

ml formaldehyde is added quickly. Centrifuge and rinse with distilled water several 

times. The total volume is 5ml as in the baseline [100]. 

3.2.5 PEG coating 

For 5 ml Au coated MNPs 1.5 ml PEG400 is added at room temperature and mixed 

for 15 min. It is then incubated for 12 h at room temperature. The mixture is 

centrifuged at 4100 rpm for 20 min, the supernatant is rinsed with distilled water and 

added to 10 ml again [101]. 
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3.3 Characterisation Techniques of Magnetic Nanoparticles 

3.3.1 Scanning electron microscopy (SEM) 

Surface morphology of MNPs samples were analyzed by SEM (Tescan VEGA3) in 

Istanbul Technical University TEMAG Laboratory. Quantitative chemical 

characterization of the produced filters was made by Energy Dispersive X-ray 

Spectroscopy (EDX). EDX is a technique for analyzing characteristic X-rays 

generated from the electron beam-sample interaction to provide the basic composition 

of the sample in the form of spectra. Each peak in the EDX spectrum corresponds to 

characteristic X-ray lines of the particular element. Thus, spectra provide quantitative 

chemical characterization of samples. 

3.3.2 Fourier transform infrared spectroscopy (FTIR) 

The principle of Fourier transform infrared spectroscopy is based on the specific 

absorption of electromagnetic waves of chemical groups such as amine, carboxyl 

groups or hydroxyl groups. It was analyzed whether the synthesized nanoparticles have 

characteristic bonds by performing FTIR analysis. Bruker optics ALPHA-

Transmittance FTIR spectrometer was used. 1 g of NP in 30 g solution, 30 ml of NPs 

solution was prepared and dried in Alex Machine Ultrasonic Water Bath at 80ºC-85ºC 

for 12 hours. The samples were then beaten in a mortar and pulverized for FTIR 

analysis. 

3.4 Heating Experiments Of Superparamagnetic Nanoparticles 

3.4.1 Adjusting of nanoparticles for heating experiment 

In the comparison experiments of SPIONs, the ratio of 0.1% (v/m) (volume of 

nanoparticle liquid ml / mg of total liquid in the heating vessel) was used as the ratio. 

The formula d=m/v was used to prepare the magnetic fluid containing NPs according 

to this ratio. The density of SrFe12O19, MnFe2O4, Fe3O4 and MgFe2O4 NPs was taken 

as 5.3 mg/ml, 5.3 mg/ml, 5 mg/ml, 4.7 mg/ml, respectively. The density of water is 

taken as 1000 mg/ml. 

The vessel that we used for heating experiments takes a total of 2000 mg of distilled 

water. According to the ratio that we determined as 0.1% (v/m), there should be 
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milligrams of NPs equivalent to 2 ml of NPs liquid in our test vessel. According to 

d=m/v calculation; This means that there is 10.6 mg of NPs for MnFe2O4 and 

SrFe12O19, 10 mg for Fe3O4, 9.4 mg for MgFe2O4 in a heating vessel containing 2000 

mg of distilled water. 

The NP liquids were taken from the main vessel with a pipette in 1 ml of NPs liquid 

as 10.6 mg, 10.6 mg, 10 mg and 9.4 mg of NPs for SrFe12O19, MnFe2O4, Fe3O4,  and 

MgFe2O4, respectively, and added to the heating vessel. Then, 1 ml of agar gel 

(prepared with distilled water) was added on it if it was to be heated in agar phantom. 

If it is to be heated in water media, 1 ml of distilled water is added on it.  

3.4.2 Preparation of NP/agarose samples 

The amount of agar powder was calculated as 1% of distilled water. First, 10 ml of 

distilled water was added to the beaker, then 2 ml of distilled water was added and 

heated with a heater (the reason for adding an extra 2 ml of water is to compensate for 

the loss of evaporation when the solution is heated). When the water temperature is 

50°C, 0.1 mg powder agar is added to the water and mixed using magnetic fish. 

Heating of the solution continues until small bubbles are formed in the solution. This 

process continues for about 10 min and is mixed at high speed.After the bubbles 

formed, the beaker was taken from the heater and stirred on the cold mixer until the 

temperature dropped to 70°C. Then, 1 ml of solution was pipetted and added to the 

MNPs solution. Mixing was continued with a small mixing device until the solution 

hardened. Figure 3.10 shows that preparation of agarose/NPs mixture.  

 

Figure 3.10  : Preparation of agarose/NPs mixture. 

After the agar has cooled and hardened (Figure 3.11), the glass agar vessel were placed 

on the helical coil in the induction generator and its heating performance under AMF 

was examined. 
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Figure 3.11  : NPs/agarose sample in the glass vessel after agarose gel became 

hardened. 

In the heating experiments the process of heating the NPs in distile water using a 

helical coil was carried out. 

3.4.3 Heating experiment set up 

The experimental setup; An induction generator was used to heat the MNPs. Power 

between 0-5 kW can be supplied with an alternating induction generator and different 

coils can be used. Helical coil was used in the  study. 

The samples were subjected to the heating experiment under AMF. In the experiments, 

the surface temperature of the sample was measured at intervals of 1 sec with the Optris 

CF-4 laser thermometer. Figure 3.12 shows that the Optris CF-4 laser thermometer. 

 

Figure 3.12  : Optris CF-4 laser thermometer 
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These measurements were recorded with the help of the Compact Connect program, 

as shown in the Figure 3.13, in order to draw the heating-time graph of the materials. 

 

Figure 3.13  : Receiving heating data with the Compact Connect Program. 

In order to control the magnetic power given during the experiments, the variable 

current data in the coil was taken with the help of a helical coil and a Transducer 

(PEM), and these data were read through Oscilloscope (ADS 3072B-70 MHz-1GSa/s). 

Transducer and Osciloscope are given in Figure 3.14 and Figure 3.15 respectively. 

 

 

Figure 3.14 : Transducer. 

 



30 

 

Figure 3.15  : Osciloscope. 

Helical coil was used in the experimental setup. The helical coil given in Figure 3.16 

and Figure 3.17. 

 

Figure 3.16  : Geometry of the helical coil that used in heating experiments. 

 

Figure 3.17  : Dimensions of helical coil. 
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SAYKON Enerji induction generator was used and its specifitions given in Table 3.1. 

All equipment in heating experimental set up given in Figure 3.18. 

 

Figure 3.18  : Heating experimental set up with whole equipments: (1) Computer 

with Compact Connect Programme, (2) laser thermometer, (3) oscilloscope, (4) 

thermal camera, (5) PLC for laser thermometer, (6) thermometer, (7) black box for 

magnetic field and (8) induction generator. 

               Table 3.1 : Specifications of induction generator. 

Parameters Value 

Maximum power output  

Current intensity 

Operation frequency 

Heigh of each helical (P) 

5 [kW] 

300 [A] 

132 [kHz] 

12mm 

Coil turns 2,5 

Ground clearance (Htotal) 30mm 

Diameter of coil base (Dbase) 

Diameter of coil upper (Dupper) 

25mm 

45.66mm 
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4.  RESULTS AND DISCUSSION 

4.1 Characterization Of Superparamagnetic Nanoparticles 

The FTIR spectrum was used to determine the core NPs, silica coating, amination, 

gold coating, and PEG coatings. In Table 4.2, there are specific vibration peaks similar 

to fingerprints for each material, using them the structure of each material is 

determined by FTIR. Table 4.1 shows that the list of materials abbreviation. Fe3O4 

NPs are oxidized since it is known from previous studies that, 0.1 ml of oleic acid was 

added for each 1g of NPs simultaneously with the addition of NaOH during core 

synthesis. MgFe2O4, MnFe2O4, SrFe12O19 NPs are not coated with oleic acid since 

there is no oxidation problem. 

Table 4.1 : The list of materials abbreviation. 

Material Core (C) Silica on 

C 

Aminated 

on SC 

Gold on 

ASC 

PEG on 

GASC 

Fe3O4    Fe_C   Fe_SC Fe_ASC Fe_GASC Fe_PGASC 

MnFe2O4 Mn_C Mn_SC Mn_ASC Mn_GASC Mn_PGASC 

MgFe2O4  Mg_C Mg_SC Mg_ASC Mg_GASC Mg_PGASC 

SrFe12O19    Sr_C   Sr_SC Sr_ASC Sr_GASC Sr_PGASC 

Table 4.2 : FTIR bands in literature. 

Chemical bond Characteristic 

vibration band [cm-1] 

   Literature source 

Fe3O4 NPs               

Fe-O 563,540,581,586 [53], [102], [103], [104] 

Fe-O-Fe 568 [105] 

SrFe12O19 NPs   

Sr-O 524, 625 [105] 

Sr-Fe 400-600 [106] 

MgFe2O4 NPs   

Mg-O 1016, 1627 [108], [109] 

Mg-Fe 582, 473,697, 560 [107], [108], [109] 

MnFe2O4 NPs   

Mn-O 1382, 1458, 1638 [109] 

Mn-Fe 697, 700-1100 [109], [110] 

Mn-OH 1641, 1428, 1237  
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Table 4.2 (continued) : FTIR bands in literature. 

Chemical bond Characteristic 

vibration band [cm-1] 

   Literature source 

Oleic acid coating on 

Fe3O4_Core NPs 
              

Fe-COO 1398, 1628 [53] 

 1541, 1639, 1438 [111], [112] 

H-C-H 2922, 2852 [111], [112] 

C-O 1050 [111], [112] 

Silica coating   

Fe-O-Si 524, 625 [105] 

Si-O 400-600 [103], [104] 

Si-O-Si  [53] 

SiO4  [103] 

Hydroxil groups   

O-H 1630, 3400 [103] [104] 

 3500-3200 [113] 

 3500-3200  

Amin groups   

N-H 1382, 1458, 1638 [113] 

 697, 700-1100 [113] [114] 

 1641, 1428, 1237 [114] 

PEG coating   

-CH2 stretching 2850-3000 [115], [116], [117] 

N-H bending 1631  

C=O stretching 1660  

C-H bending -CH2, -CH3 1380  

C-O-C stretching 1100  

N-H wagging 600-900  

 

 

Figure 4.1  : FTIR spectra for Fe_C, Fe_SC, Fe_ASC, Fe_GASC (Fe_PGASC is 

omitted). 
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Figure 4.1 shows the vibration bands of Fe3O4. Vibration bands (Fe-O, Fe-O-Fe) for 

Fe3O4, vibration range is 500-650 cm-1. The vibration at 544 cm-1 in our example 

indicates the presence of Fe-O, Fe-O-Fe. The IR band at 1085 cm-1, which consists of 

the presence of Si-O, Si-O-Si, indicates the presence of silica coating. IR bands at 1660 

cm-1 and 2983 cm-1 are due to the presence of N-H primary bonds, which indicates that 

the amination process has been performed. FTIR result could not be obtained for the 

PEG coated Fe3O4.      

 

Figure 4.2: FTIR spectra for Mn_C, Mn_SC, Mn_ASC, Mn_GASC and 

Mn_PGASC 

Figure 4.2 shows the vibration bands of Mn-O, Mn-Fe, Mn-OH bonds found in 

MnFe2O4 NPs, the IR bands at 523-936-1156 cm-1  and 1656 cm-1 in FTIR results 

indicate the presence of these bonds and MnFe2O4 NPs. IR bands at 1042 cm-1 and 952 

cm-1, which are formed by the presence of Si-O and Si-O-Si, indicate the presence of 

silica coating. IR bands at 1645 cm-1 and 2983 cm-1 are due to the presence of N-H 

primary bonds, which indicates the presence of amination. 

 

Figure 4.3  : FTIR spectra for Mg_C, Mg _SC, Mg _ASC, Mg _GASC and 

Mg_PGASC. 
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Figure 4.3 shows the vibration bands of MgFe2O4. The Mg-O vibration bands must be 

at 1016 cm-1 and 1627 cm-1 and Mg-Fe vibration bands must be at 473-560-582-697 

cm-1, the IR vibration bands at 1527 cm-1 and 544 cm-1 shown in the graph prove the 

presence of these bonds and the presence of the MgFe2O4 NPs. The IR band at 1027 

cm-1, which consists of the presence of Si-O and Si-O-Si, indicates the presence of 

silica coating. IR bands at 1656 cm-1 and 2996 cm-1 are due to the presence of N-H 

primary bonds, which indicates the presence of amination. 

 

Figure 4.4  : FTIR spectra for Sr_C, Sr _SC, Sr _ASC, Sr _GASC and Sr 

_PGASC 

Sr-Fe vibration bands must be at between 400-600 cm-1 and Sr-O vibration bands 

between 524-625 cm-1. The 542 cm-1 and 618 cm-1 vibrations shown in Figure 4.4, 

prove the existence of these bonds and the existence of the SrFe12O19 NPs. The IR 

band at 1025 cm-1, which consists of the presence of Si-O and Si-O-Si, indicates the 

presence of silica coating. IR bands at 1652 cm-1 and 2981 cm-1 indicate the presence 

of amination due to the presence of N-H primary bonds. 

For approve gold shell , there must be reducing of the intensity of Si-O-Si and Si-OH 

peaks. 

Vibration bands proving the existence of PEG define as follows: 2850-3000 cm-1 (-

CH2 stretching), 1631 cm-1 (N-H bending), 1660 cm-1 (C=O stretching), 1380 cm-1 (C-

H bending; -CH2 and -CH3), 1100 cm-1 (C-O-C stretching) and 600-900 cm-1 (N-H 

wagging). These vibration bands supported the surface functionalization of the MNPs 

was successful and approve the presence of bound PEG. 
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Table 4.3 : SEM results. 

Material Core (C) 

Diameter 

SC 

Diameter 

GASC 

Diameter 

Fe3O4    19.50   21.66  24.32 

MnFe2O4 21.07   22.55  26.88 

MgFe2O4  21.93   22.62  24.24 

SrFe12O19    21.60   17.98  23.08 

According to the results of SEM analysis, the coating thickness has gradually increased 

from core to gold coating. Table 4.3 shows that SEM result. Only the thickness of the 

silica coated SrFe12O19 sample was lower than the core sample. Samples could not be 

selected clearly due to astigmatic problems in SEM measurements. For trusty 

morfology results must be use TEM measurement. 

4.2 The Results Of Magnetic Heating Experiments 

The heating performances of MNPs with 5 different coating layers and 4 different 

nuclei produced for the hyperthermia cancer therapy protocol were compared. 

In the study , NPs were prepared in two different media as agar phantom and water 

media and subjected to heating test. Agar phantom has been used as it resembles the 

heating pattern of human tissue. At the same time, since the agar phantom has a gel 

consistency, the NPs did not settle to the bottom and a homogeneous distribution was 

achieved. Tests conducted in the water media were made to be compared with the 

heating tests found in the literature. However, a homogeneous mixture cannot be 

obtained in the heating tests performed in water media as in the agar phantom. In the 

experiments, the maximum power of the machine, 5kw, was used in order to provide 

heating in a short time. 

In the first stage of the experiments, it was aimed to determine the 'SPIONs type' with 

the best heating capacity among 4 different SPIONs types. For this purpose, 4 different 

core SPIONs were subjected to heating experiments in water environment (Figure 4.5) 

and then in agar phantom (Figure 4.6). As a summary table of these two figures is 

given in Table 4.4 for better understanding. According to Table 4.4, Mg SPIONs 

determined as the fastest heating performance SPIONs.  

 



38 

Table 4.4 : The seconds given in the table is the time that the sample reaches 42°C.The 

summary table of Figure 4.5 and Figure 4.6 

Material First  

reach 

Second 

reach 

Third 

reach 

Fourth  

reach 

In water  

media 

 

Mg_C  

(145 sec) 

 

 

Mn_C 

(146 sec) 

 

  

Fe_C 

(171 sec) 

 

 

Sr_C 

(222 sec) 

 

 

In agar  

phantom 

 

 

Mg_C 

(187 sec) 

 

  

Mn _C 

(196 sec) 

 

 

Fe _C 

(249 sec) 

 

 

Sr_C 

(293 sec) 

 

 

 

Figure 4.5  : Heating curves of Fe_C, Mg_C, Mn_C, Sr_C in water media as % 

0.1 (v/v) equal volume ratio at 5 kw. 

 

Figure 4.6 : Heating curves of Fe_C, Mg_C, Mn_C, Sr_C in agar phantom as % 

0.1 (v/v) equal volume ratio at 5 kw. 
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In the second stage, our purpose was to ‘determine the amount’ we could reach 42°C 

in the shortest time by using the lowest amount of NPs possible. For this purpose, 

'MgFe2O4 core SPIONs', which have the fastest heating performance, were firstly 

tested at 5 different concentrations, 1mg/ml, 2.5 mg/ml, 5 mg/ml, 7.5 mg/ml, 10 

mg/ml, ‘in the water media’ (Figure 4.7). As a result of the experiment, the lowest 

concentration (1 mg/ml) couldn’t reach 42°C, because of this reason, this 

concentration didn’t used in other experiments.  

Afterwards, in the same process like ‘second stage’, heating experiments at other 4 

concentrations, 2.5 mg/ml, 5 mg/ml, 7.5 mg/ml, 10 mg/ml, were performed (Figure 

4.8) without using 1mg/ml ‘in agar phantom’. The sample prepared at a concentration 

of 2.5 mg/ml showed the lowest heating performance. Therefore, this concentration 

didn’t used in other experiments. Concentrations of 7.5 mg/ml and 10 mg/ml  didn’t 

used in other heating experiments, since the aim of the treatment was to enject the 

lowest possible NPs dosage for to the patient. As a summary table of these 2 figures is 

given in Table 4.5 for better understanding.  

Table 4.5 : The seconds given in the table is the time that the sample reaches 42°C.The 

summary table of Figure 4.7 and Figure 4.8 

Material    1  

mg/ml 

2.5  

mg/ml 

5 

mg/ml 

7.5 

mg/ml 

10 

mg/ml 

Mg_C  

(water) 
   X 

394 sec 

 

 

188 sec 

 

 

 

142 sec 

 

 

 

77 sec 

 

 

Mg_C  

(agar) 

 

 

       - 

 

381 sec 

 

194 sec 

 

 

143 sec 

 

 

112 sec 

 

According to Table 4.5, it was determined that the NPs at the lowest dosage was 

5mg/ml with the highest heating performance, and this concentration was maintained 

in our other heating experiments. 
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Figure 4.7 : Heating curves of Mg_C with different concentration in water at 5 

kw. 

 

Figure 4.8 : Heating curves of Mg_C with different concentration in agar 

phantom at 5 kw. 

In the third stage, the heating performance of ‘4 different SPIONs varieties’ were 

compared with each other ‘in agar phantom’. Figure 4.6, Figure 4.9, Figure 4.10, 

Figure 4.11 and Figure 4.12 show the comparison of 4 different SPIONs in the core, 

silica coating, amination, gold coating and PEG coating stages, respectively. As a 

summary table of these 5 Figures is given in Table 4.6 for better understanding. 

According to the table 4.6, MgFe2O4-SPIONs gave the fastest performance in all layer 

types except PEG coated. The lowest performance was given by SrFe12O19-SPIONs in 

all layer types.  
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Table 4.6 : The sequence of ‘surface coating steps’ when the samples reaching at 42°C 

in agar phantom. The seconds given in the table is the time that the sample reaches 

42°C. This table summary about Figure 4.6 and Figure 4.9, Figure 4.10, Figure 4.11 

and Figure 4.12. 

Surface 

coating steps 

First  

reach 

Second  

reach 

Third  

reach 

Fourth  

reach 

 

Core  

 

 

Mg_SC  

(187 sec) 

Mn_SC 

(196 sec) 

Fe_SC 

(249 sec) 

Sr_SC 

(293 sec) 

Silica coating Mg_SC  

(171 sec) 

 

Mn_SC 

(172 sec) 

 

Fe_SC 

(245 sec) 

 

Sr_SC 

(395 sec) 

 

Amination Mg_ASC  

(150 sec) 

 

Mn_ASC 

(186 sec) 

 

Fe_ASC 

(245 sec) 

 

Sr_ASC 

(379 sec) 

 

Gold coating Mg_GASC  

(196 sec) 

Mn_GASC 

(201 sec) 

Fe_GASC 

(216 sec) 

Sr_GASC 

(251 sec) 

 

PEG coating 

     

Mn_PGASC  

(187 sec) 

 

 

Mg_PGASC 

(211 sec) 

 

  

Fe_PGASC 

(243 sec) 

 

 

Sr_PGASC 

(372 sec) 

 

 

Figure 4.9 : Heating curves of Fe_SC, Mg_SC, Mn_SC, Sr_SC in agar phantom 

as  % 0.1 (v/m) equal ratio at 5 kw. 
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Figure 4.10 : Heating curves of Fe_ASC, Mg_ASC, Mn_ASC, Sr_ASC in agar 

phantom as  % 0.1 (v/m) equal ratio at 5 kW. 

 

Figure 4.11 : Heating curves of Fe_GASC, Mg_GASC, Mn_GASC, Sr_GASC in 

agar phantom as % 0.1 (v/m) equal ratio at 5 kW. 

 

Figure 4.12 : Heating curves of Fe_PGASC, Mg_PGASC, Mn_PGASC, 

Sr_PGASC in agar phantom as % 0.1 (v/m) equal ratio at 5 kW. 
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In the fourth stage, the same comparison (third stage comparison) was made ‘in water 

media’. Figure 4.13, Figure 4.14, Figure 4.15, Figure 4.16 and Figure 4.17 show the 

comparison of SPIONs in core, silica coating, amination, gold coating and PEG 

coating stages, respectively. A summary table of these 5 figures is given in Table 4.7 

for better understanding. According to the Table 4.7, MgFe2O4-SPIONs gave the 

fastest performance in all layer types. 

Table 4.7 : The sequence of ‘surface coating stages’ when the samples reaching at 

42°C in water media. The seconds given in the table is the time that the sample reaches 

42°C. This table about between Figure 4.13 and Figure 4.17. 

Surface 

coating steps 

First reach Second reach Third reach Fourth reach 

     

Core  Mg_SC  

(145 sec) 

 

Mn_SC 

(146 sec) 

 

Fe_SC 

(171 sec) 

 

Sr_SC 

(222 sec) 

 

Silica coating Mg_SC  

(130 sec) 

 

Mn_SC 

(145 sec) 

 

Fe_SC 

(173 sec) 

 

Sr_SC 

(233 sec) 

 

Amination Mg_ASC  

(124 sec) 

 

Mn_ASC 

(139 sec) 

 

Fe_ASC 

(179 sec) 

 

Sr_ASC 

(209 sec) 

 

Gold coating Mg_GASC  

(146 sec) 

Mn_GASC 

(153 sec) 

Fe_GASC 

(176 sec) 

Sr_GASC 

(249 sec) 

 

PEG coating 

    

Mg_PGASC  

(150 sec) 

 

   

Mn_PGASC 

(165 sec) 

 

  

Fe_PGASC 

(231 sec) 

 

 

Sr_PGASC 

(279 sec) 

 

 

Figure 4.13 : Heating curves of Fe_C, Mg_C, Mn_C, Sr_C in water media as  % 

0.1 (v/m) equal ratio at 5 kW. 
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Figure 4.14 : Heating curves of Fe_SC, Mg_SC, Mn_SC, Sr_SC in water media as  

% 0.1 (v/m) equal ratio at 5 kW. 

 

Figure 4.15 : Heating curves of Fe_ASC, Mg_ASC, Mn_ASC, Sr_ASC in water 

media as  % 0.1 (v/m) equal ratio at 5 kW. 

 

Figure 4.16 : Heating curves of Fe_GASC, Mg_GASC, Mn_GASC, Sr_GASC in 

water media as  % 0.1 (v/m) equal ratio at 5 kW. 
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Figure 4.17 : Heating curves of Fe_PGASC, Mg_PGASC, Mn_PGASC, 

Sr_PGASC in water media as  % 0.1 (v/m) equal ratio at 5 kW. 

In the fifth and last stage, the heating performance of ‘5 different coating types’ was 

compared ‘in the water media’. Figure 4.18, Figure 4.19, Figure 4.20 and Figure 4.21 

show the comparison of the heating performance of Fe3O4, MnFe2O4, MgFe2O4 and 

SrFe12O19 SPIONs at different layer stages, respectively. A summary table of these 4 

figures is given in Table 4.8 for better understanding. According to the Table 4.6, 

amination SPIONs gave best heating performance in all types SPIONs except Fe3O4-

SPIONs. In all SPIONs types, PEG coated SPIONs gave the lowest heating 

performance. In all SPIONs types except Fe3O4-SPIONs, gold coated SPIONs gave 

the lowest heating performance after PEG coated SPIONs.  

Table 4. 8 : The sequence of ‘SPIONs type’ when the samples reaching at 42°C in 

water media. The seconds given in the table is the time that the sample reaches 42°C. 

This table about between Figure 4.18 and Figure 4.21. 

Material First 

reach 

Second 

reach 

Third 

reach 

Fourth 

reach 

Fifth 

reach 

 

Fe3O4 

 

 

Fe_C 

(171 sec) 

Fe_SC 

(173 sec) 

Fe_GASC 

(176 sec) 

Fe_ASC 

(179 sec) 

Fe_PGASC 

(231 sec) 

MnFe2O4 Mn_ASC 

(139 sec) 

 

Mn_SC 

(145 sec) 

 

Mn_C 

(146 sec) 

 

Mn_GASC 

(153 sec) 

 

Mn_PGASC 

(165 sec) 

 

MgFe2O4  Mg_ASC 

(124 sec) 

 

Mg_SC 

(130 sec) 

 

Mg_C 

(145 sec) 

 

Mg_GASC 

(146 sec) 

 

Mg_PGASC 

(150 sec) 

 

SrFe12O19 Sr_ASC 

(209 sec) 

 

Sr_SC 

(222 sec) 

 

Sr_C 

(233 sec) 

 

Sr_GASC 

(249 sec) 

 

Sr_PGASC 

(279 sec) 
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Figure 4.18 : Heating curves of Fe_C, Fe _SC, Fe _ASC, Fe _GASC, Fe _PGASC 

in water media as  % 0.1 (v/m) equal ratio at 5 kW. 

 

Figure 4.19 : Heating curves of Mn_C, Mn_SC, Mn_ASC, Mn_GASC, 

Mn_PGASC in water media as  % 0.1 (v/m) equal ratio at 5 kW. 

 

Figure 4.20 : Heating curves of Mg_C, Mg_SC, Mg_ASC, Mg_GASC, 

Mg_PGASC in water media as  % 0.1 (v/m) equal ratio at 5 kW. 
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Figure 4.21 : Heating curves of Sr_C, Sr _SC, Sr _ASC, Sr _GASC, Sr _PGASC 

in water media as  % 0.1 (v/m) equal ratio at 5 kW. 
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5.  CONCLUSIONS 

In this master thesis, SrFe12O19, MnFe2O4, MgFe2O4, Fe3O4 SPIONs with superior 

magnetic properties were produced and coated with silica, amination, gold and PEG 

to gain various functions. According to the characterization results, it can be said that 

the coatings have been achieved successfully. Magnetic heating performances at 5kW 

of all NP types that produced and each coating layer applied were examined separately. 

According to the results of the magnetic heating experiments, among all samples, 

SrFe12O19 NPs showed the lowest and MgFe2O4 NPs showed the highest heating 

performance  in the experiments that comparing different core types among all 

samples. 

According to the heating results that comparing different coating stages, aminated NPs 

gave the high heating performance among other coating stages. This is a surprising 

and unintuitive result. The aminated NPs, in some way, showed an increasing effect 

on the heating performance in all multi-component NPs regardless of the core type. To 

the best of our knowledge, the results of this study have not been encountered before 

in the literature. 

Comparing of different coating stages of NPs, PEG coated samples gave the slowest 

heating performance in the heating results. In addition, the heating performance of 

gold-coated samples, which is the previous coating step from PEG, was very close to 

that of PEG-coated NPs and gave the second lowest performance. 

There are studies in the literature observed that gold coating increased the heating 

performance of the NPs relatively [28]. In our study, on the other hand; It can be 

mentioned that (a) the size of the NPs, the coating thicknesses are different and (b) the 

mixtures prepared for the heating experiments do not contain the same amount of NPs. 

In addition, in the study, NPs were characterized with EDX to prove that the existence 

of gold coating and gold content was found in all of them, but due to the possibility of 

insufficient washing after gold coating, it is not strange that gold peaks appeared in  
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the EDX  even though gold coating failed. In order to obtain a more reliable result 

regarding the success of coatings stages and NPs sizes, it is recommended to conduct 

a characterization study with TEM. 

As a result, the study has shown that differences of coating stages and  differences of 

core types change the heating performance of superparamagnetic NPs. Although there 

are many studies on magnetic NPs in the literature, differently, the effects of different 

magnetic core types and different coating stages on heating performance were 

compared in standard laboratory conditions. 

It is possible to say that this study, which is carried out with easily accessible and 

economical laboratory materials, is enlightening for future researches related to the 

subject.    
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APPENDICES 

APPENDIX A : SEM images of SPIONs. 

APPENDIX B : EDX results of SPIONs. 
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APPENDIX A  

 

 

 

 

 

Figure A.1 : SEM images of Fe_C 

 

 

 

Figure A.2 : SEM images of Fe_SC 
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Figure A.3 : SEM images of Fe_GASC 

 

Figure A.4 : SEM images of Mg_C 
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Figure A.5 : SEM images of Mg_SC 

 

 

Figure A.6 : SEM images of Mg_GASC 
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Figure A.7 : SEM images of Mn_C 

 

 

Figure A.8 : SEM images of Mn_SC 
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Figure A.9 : SEM images of Mn_GASC 

 

 

Figure A.10 : SEM images of Sr_C 
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Figure A.11 : SEM images of Sr_SC 

 

Figure A.12 : SEM images of Sr_GASC 
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APPENDIX B 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.1 : EDX of Fe_C 

 

 

Element Weight % Atomic % Error % 

C K 20.30 33.60 9.40 

O K 41.40 51.50 8.20 

Fe L 34.20 12.20 8.90 

Na K 0.50 0.40 50.80 

Mg K 0.60 0.50 22.90 

Al K 0.80 0.60 15.70 

Si K 1.00 0.70 10.30 

Ca K 0.40 0.20 29.80 

Cu K 0.80 0.20 26.50 
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Figure B.2 : EDX of Fe_SC 
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Figure B.3 : EDX of Fe_GASC  
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Figure B.4 : EDX of Mg_C 

 

 

 

 

 

 

 

 

Element Weight % Atomic % Error % 

C K 30.40 46.20 8.20 

O K 36.90 42.10 8.70 

Na K 0.40 0.30 37.80 

Mg K 0.50 0.40 16.30 

Al K 0.80 0.50 11.00 

Si K 0.90 0.60 8.20 

Cl K 0.20 0.10 31.80 

Ca K 0.30 0.10 21.00 

Fe K 29.00 9.50 2.30 

Cu K 0.60 0.20 23.50 
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Figure B.5 : EDX of Mg_SC 

 

 

 

 

 

Element Weight % Atomic % Error % 

C K 11.60 21.50 9.80 

O K 41.10 57.10 7.30 

Na K 1.30 1.20 21.40 

Mg K 0.50 0.50 18.90 

Si K 3.60 2.90 6.60 

Cl K 0.40 0.20 21.30 

Ca K 0.40 0.20 18.80 

Fe K 40.50 16.10 2.10 

Cu K 0.70 0.30 22.00 
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Figure B.6 : EDX of Mg_GASC 

 

 

 

 

 

 

Element Weight % Atomic % Error % 

C K 8.60 29.90 10.70 

O K 12.70 33.10 9.80 

Mg K 0.50 0.90 20.10 

Al K 0.60 1.00 14.10 

Si K 1.40 2.00 8.00 

Cl K 0.10 0.10 94.90 

Ca K 0.30 0.30 43.00 

Fe K 30.40 22.70 2.90 

Cu K 1.10 0.70 27.30 

Au L 44.30 9.40 9.60 
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Figure B.7 : EDX of Mn_C 

 

 

 

Element Weight % Atomic % Error % 

C K 12.40 23.60 9.40 

O K 39.80 56.60 7.20 

Fe L 28.50 11.60 9.70 

Si K 0.60 0.50 10.50 

Cl K 0.20 0.10 31.50 

Ca K 0.40 0.20 23.30 

Mn K 17.50 7.20 2.70 

Cu K 0.50 0.20 33.20 
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Figure B.8 : EDX of Mn_SC 

 

 

 

 

Element Weight % Atomic % Error % 

C K 2.60 6.10 13.40 

O K 35.00 60.80 6.20 

Na K 0.10 0.10 100.00 

Mg K 0.50 0.50 22.80 

Al K 0.50 0.60 15.70 

Si K 2.20 2.20 7.50 

Cl K 0.20 0.20 30.50 

Ca K 0.50 0.30 17.00 

Mn K 19.10 9.70 2.40 

Fe K 38.70 19.30 2.00 

Cu K 0.60 0.20 23.00 
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Figure B.9 : EDX of Mn_GASC 

 

 

 

 

 

 

Element Weight % Atomic % Error % 

C K 7.00 21.50 10.60 

N K 0.00 0.00 100.00 

O K 18.80 43.40 8.70 

Si K 1.10 1.40 8.90 

Cl K 0.10 0.10 73.50 

Ca K 0.30 0.30 35.20 

Mn K 10.80 7.30 3.60 

Fe K 29.30 19.40 2.70 

Cu K 1.00 0.60 23.20 

Au L 31.60 5.90 10.60 
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Figure B.10 : EDX of Sr_C 

 

 

 

 

Element Weight % Atomic % Error % 

C K 6.90 16.10 10.90 

O K 29.70 51.90 7.10 

Si K 0.40 0.40 15.00 

Sr L 1.00 0.30 11.70 

Cl K 0.40 0.30 19.40 

Ca K 0.30 0.20 27.10 

Fe K 61.40 30.70 1.90 
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                        Figure B.11 : EDX of Sr _SC  

 

 

 

Element Weight % Atomic % Error % 

C K 4.60 11.20 12.30 

O K 28.60 52.00 7.00 

Al K 0.50 0.50 16.70 

Si K 2.90 3.00 7.40 

Cl K 0.30 0.30 16.70 

Ca K 0.60 0.40 14.50 

Fe K 61.70 32.10 1.90 

Cu K 0.70 0.30 29.60 
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Figure B.12 : EDX of Sr_GASC 

 

 

 

 

Element Weight % Atomic % Error % 

C K 2.10 7.00 14.40 

N K 0.20 0.50 87.70 

O K 20.60 51.20 8.30 

Si K 2.00 2.80 7.70 

Sr L 0.80 0.40 9.90 

Cl K 0.10 0.10 77.90 

Ca K 0.20 0.20 40.50 

Fe K 45.10 32.00 2.40 

Au L 28.90 5.80 9.90 
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