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SYNTHESIS AND IN VITRO STUDIES OF POLYCAPROLACTONE-COATED 

SUPERPARAMAGNETIC IRON OXIDE NANOPARTICLES FOR MAGNETIC 

HYPERTHERMIA THERAPY 

ABSTRACT 

Research has garnered a great interest in utilization of superparamagnetic iron oxide 

nanoparticles (SPIONs) as magnetic nano-heating agents in hyperthermia cancer therapy 

by profiting from high apoptosis vulnerability of cancer cells at elevated temperatures. 

However, low oxidation resistance and high agglomeration tendency negatively affect 

magnetic characteristics of nanoparticles and subsequently their clinical efficiency. 

Particle surface modifications are potential approaches to endow SPIONs a range of 

desirable properties including high colloidal dispersity, low aggregation tendency, 

cytocompatibility, and high oxidation resistance. Currently, polymer coating has led to 

decrease magnetic hyperthermia efficiency through formation of intermediate layer 

between nanoheating agents and targeted cells. This research aimed to stabilize the 

negatively-charged SPIONs through a cationic surfactant, followed by surface coating 

using thermosensitive biopolymer to improve particles dispersibility, cytocompatibility, 

functionality and in-vitro cytotoxicity under hyperthermia condition. In this study, 

synthesis condition was optimized via investigating the effects of two alkaline reagents 

as well as two synthesis environments on various SPIONs characteristics. Thereafter, the 

possibility of synthesizing SPIONs using a single iron precursor was examined to 

decrease synthesis complexity, save expenses, eschew wasting materials and improve 

their properties. The SPIONs were then stabilized by the surfactant, followed by focusing 

on preparation of biopolymer-coated SPIONs and assessing their physicochemical, 

thermal and magnetic properties as well as in-vitro hyperthermia performance on human 

hepatocellular carcinoma (HepG2) cells under the exposure of an alternating magnetic 
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field (AMF). The obtained results indicated that SPIONs could synthesized using a single 

precursor through precipitation protocol under oxidative experimental condition with 

significant improvement in crystallinity and magnetic features in comparison with those 

of SPIONs produced using two precursors. Investigation of the surfactant showed its 

negligible effect on magnetic behaviors while enhanced dispersibility in a controlled 

micellar conformation, then biopolymer core-shell SPIONs showed an improvement in 

hyperthermia efficacy via their enhanced stealth characteristics to avoid rapid clearance 

by immune system and improved activity towards AMF due to melting of protective shell 

under hyperthermia condition. The findings indicated that combination of SPIONs and 

AMF rendered SPIONs highly cytotoxic to liver cancer cells; therefore, they would be a 

step-change into research as potential targeted nanoheating agent for new therapeutic 

options. 

 

Keywords: Superparamagnetic iron oxide nanoparticles, Synthesis conditions, 

Specific absorption rate, In-vitro magnetic hyperthermia, Cytotoxicity assay. 
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SINTESIS DAN KAJIAN IN VITRO NANOZARAH BESI OKSIDA 

SUPERPARAMAGNETIK YANG BERSALUT POLYCAPROLACTONE 

UNTUK TERAPI HIPERTERMIA MAGNETIK 

ABSTRAK 

Kajian telah mengumpul minat yang besar dalam penggunaan nanozarah besi 

oksida superparamagnetik (SPIONs) sebagai agen nano-pemanasan magnetik dalam 

terapi kanser hipertermia dengan memaparkan kerentanan apoptosis yang tinggi pada 

suhu yang tinggi. Walaubagaimanapun, rintangan pengoksidaan yang rendah dan 

kebarangkalian aglomerasi yang tinggi akan menjejaskan ciri-ciri magnetik zarah secara 

negatif dan juga efisiensi klinikal. Modifikasi permukaan nanozarah merupakan cara 

yang berpotensi dalam menyumbangkan pelbagai ciri-ciri SPIONs yang baik seperti 

penyebaran koloid tinggi, kebarangkalian aglomerasi rendah, sito-keserasian dan 

rintangan pengoksidaan tinggi. Pada masa ini, teknik modifikasi permukaan semasa telah 

mengurangkan efisiensi terapi hipertermia magnetik melalui formasi lapisan pertengahan 

di antara agen nano-pemanasan dan sel sasaran. Kajian ini bertujuan untuk menstabilkan 

SPIONs yang bercaj negatif dengan menggunakan bahan permukaan kation, seterusnya 

salutan permukaan melalui termosensitif biopolimer untuk meningkatkan penyebaran 

zarah, sito-keserasian, ciri fungsi dan in-vitro sitotoksity di bawah keadaan hipertermia. 

Kajian pertama fokus dalam pengoptimuman keadaan sintesis dengan menyiasat kesan 

jenis alkali dan alam sekitar sintesis pada ciri-ciri SPIONs. Dalam bahagian kedua, 

kemungkinan SPIONs sintesis menggunakan satu prekursor besi telah dikaji untuk 

mengurangkan kerumitan, menjimatkan perbelanjaan dan mengelakkan pembaziran 

bahan. SPIONs telah menstabilkan dengan menggunakan permukaan seterusnya, fokus 

pada sintesis SPIONs yang bersalut biopolimer dan penilaian ciri-ciri fizikokimia dan 

magnetik nanozarah dan juga prestasi hipertermia in-vitro pada sel karsinoma 
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hepatoselular manusia (HepG2) di bawah pendedahan medan magnet bergilir (AMF). 

Hasil kajian menunjukkan SPIONs boleh disintesis menggunakan satu prekursor melalui 

protokol pemendakan di bawah keadaan eksperimen oksidatif dengan peningkatan yang 

ketara dalam kehabluran dan pemagnetan dibanding dengan SPIONs yang dihasilkan 

melalui dua prekursor. Kajian permukaan menunjukkan tiada pengaruh pada ciri-ciri 

magnetik dan kehabluran zarah di samping menghasilkan zarah yang penyebaran tinggi 

dalam kawalan bentuk micellar, kemudian, biopolimer cangkerang-teras SPIONs 

menunjukkan peningkatan yang ketara dalam keberkesanan terapi hyperthermia magnetik 

secara melalui peningkatan ciri senyap untuk mengelakkan pelepasan pantas oleh sistem 

imun dan peningkatan aktiviti terhadap AMF disebabkan oleh leburan cangkerang 

pelindung di bawah keadaan hipertermia. Penemuan menunjukkan bahawa gabungan dari 

SPIONs dan AMF menjadikan SPIONs sangat sitotoksik kepada sel kanser hati; oleh itu, 

ia akan menjadi suatu penambahbaikan didalam kajian sebagai potensi sasaran agen 

nanopemanasan untuk pilihan terapeutik baru.  

 

Kata kunci: Nanozarah besi oksida superparamagnetik, keadaan sintesis, kadar 

penyerapan spesifik, hipertermia magnetik in-vitro, ujian sitotoksiti.
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CHAPTER 1: INTRODUCTION 

 

1.1 Research Background 

Superparamagnetic iron oxide nanoparticles (SPIONs) have increasing exhibited a 

propitious opportunity in biomedical applications from magnetic resonance imaging 

(MRI) to drug delivery and magnetic hyperthermia therapy (MHT), due to their promising 

therapeutic and diagnostic capabilities. In particular, magnetite (Fe3O4) nanoparticles are 

considerably preferred choice thanks to their biocompatibility, pleomorphism, superior 

tunable magnetic properties, great saturation magnetization (Ms), low remanent 

magnetization (remanence; Mr) and coercivity (Hc), easy recycle through the metabolism 

pathways, facile synthesis, and low cost of mass production (Amirshaghaghi et al., 2019; 

Hedayatnasab, Abnisa, & Wan Daud, 2017; Iacovita et al., 2016). Moreover, the US Food 

and Drug Administration has approved the application of Fe3O4 as contrast agents based 

on the fact that iron is a vital element to sustain the majority of the organism’s cellular 

function e.g. hematopoiesis and to be the active center of ferredoxin and hemoglobin. 

(Muro-Cruces et al., 2019). However, in parallel to their diagnostic application, Fe3O4 

could also be used as therapeutic agents to target the cancer biomarkers either in biopsies 

of tissues or even infusion of magnetic nanofluids in the presence of an external 

alternating magnetic field (AMF) in order to alter the metabolism of the heat shock 

proteins at the targeted tumor area, resulting in cellular degradation and apoptosis (Berry, 

Walker, Hoskins, Telling, & Price, 2019). 

This cancer treatment approach which is called MHT, is based on the instant heating 

of the cancer cells via administration of SPIONs into the tumor region and their selective 

killing due to higher vulnerability of cancer cells at the hyperthermia temperatures (TH; 

42-47 °C) compared to the healthy cells, mainly derived from low blood perfusion in the 
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tumor (Boyer et al., 2015; Dutz & Hergt, 2014). Thereby, SPIONs with dual therapeutic 

and diagnostic capabilities known as theranostics give rise to be recognized as a 

promising magnetic nanoheating agents in cancer therapy.  

Magnetic nanoheating agents in cancer treatments necessitate adequate stability in 

aqueous media at neutral pH and physiological salinity. However, bare SPIONs are highly 

tendentious to self-agglomeration due to their strong electrostatic interactions, high 

surface energy, and vulnerability to air and moisture oxidation. The effective approach to 

provide higher colloidal stability is surfactant-based surface modification of nanoparticles 

(Elfeky, Mahmoud, & Youssef, 2017; Hedayatnasab et al., 2017). However, addition 

of excessive amounts of surfactants to the nanoparticle dispersions may induce 

agglomeration of fine particles through charge neutralization, bridging and formation of 

surfactant-particle surface or via a combination of these mechanisms. Thereby, a highly 

efficient surfactant with appropriate adsorption gives rise to surface saturation which not 

only prevents bridging and destabilization of nanoparticles but also controls particle size 

and improves dispersion (Abu-Jdayil, Ghannam, & Nasser, 2016; Günister et al., 2006). 

  In addition, a rapid opsonization and subsequent segregation by the immune system 

is another challenge during in-vivo application of SPIONs. Indeed, these nanoheating 

agents are easily recognized as foreign bodies by the reticuloendothelial system (RES), 

instantly coated by plasma proteins and blood components, and rapidly cleared before 

reaching the targeted region (Aggarwal, Hall, McLeland, Dobrovolskaia, & McNeil, 

2009). 

Recently, a novel mechanism of induction heating using a thermosensitive biopolymer 

coating has been proposed. In this mechanism, biopolymer coatings with a low-melting 

point within the secure TH range have been applied to provide SPIONs with ‘stealth’ 

characteristics and make them invisible to the immune system. 
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The aim of these thermosensitive coating sells is to enhance the steric stability, 

dispersity, and biodistribution and confer excellent stealth characteristics to the SPIONs 

and minimize RES sensitivity. Although, a number of aliphatic linear polyesters has been 

applied including polyethylene glycol (PEG) (Sebak, 2018), polyglycolic acid (PLGA) 

(Ferreira et al., 2019), and polylactic acid (PLA) (Ferreira et al., 2019), several 

shortcomings such as non-biodegradability and degradation under stress and discourage 

interaction with the receptors on the targeted cell membranes must be overcome prior 

their actual application in treatment of human diseases. The application of SPIONs for 

treatment of brain cancer “glioblastoma” has been approved in Europe since 2011 and 

some of these thermosensitive magnetic nanoheating agents are currently undergoing 

clinical trials in different phases to evaluate their efficacy in treatment of other carcinoma 

cancer types such as prostate, breast and liver. 

 

1.2 Problem Statement 

Although SPIONs have been extensively employed for MHT, their low stability in 

aqueous media hinders their application as effective therapeutic agents. In general, 

SPIONs are instable in aerobic conditions derived from their significant vulnerability to 

air and moisture oxidation, which consequently leads to lose magnetism.  

A high tendency to particle agglomeration is another limitation of SPIONs, mainly due 

to their high surface energy. Therefore, the nanoparticles tend to reach the lowest energy 

states and diminish such excess energy through clumping together. Moreover, SPIONs 

possess large amounts of unsaturated and vacant coordination sites owing to their large 

surface area, which make atoms surface to create bonds with adjacent particles through 

van der Waals forces and become aggregated. Subsequently, the particle size increases 

and magnetic behaviour from superparamagnetic changes to ferromagnetic 
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(Hedayatnasab, Dabbagh, Abnisa, Abu Ksaim, & Wan Daud, 2019; T. K. Nguyen, 

Duong, Selvanayagam, Boyer, & Barraud, 2015). 

Furthermore, in regard to their application as theranostics, the low-size bare SPIONs 

are easily recognized as foreign bodies by the immune systems and instantly coated by 

e.g. plasma proteins, resulting in their short half-life and rapid clearance from the body. 

In particular, when they used as heat generation sources in MHT, the main challenge is 

to maintain the target temperature within the secure range of 42-47 °C, which not only 

can result in effective tumour cell apoptosis, but also can avoid overheating of the nearby 

healthy cells and thus minimize the treatment side effects (Aggarwal et al., 2009; 

Hedayatnasab et al., 2017).  

One of the best approaches to reduce the vulnerability towards air and moisture 

oxidation is providing the anaerobic condition e.g. nitrogen (N2), most preferably via 

administration of inert gases is considered requisite to prevent their activity towards 

oxygen (O2) environment (Gupta & Gupta, 2005). In order to increase the SPIONs 

stability, applying suitable stabilizers such as surfactants or anchoring groups with proper 

surface charge is offered to reduce the excess surface energy and prevent particle 

agglomeration (Gan, Lu, Cao, & Chen, 2018). Coating of the particle surfaces is also 

beneficial in keeping TH in the secure hyperthermia range. Moreover, applying 

biopolymers lead to improved cytocompatibility as a considerably important parameter 

in cancer treatment since the surface of the heating agent is directly in contact with blood 

and tissue cells without any intermediary (Dabbagh et al., 2019). 

In spite of the positive influence of particle coating on their stability, dispersion, in-

vivo half-life, and cytocompatibility, excessively decreased heat generation efficacy of 

the coated particles in the targeted tissue is the remaining challenge. In fact, the coating 

shield acts as an isolator layer between the nanoparticles and the tumor cells, thus 

resulting in decreased heat transfer from the SPIONs into the tumor.  
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One potential solution to overcome the negative effect of nanoparticles coating on their 

heat transfer efficacy is to provide polymer coatings with melting points in the 

hyperthermia temperature range (Y. Dai et al., 2019). Therefore, when such nanoparticles 

reach the affected region and expose to an external AMF, the polymer shell melts, leading 

to particles transition from their passive to active state and consequently improved heat 

eradication into the cancer cells.  

 

1.3 Aim and Objectives 

This research aims to stabilize and functionalize SPIONs using a cationic surfactant 

into a controlled micellar conformation, followed by a thermosensitive biopolymer 

coating to endow a stealth behaviour to SPIONs in order to improve the hyperthermia 

efficiency under AMF exposure. To best of my knowledge, this research would be the 

first endeavor in fabrication of thermosensitive biopolymer core-shell SPIONs as 

magnetic nanoheating agents for in-vitro hyperthermia application.  

In order to achieve this aim, the following objectives have been defined: 

 

1. To synthesize and characterize SPIONs under aerobic and anaerobic synthesis 

environments using two different alkaline reagents in order to determine the best 

synthesis condition. 

 

2. To synthesize SPIONs using a sole iron precursor through the optimization of the 

oxidative potency of the synthesis environment, i.e. the O2:N2 flow ratio, rather 

than using both Fe(II) and Fe(III) precursors in a precisely-controlled condition. 

  

3. To stabilize and functionalize SPIONs by using a cationic surfactant in a 

controlled micellar stability for surface coating with a thermosensitive biopolymer 
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to enhance the in-vitro magnetic hyperthermia efficiency against human liver 

carcinoma cells. 

 

1.4 Research Scope 

The present research aims to integrate the materials science, chemical as well 

as biomedical engineering in order to develop magnetic nanoheating agents in a 

stabilized conformation with high magnetization to evaluate their in-vitro hyperthermia 

efficiency against  human hepatocellular carcinoma (HepG2) cancer cells under the 

external AMF exposure. Thereby, prior the surface coating of these magnetic nanoheating 

agents, a thermosensitive biopolymer with specific properties was chosen that not only 

provide structural stability, but also endows stealth characteristics to the nanoagents due 

to having a melting point in the secure hyperthermia range; hence, thermal 

characterizations were performed.  

For the first objective, in order to synthesize the magnetic nanoheating agent with 

desirable properties without using any stabilizing agents, the effects of two alkaline 

reagents and two synthesis environments were investigated. Through the optimal 

condition, the nanoheating agents could also be synthesized using only a single iron 

precursor through alteration of the oxidative potency of the synthesis environment, i.e. 

the O2:N2 flow ratio in the second research objective. Moreover, in order to produce the 

stabilized and functionalized nanoheating agents with a controlled micellar conformation, 

zeta potential measurements were performed on varied cationic surfactant quantities. 

Subsequently, the stabilized sample with optimum surfactant quantity was coated with a 

thin layer of thermosensitive biopolymer to enhance cytocompatibility and 

physicochemical properties for performing better in-vitro magnetic 

hyperthermia efficiency against HepG2 cells. However, in-vitro examination in simulated 

body fluids, in-vivo studies and determination the kinetic as well as the thermodynamic 
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behaviour of these magnetic nanoheating agents fall beyond the scope of this project and 

may be performed in further research. 

 

1.5 Outline and Structure 

This report is organized in five chapters concerned with different aspects of the topic 

and the objectives of the research. 

 

This chapter briefly establishes the scientific framework in which the present work is 

accomplished. It outlines the application and importance of the SPIONs as magnetic 

nanoheating agents in hyperthermia cancer treatment and clarifies the remaining 

challenges which must be addressed to enhance the therapeutic efficacy of this approach. 

The specific aims and objectives of the research according to the current challenges in 

this field are also stated.  

The chapter 2 provides a comprehensive classification of different types of magnetic 

nanoparticles, their intrinsic and extrinsic properties, magnetism states and heating 

mechanisms for hyperthermia application. The effects of SPIONs characterizations as 

well as AMF parameters such as strengths and frequency on the hyperthermia efficiency 

are also reviewed. Finally, the latest advancements in nanoparticles coating techniques 

are highlighted. 

The chapter 3 elucidates all the experiments and analytical procedures for the 

synthesis, characterization, surface modification, induction heating tests and in-vitro 

cytotoxicity assays of iron oxide samples. The detailed information on materials, 

equipment, experimental design and instruments used for this study are explained as well.  

The chapter 4 presents the results and data analysis obtained from laboratory 

experiments. In this chapter the results are divided in three main parts. Part 1 investigates 

the effects of experimental conditions on various chemical, morphological, physical, and 
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magnetic characteristics of the resulting iron oxide samples and according to the obtained 

results, an optimal synthesis condition is recommended. Part 2 studies the synthesis 

possibility of iron oxide particles using a single iron precursor under different oxidative 

conditions using four varied O2:N2 flow ratios and then their physicochemical properties 

and cytocompatibilities are evaluated in order to determine the optimal sample. The 

effects of various dose–response characteristics of the optimized SPIONs on the magnetic 

hyperthermia efficiency upon a wide range of AMF strengths are also investigated. 

Thereafter, the cytotoxicity assays against HepG2 cells were performed in the presence 

of varied AMF strengths to evaluate their effectiveness as magnetic nano-heating agents 

under hyperthermia condition. Part 3 outlines the development of biopolymer-coated 

SPIONs with structural stability, uniform particle size, improved dispersity, 

cytocompatibility, and controlled induction heating under hyperthermia condition. 

Thereby, iron oxide samples were functionalized with a double-layered cationic 

surfactant to enhance their stability and provide proper functionalized surface for coating 

modification with a low-melting point biopolymer in order to achieve enhanced 

cytocompatibility and physicochemical properties for in-vitro magnetic hyperthermia on 

HepG2 cells. Thereafter, the effects of varied AMF strengths on induction heating 

capability of these core-shell nanoheating agents were investigated to obtain appropriate 

TH profile.  

The research report finally closes in chapter five with a summary of the main 

conclusions from the experimental results and the highlights of the remaining research 

gaps which could be addressed in further research.  
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1.6 Workflow of the Thesis 

A workflow of the main research activities and the linkage among the research 

objectives as well as the steps in performing the research based on literature review 

described in this thesis, are illustrated in Figure 1.1. 

 

 

Figure 1.1: Detailed workflow of the main research activities 
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CHAPTER 2: LITERATURE REVIEW 

 

2.1 Introduction 

Nanoparticles are ultrafine particles with at least one dimension in nanometer range (1 

to 100). Nanoparticles present high surface-area-to-volume ratio and are extremely 

reactive, versatile, and strong as compared to bulk ones. These features confer unbounded 

possibilities to improve their unique mechanical, optical, and magnetic properties. 

Nanoparticles are mainly classified into either organic group, including carbon nanotubes, 

liposomes, and fullerenes, or inorganic group, including quantum dots and magnetic 

nanoparticles (MNPs) (Chen, Roy, Yang, & Prasad, 2016; Doll, Raman, Dey, & 

Burkhard, 2013; Reza Eslami-Farsani, Reza Khalili, Hedayatnasab, & Soleimani, 2014; 

Hedayatnasab, Eslami-Farsani, Khalili, & Soleimani, 2013; Khalili, Eslami-Farsani, 

Soleimani, & Hedayatnasab, 2014; Nath & Banerjee, 2013; Soleimani, Khalili, Farsani, 

& Hedayatnasab, 2012). MNPs have gained great popularity because of their capability 

to be functionalized at both cellular and molecular levels (Sun, Lee, & Zhang, 2008). 

MNPs are inorganic and zero-dimensional materials with metal-based configuration. 

These nanoparticles have gained increased importance because they can be easily 

manipulated using AMF and subsequently employed in various applications. MNPs 

exhibit intrinsic and unique properties, such as high Ms, biocompatibility, and less 

toxicity; in this regard, some breakthroughs have been conducted in various fields, such 

as industrial, environmental, analytical, and biomedical applications. In particular, MNPs 

have attracted attention for biomedical applications because these particles feature such 

as easy controllability, biological compatibility, physicochemical properties, and superior 

magnetic properties. 

Biomedical applications depend on the properties of MNPs; such properties, in turn, 

are affected by the type of applied MNPs, synthesis methods, interaction among particles, 
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particle size distribution, and particle size and shape. Biomedical applications of MNPs 

are generally classified into in-vitro (outside the body) and in-vivo (inside the body). In-

vitro applications are mainly used in diagnostic processes, such as separation/selection, 

magnetic relaxometry, and MRI. In-vivo applications include diagnostic processes, such 

as nuclear magnetic resonance imaging, as well as therapeutic applications (e.g., drug 

delivery and magnetic hyperthermia) (Reddy, Arias, Nicolas, & Couvreur, 2012). 

Hyperthermia is a therapeutic method for cancer treatment; the term “hyperthermia” 

is derived from two Greek words, “hyper” and “therme,” meaning “rise” and “heat,” 

respectively (Gas, 2011), because this condition is attributed to increasing body 

temperature. Busch (Busch, 1867) and Coley (Coley, 1891) observed that a sarcoma 

disappeared after a very high fever; this finding had been the reaction of immune systems 

toward a bacterial infection. Based on this study, cancer cells are considered vulnerable 

to high temperatures; the growth of these cells can be terminated at temperatures ranging 

from 42 to 47 °C for at least 20 to 60 minutes (min) (varies in the literature) (Chiriac et 

al., 2015; Moroz, Jones, & Gray, 2002). Although this technique has gained prospects 

and significant advances, it may also cause several discouragements and frustration 

because of undesirable effects, such as blister, burns, and pain, increased rapidly in 

healthy cells. Therefore, hyperthermia method is locally used, instead of exposing the 

whole body (WB) to high temperatures in order to overcome adverse side effects and 

increase the treatment efficiency. 

Hyperthermia method has not been very effective to cure serious cancers because of 

basic problems associated with local hyperthermia; such problems include heterogeneous 

temperature distribution in tumor mass and incapability to prevent overheating at the 

deep-seated tumor region. Therefore, a novel method must be developed to deal with 

these critical issues. In this regard, scientists have proposed a safe, easy, and effective 

treatment approach. The use of MNPs with high Ms indicates that heat is produced to 
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enhance the hyperthermia efficiency. Technically, MNPs can be injected locally or 

through the intravascular region within the vicinity of external AMF. This procedure leads 

to focus-generated heat on the affected cells, and the process is called MHT. In this 

technique, magnetic nanofluids are used as stable colloidal suspensions of nanoparticles 

in liquid media, such as water or hydrocarbon fluids (Thorat et al., 2013). 

MHT features have broadened new advancements in cancer treatment through several 

research and usage of varied MNPs with high magnetic properties in different media for 

in-vitro and in-vivo applications. Experimentally, cancer treatment through MHT was 

first performed in 1957 by Gilchrist et al. (Gilchrist et al., 1957); in this study, maghemite 

(γ-Fe2O3) nanoparticles, with 20 to 100 nm particle size, were heated by 1.2 MHz AMF 

at temperature ranging from 43 to 46 °C to cure carcinoma by destroying metastases in 

lymphatic nodes. The procedure has been well established for application of MNPs in 

hyperthermia therapy (HT) and has been used to treat various cancers over the past 50 

years. To date, MHT has been applied to clinical phase trials for prostatic and esophagus 

cancers ad brain and neck tumors as well as research on other types of cancer under 

clinical prophase and animal-based experiment stages (Pang, 2015). Therefore, MHT can 

be considered as a novel alternative therapy with few side effects compared with 

conventional therapies, such as surgery, chemotherapy, and radiotherapy (Hergt, Dutz, & 

Roder, 2008). 

The proper functionality of MNPs for MHT depends on their intrinsic magnetic 

properties [Curie temperature (Tc) and Ms] as well as biophysical properties [nontoxicity, 

colloidal stability, biocompatibility, and specific absorption rate (SAR)] under 

physiological pH conditions. The surface chemistry of MNPs and their stabilization, are 

important to achieve the above properties appropriately. Surface chemistry plays an 

essential role in stabilization of MNPs to prevent particle agglomeration through coating 

them with different materials, such as polymeric, non-polymeric, organic, and inorganic 
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surfactants (Reza  Eslami-Farsani, Hedayatnasab, Khalili, & Soleimani, 2012; 

Hedayatnasab et al., 2013). These considerations enhance compatibility and circulation 

of MNPs in blood as well as reduce toxicity and risk of blood capillary obstruction. 

Heat-generation in MHT is a main aspect that should be considered in synthesis 

procedure of MNPs. Indeed, MNPs with superior magnetic behaviour are necessitated to 

render remarkable heating power in killing cancer tumors; otherwise, they are disabled to 

generate sufficient heat. The generated heat by AMF and its quantity from AMF are 

measured through SAR, which is the amount of electromagnetic energy power absorbed 

per unit and mass. SAR is described as the ability to produce heat through magnetic 

connection between the magnetic field and the magnetic moments of nanoparticles. 

Indeed, SAR is ascribed to three heating mechanisms, namely, hysteresis loss, relaxation 

loss, and eddy currents. Different types of MNPs demonstrate varied heating mechanisms. 

The magnetic heat dissipations from such mechanisms are dependent on the intrinsic and 

extrinsic characteristics of MNPs; such characteristics include particle shape, particle 

size, and saturation temperature, as well as AMF parameters, such as frequency and 

strength (Obaidat, Issa, & Haik, 2015). 

Over the past decades, various review articles have been published to determine the 

different features of MNPs, particularly their synthesis methods, functionalization, and 

magnetic properties, for biomedical applications. Many synthesized MNPs with varied 

characteristics and magnetizations for in-vivo and in-vitro MHT have been studied. The 

current review presents a comprehensive classification of different types of MNPs and 

their magnetization states applied for MHT. An informative explanation is provided 

regarding the intrinsic and extrinsic properties of MNPs and their effects on hyperthermia 

application. Recent advancements on the HT procedure through the decades and its 

features are also discussed. The highlight of this literature review is the investigation on 

the efficacy of MNPs characterizations and AMF features attributed to the critical 
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parameters for MHT. Finally, some recommendations are given regarding to types and 

characterizations of MNPs and also the synthesis experimental conditions that endow 

MNPs a significant heating capability to enhance the MHT efficiency.  

 

2.2 Classification of MNPs for Hyperthermia Application 

Throughout the years, various MNPs with different properties and morphological 

metallic structures have been applied for MHT. These MNPs are mainly classified into 

two categories on the basis of their structure; magnetic alloy nanoparticles (MANPs) and 

magnetic metal oxide nanoparticles (MMONPs). This section explains the main 

characterization and synthesis of the above nanoparticles. The different types of MNPs 

discussed in this section are summarized in Table 2.1. 

 

2.2.1 Magnetic Alloy Nanoparticles 

Nanoscale metallic magnetic nanoparticles (MMNPs) have attracted increased 

research attention compared with their bulk counterparts due to monodispersity and 

narrow size distribution which can be achieved by post-synthesis grading (Edmundson, 

Capeness, & Horsfall, 2014). Iron (Fe), nickel (Ni), and cobalt (Co) are the most 

important MMNPs because of high magnetic properties (Lin, Sorensen, Klabunde, & 

Hajipanayis, 1999; Petit & Pileni, 1999). These nanoparticles demonstrate high ability to 

control and adjust their size, composition, and shape compared with MMONPs (L.-Y. Lu, 

Yu, Xu, & Jiang, 2013; McNamara & Tofail, 2015). A good example of soft MMNPs is 

Fe, which exhibits the highest Ms of about 218 (emu/g), but Fe3O4 presents an Ms of 93 

(emu/g) at 300 K (Gubin, 2009; Hilger & Kaiser, 2012; Zhang et al., 2006). However, 

these MMNPs suffer from poor chemical stability and biocompatibility, high reactivity 

to oxidation, and pyrophoricity at room temperature, leading to loss (partial or complete) 

of their magnetization which are unsuitable for hyperthermia application (Hergt, Dutz, 
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Müller, & Zeisberger, 2006). Therefore, a second or more MMNP, added to produce 

MANPs and enhance their resistance toward oxidation (Leteba & Lang, 2013; Mary et 

al., 2014; Silke et al., 2006) such as Ni-Cr (Akin, Obaidat, Issa, & Haik, 2009), Fe-Co-

Au (Kline, Xu, Jing, & Wang, 2009) and Fe–Cr–Nb–B (Astefanoaei, Stancu, & Chiriac, 

2017), while maintaining their magnetic properties. 

Wu et al. (Wu, Yang, & Yang, 2013) noted that carbon should be applied as the optimal 

protector to produce Fe-based alloy nanoparticles from environmental degradation to 

acquire chemical stability and biocompatibility. This technique can improve the electrical 

conductivity and mechanical performance of Fe-based alloy nanoparticles (El-Gendy et 

al., 2009). To attain these remarkable properties, scholars have applied various synthesis 

methods, including microemulsion coupled with chemical reduction, thermal 

decomposition in organic or aqueous solvents coupled with chemical reduction of metal 

ions, pyrolysis of metal-organic polymers as precursors for MANPs, plasma methods, 

laser ablation, and decomposition of precursors (Azzaza et al., 2006; Berenbaum et al., 

2003; Jakobi, Petersen, Menéndez-Manjón, Wagener, & Barcikowski, 2010; Kumar, 

2009; Robinson, Zacchini, Tung, Maenosono, & Thanh, 2009; Wen, Liu, Wang, Zhu, & 

Wu, 2008; T. Zhang, Thomas Gan, Lee, Ramanujan, & Rawat, 2006). Among a wide 

variety of MANPs, the ordered Fe-Co magnetic alloy has been largely applied because of 

its significant magnetic properties, such as high Ms 245, (emu/g) with negligible 

magneto-crystalline anisotropy (MCA) and Hc, high permeability, and high TC (Carta et 

al., 2007). These crucial magnetic properties make them a great candidate for high-density 

magnetic data storage, magnetic recording, drug delivery, and high-performance 

permanent magnet applications, but they are usually difficult to be produced at the 

nanoscale level and also present the superparamagnetic (SPM) properties (two main 

requirements of MHT) (Fukuda, Fujieda, ., Suzuki, & Jeyadevan, 2012; Nguyen et al., 

2008; TrinhThang, Shinya, & NguyênThiKim, 2012; White et al., 2003).  
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2.2.2 Magnetic Metal Oxide Nanoparticles 

MMONPs are oxides belonging to a wide family of smart and functional materials 

(Niederberger, 2007). These materials comprise two different structural oxidation states: 

mixed-valence cationic states and anionic deficiencies (vacancies); by altering these 

characteristics (either or both), the chemical, electrical, and magnetic properties of oxide 

materials can be tuned (Ali et al., 2014). These characteristics imply that oxides represent 

various classes of materials with different properties covering almost all material science 

aspects, including semi-conductivity, superconductivity, and magnetism (Z. R. Dai, Pan, 

& Wang, 2003). MMONPs are arranged in different metal groups with diverse structures 

and properties; these nanoparticles include metal oxides (e.g. iron oxides, nickel oxide 

and even lanthanum strontium manganite) and ferrites. Among oxides, iron oxides have 

been recognized as a prominent candidate for hyperthermia therapy due to possess varied 

features such as localized elimination of cancer cells via magnetically induced heating 

(Hilger & Kaiser, 2012). They are a combination of Fe and O2, generally comprising 16 

pure phases including oxides (Fe3O4, γ-Fe2O3, hematite and iron oxide beta phase), 

oxyhydroxides (feroxyhyte, akaganeite, goethite, and lepidocrocite), and hydroxides 

(iron(II) hydroxide and iron(III) hydroxide) (Cornell & Schwertmann, 2006; Wei, 

Zhaohui, Taekyung, Changzhong, & Woo-Sik, 2015). Ferrites are comprising iron oxides 

and at least one metal in their chemical combination with beneficial magnetic and 

dielectric properties. Ferrites are expressed by M(FexOy), where M represents any metal 

cation [such as manganese (Mn), magnesium, copper, aluminum, barium, Ni and Co, or 

even Fe itself], and the x and y values are variables (Cabanas & Poliakoff, 2001; Lan, 

Duong, & Hien, 2011). Given the diversity of ferrites, they are largely employed in 

various applications, such as sensors, MRI, biomedical imaging, catalysts, and 

electromagnetic and optical devices (Alcantara, Lopez, García-Martin, & Pozo, 2016; 

Beji et al., 2015; Fu et al., 2005; Jana, Chen, & Peng, 2004; Kim et al., 2011; J. Park et 
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al., 2005; Santra, Kaittanis, Grimm, & Perez, 2009; Sathe, Agrawal, & Nie, 2006; 

Sugimoto, 1999; Tailhades, Gillot, & Rousset, 1997). The realization of these purposes 

depends on the monodispersity of nanoparticles because the majority of MMONPs’ 

applications require that the size and shape of nanoparticles are uniformly oriented. As 

such, several methods have been applied to synthesize MMONPs; these methods include 

co-precipitation, hydrothermal, sol–gel, microemulsion, and mechanical ball milling 

processes (Chin & Yaacob, 2007; Herring et al., 2013; Maity & Agrawal, 2007; Y. Wu, 

Wang, Luo, & Dai, 2009).         

However, synthesized MMONPs have been partly unsuitable and have suffered some 

difficulties, such as aggregation, hydrolysis, condensation, and non-uniformity in shape 

and size for the above mentioned applications (Herring et al., 2013). In addition, magnetic 

hardening, coalescence, and grossing of MNPs are the consequences of high-temperature 

procedures (Niederberger, 2007). Therefore, MMONPs should be synthesized in non-

aqueous media or under N2 gas to avoid such difficulties (Herring et al., 2013; Jana et al., 

2004). Considering the biomedical application, Fe3O4, γ-Fe2O3, and spinel ferrites 

[general formula: MxFe3-xO4 (M=divalent metallic cations)] with high oxidative stability 

are extensively studied because of their biological compatibility and superior magnetic 

properties. However, Fe3O4 exhibits magnetic properties superior to those of other iron 

oxides; thus, Fe3O4 is a more suitable candidate for biomedical applications, particularly 

MHT, because of the presence of Fe2+ and Fe3+ cations in valence states of the inverse 

spinal structure (Ali et al., 2014; Beji et al., 2015; Cabanas & Poliakoff, 2001; Tailhades 

et al., 1997). 
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Table 2.1: Different types of MNPs 
MNPs 

Classification 
Examples Synthesis Methods Advantages  

and Disadvantages 
Applications Ref. 

 
 
 
 
 
 
 

MANPs 

Fe-Co 
Fi-Ni 
Fe-Pt 
Co-Pt 
Co-Ni 

 

-Thermal decomposition 
  coupled with chemical  
  reduction 
-Microemulsion coupled 
  with chemical reduction 
-Pyrolysis of metal-polymers 
-Reductive decomposition 
-Hydrogen plasma metal 
-Polyol 
-Vapor reduction 
-Electro-deposition 
-Machine-alloying 
-Laser ablation 
-Liquid phase reduction, 
-Chemical vapor deposition 
-Microwave combustion 
-Ion-beam  

-Large magnetic  
 anisotropy 
-Narrow size 
 distribution 
-High magnetic  
 moment 
-Chemical stability 
-Resistance against  
 oxidation 
-High saturation  
 magnetization  
-High coercivity 
-Difficult to control  
 composition size  
 and shape 

-Ultra high-density  
 magnetic recording  
 media 
-Magnetic storage 
-Magnetic   
 refrigeration system 
-Ferro-fluids 
-Biomedicine 
-High performance  
 permanent magnets 
-High density data  
 storage 
-Catalysts 
-Batteries 
 

(Azzaza et al., 2006; 
Berenbaum et al., 2003; 
Carta et al., 2007; 
Fukuda et al., 2012; 
Jakobi et al., 2010; 
Kumar, 2009; Leteba & 
Lang, 2013; Mary et al., 
2014; Nguyen et al., 
2008; Robinson et al., 
2009; Silke et al., 2006; 
TrinhThang et al., 2012; 
Wen et al., 2008; White 
et al., 2003; Wu et al., 
2013; Zhang et al., 
2006) 
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‘Table 2.1, continued’ 
MNPs 

Classification 
Examples Synthesis Methods Advantages  

and Disadvantages 
Applications Ref. 

 
 
 
 
 

MMONPs 

Fe3O4 
γFe2O3 

NiFe2O4 
MnFe2O4 
CoFe2O4 

NiO 
Co3O4 

-Gas phase methods 
 (thermal decomposition,    
  reduction hydrolysis, 
  disproportionation, 
  oxidation) 
-Liquid phase methods  
 (co-precipitation) 
-Two-phase methods 
  (Microemulsions,   
  Water-in-oil  
  microemulsions) 
-Sol-gel methods  
  (hydrolysis 
  and condensation) 
-High pressure  
  hydrothermal methods 
-Microwave 
 

-High saturation   
 magnetization 
-High magnetic  
 susceptibility 
-Low toxicity 
-Physicochemical 
-Colloidal stability 
-High magnetic  
 permeability 
-High electrical resistance 
-High oxidative stability 
-High-quality  
 monodisperse 
-Superparamagnetism 
-Light absorbing 
-Tend to aggregation 
-large surface-area-to- 
  volume ratio 

-Labeling cells, 
-Designing ceramic 
-MRI 
-Drug delivery 
-Gene therapy 
-Magnetic 
 hyperthermia 
-In-vitro diagnostics 
-Vaccine and  
 antibody production 
-Gas sensors 
-Catalysts 
-Electromagnetic  
  and optical devices 
-Magnetic data  
 storage 
-Biosensing 
-Batteries 

(Alcantara et al., 2016; 
Ali et al., 2014; Beji et 
al., 2015; Cabanas & 
Poliakoff, 2001; Chin 
& Yaacob, 2007; 
Cornell & 
Schwertmann, 2006; 
Z. R. Dai et al., 2003; 
Fu et al., 2005; 
Herring et al., 2013; 
Jana et al., 2004; Kim 
et al., 2011; Lan et al., 
2011; Maity & 
Agrawal, 2007; 
Niederberger, 2007; J. 
Park et al., 2005; 
Santra et al., 2009; 
Sathe et al., 2006; Y. 
Wu et al., 2009) 
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2.3 Magnetization in Hyperthermia Application 

2.3.1 Types of Magnetism 

Magnetism originates from the orbital and spin motions of electrons, and its strength 

is dependent on the intensity of the interaction among them. In some materials, the 

interactions of atomic magnetic moments are not collective, and the atomic moment 

interactions of the other materials are sufficiently strong, leading to a significant 

distinction among all the magnetic materials. Hence, these materials are mainly classified 

into five categories according to their feedback to AMF: diamagnetic (DM), paramagnetic 

(PM) and antiferromagnetic (week magnetic); ferromagnetic (FOM) and ferrimagnetic 

(FIM) (strong magnetic); though antiferromagnetic determined as a particular case of 

FIM, it has zero net magnetization and shows weakly magnetization in the both absence 

and presence of AMF (Kittel, 1976; Spaldin, 2010). In the presence of AMF, these 

materials exhibit little magnetization and also ignore to follow ordered alignment ascribed 

to DM and PM; by contrast, the other materials in the two main categories exhibit ordered 

magnetic moments below the critical temperature (Curie temperature; TC), even without 

applying AMF. They differ from their magnetic moment couplings, and their prefixes 

(ferri-, and ferro-) are truly indicating this matter (Morrish, 2001). This section 

concentrates on the features of FOM and FIM which are the magnetization states of MNPs 

applied in hyperthermia therapy, and their magnetic characteristics are listed in Table 2.2. 

 

2.3.1.1 Ferromagnetism 

It is regarded as an inherent property that makes some materials naturally magnetic. 

FOM materials are attracted to magnets in the presence of AMF, but this finding is not 

significant because the above property makes them capable of attracting other FOM 

materials. Fe, Ni, Co (transition metals), and their alloys are common FOM materials at 

room temperature or even above, and their atomic magnetic moments tend to orient 
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parallel to each other. Generally, FOM materials can be classified according to their Hc: 

soft (small Hc) and hard (large Hc) magnetic materials. This classification implies that 

the hard group presents a wider hysteresis loop in induced flux density-magnetic field 

curve (B–H); thus, more energy is required to for magnetization. In this state, the 

materials exhibit two distinct characteristics. The first one is net (spontaneous) 

magnetization attributed to the internal molecular field even after removal of AMF. The 

second one refers to temperature-dependent magnetic orders (Cregg, Murphy, & 

Mardinoglu, 2012). These characteristics indicate that FOM materials preserve their 

magnetic properties even after AMF removal. Actually, these characteristics are derived 

from the strong coupling and interactions among neighboring moments adequately close 

together. The strong interactions are generated through the electronic exchange forces, 

which are very large and named as a quantum mechanical phenomenon, given the relative 

alignment of the two electron spins. These exchange forces among the magnetic moments 

within the material can bring about to large net magnetizations even when AMF is 

removed. The positive moment energy indicates that FOM materials demonstrate a large 

positive susceptibility (1 to 105, depending on atomic structures, AMF, and temperature) 

and permeability (Sun et al., 2008). 

Below the TC, magnetic moments of FOM with long-range order are aligned in one 

direction, thereby reducing the exchange energy of the material. Above the TC, the FOM 

properties disappear, and the PM properties replace them consequently the magnetic 

moments become totally disordered. As such, the significant difference between the PM 

and FOM materials indicates that the magnetic moments of the latter will maintain their 

parallel orientation even after AMF removal. This finding implies that FOM materials still 

demonstrate spontaneous magnetization with symmetrical and aligned atoms in the same 

direction, making a permanent magnetic field. Moreover, in DM and PM cases, the 

combinations of electrons in their orbitals lead to cancel each other out. However, FOM 
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material cases vary because no tendency occurs in the electron fields of their atoms to be 

cancelled out; as a result, these cases display a long-range order. Such order causes the 

unpaired electron spins, which are aligned parallel in a region known as a domain 

(Raghunathan, Melikhov, Snyder, & Jiles, 2010). Therefore, these remarkable 

characteristics of FOM in nanometer scale with one domain (single-domain) can reach the 

desirable magnetism known as superparamagnetism (Frey, Peng, Cheng, & Sun, 2009; 

Thorat et al., 2016), which is determined as an essential requirement of MHT (further 

explained in detail). Peng et al. (Peng et al., 2016) also observed that graphene oxide can 

transform from ferromagnetism to superparamagnetism if the magnetic domain of the 

FOM graphene oxide decreased through the removal of the functional groups. Liu et al. 

(Liu et al., 2017) synthesized LSMnO nanoparticles with narrow size distribution and 

tight phase transition from FOM to SPM states. Therefore, FOM can be a promising 

nanoheating agent for MHT.  

 

2.3.1.2 Ferrimagnetism 

This magnetism state can be observed in compounds with more complex structures 

instead of pure elements. For example, oxides of Fe are combined with at least one 

transition metal such as Mn, Ni, or zinc to produce FIM materials, whose magnetic 

properties depend on the electron interactions and are related to the metal ions. 

Ferrimagnetism states, such as ferromagnetism, occur in materials when the magnetic 

moments align spontaneously below the TC to produce net magnetization. In the absence 

of a magnetic field, the FIM lattice is composed of two different sub-lattices with diverse 

strengths. The magnetic moments of these sub-lattices are oriented randomly with 

unequal magnitude and antiparallel alignments, implying that the magnetic moments in 

one direction are stronger than others in the opposite direction, leading to a net 

magnetization. Therefore, the magnetic behaviour of FIM similar to FOM involves net 
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magnetization, TC, and hysteresis, but such behaviour is varied in magnetic ordering. The 

FIM materials show FOM properties below TC, although they follow PM behaviour above 

TC (Sun et al., 2008). FIM as well as FOM display SPM behaviour above block 

temperature (TB) (Kolhatkar, Jamison, Litvinov, Willson, & Lee, 2013). This finding 

indicates that nanomaterials in this type of magnetism demonstrate capabilities of FOM 

to be used in MHT e.g. MgFe2O4 (Rashid, Humayun, & Manzoor, 2017), γ-Fe2O3 

(Sakellari et al., 2016), CoFe2O4 and MnFe2O4 (Cruz et al., 2017). 

 

2.3.1.3 Superparamagnetism 

A kind of magnetism occurring in very small particles (either FIM or FOM) if the size 

is around a few nanometers to a couple of tenth of nanometers is called 

superparamagnetism. For further explanation, the aligned spin orientations of large 

particles are arranged into domains; thus, these domain walls (multi-domain) are present 

over the bulk of the material and require relatively little field energy to move them. 

However, in smaller particles (below 20-30 nm), the number of domain walls per particle 

decreases to a wall (single-domain), where the superparamagnetism state is observed 

because of lack of boundaries and minimal energy statement. Nanoparticles in SPM state 

do make sense if the temperature is below the TC because their properties are crucially 

dependent on the net magnetic moment. As such, superparamagnetic nanoparticles 

(SPMNPs) are aligned in a preferred arrangement, thereby reaching magnetization faster 

than other states, whereas each atomic magnetic moment retains its ordered state leading 

to a non-hysteresis curve with zero Hc and Mr (Giustini et al., 2010). Unlike FOM 

nanoparticles, SPMNPs ignore to maintain any net magnetization when AMF is removed; 

this finding indicates that these materials show no magnetic memory and no magnetic 

hysteresis in the B–H curve. Moreover, SPMNPs commonly display two different 

magnetic structures: either a magnetic particle core (usually iron oxides) that can be 
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coated by organic materials (peptides, phospholipids, polysaccharides, fatty acids or other 

surfactants, and varied polymers), as well as inorganic materials (gold, carbon, and silica), 

or SPMNPs precipitated inside the pores of a porous biocompatible polymer (Mahmoudi, 

Sant, Wang, Laurent, & Sen, 2011). Therefore, biocompatible SPMNPs are regarded as 

the optimal candidate to be employed in MHT, as compared with other nanoparticles in 

different magnetism states. 
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Table 2.2: Different types of magnetic behaviour 
Magnetism 

Types 
Examples Net 

Magnetization 
Susceptibility Permeability Magnetic Moment 

Alignment 
Magnetic 

Behaviour 
Ref. 

Diamagnetism Ag, Cu 0 Small and 
Negative 
-1< χ <0 

 
 

μ <1 
 

 
 

 

 

 

 

(Pauli, 1967; 
Simon & 
Geim, 2000) 

 

Paramagnetism Mg, Cesium 0 Small and 
Positive 

         0< χ <ε 

 
 

μ >1 
 

 

 

 

 

 
 

(Getzlaff, 
2008; 
Williams, 
1926) 

 

Ferromagnetism Fe  Large and 
Positive 

χ>>1 

 
 

          μ >>1 
 

 

 
 

 

 
 

(Cregg et al., 
2012) 
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‘Table 2.2, continued’ 
Magnetism 

Types 
Examples Net 

Magnetization 
Susceptibility Permeability Magnetic Moment 

Alignment 
Magnetic 

Behaviour 
Ref. 

Ferrimagnetism Fe3O4,  
BaFe12O19 

 Large and  
Positive 

χ>>1 

 
 

μ >>1 
 

 

 

 

 

(Sun et al., 
2008) 

Anti-
ferromagnetism 

Chromium 0 Small and  
Positive 
0< χ <ε 

 

μ >1 
 

 

 
 

 

 

(Julien, Ait-
Salah, 
Mauger, & 
Gendron, 
2006) 
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2.3.2 Magnetic Properties 

The magnetic properties of nanoparticles can be generally classified into intrinsic and 

extrinsic. Intrinsic properties are those derived from the interactions on an atomic length 

scale and are mainly determined by chemical composition and crystal structure. These 

properties include Ms per unit volume, MCA constant per unit volume (K), and TC, which 

are all independent of grain size, shape, and microstructure. Extrinsic properties are those 

that are not as essential as the intrinsic properties and are derived from long-range 

interactions. These properties include Hc and Mr, which are dependent on the 

microstructural factors, intermetallic phases, and orientation in a composite (Edelstein & 

Cammaratra, 1998; Fersi, Mliki, Cabié, & Bessais, 2014; Q. M. Lu et al., 2015). This 

section presents a detailed explanation of the intrinsic and extrinsic magnetic properties 

of nanoparticles. 

 

2.3.2.1 Intrinsic magnetic properties 

Saturation magnetization: Ms is described as the maximum magnetization quantity 

(induced magnetic moment) of FOM and FIM materials which can be obtained at 

temperature below TC when exposed to a sufficiently large AMF. Thus, the magnitude of 

Ms is considered as a function of temperature, Ms(T). As such, by increasing the AMF 

magnitude, no further increase occurs in the magnetization leveled off. Additionally, the 

crystalline size of MNPs affects the Ms reduction, as initially reported by Berkowitz et 

al. in the late 60s (Berkowitz, Schuele, & Flanders, 1968). Notably, when the particle size 

of MNPs reduced below the transition point (from multi-domain to single-domain), they 

actually become appropriate for biomedical applications like MHT. In such magnetic 

state, the magnitude of Ms decreases due to the increment of the spin disorder effect on 

the MNPs surface. Thus, the magnitude of Ms is directly proportional to the size of MNPs. 

The different ways to determine magnetization at room temperature are classified as force 
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methods (such as Gouy and Faraday balances) and inductive methods (such as extraction 

magnetometry, alternating current susceptometry, vibrating-sample magnetometry; 

VSM, and superconducting quantum interference device; SQUID). Among these 

methods, VSM and SQUID are regarded as the optimum and most sensitive methods to 

measure Ms (in this research, VSM was just used to measure Ms), considering that high 

magnetic field can be applied to reach high magnetization; thus, the measurement is not 

affected by demagnetization effects. Moreover, these methods can perform magnetization 

measurement from low to high temperature (<2 K to 1000 K) and at the strength of 

magnetic field beyond 7 Tesla (H. Xu et al., 2013). From the magnetization-magnetic 

field curve (M-H), the Ms is measured, in which the hysteresis loop typically takes a 

minimum of 1 hour (h) for completion. Interestingly, Ms is a substantial factor in MHT 

because of two reasons; the first one, MNPs with high Ms resulted in high SAR value, 

indicating that MNPs present a great heating power to resist and destroy cancer cells. 

Secondly, high Ms makes the MNPs movements much more controllable in blood stream 

using AMF to remain them around tumor cells. As a result, choosing MNPs with high Ms 

considered as one the extremely influential factor in MHT to dissipate great thermal 

energy in targeted area. Besides, MNPs in superparamagnetism state is preferable that 

will be discussed in further section.  

 

Curie temperature: TC which is derived from the Curie effect (Baaziz, Tozri, Dhahri, 

& Hlil, 2016), is the temperature at which certain magnetic materials withstand a great 

change in their magnetic properties, leading to lose the intrinsic magnetization and replace 

with induced magnetism. This phenomenon is known as the Curie point, at which a 

transition occurs from magnetic to non-magnetic state (second-order phase transition). In 

this point, heating of targeted area will be discontinued if AMF is removed; whereas, they 

will be remained at Tc until AMF is maintained. TC plays an inevitable role in MHT to 
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control temperature within the secure hyperthermia range (42 to 47 °C) throughout the 

entire therapy. Since cancer cells can be destroyed within this range while healthy cells 

are unaffected, but above 47 °C they may be damaged and subsequently necrosis occurs. 

Hence, applying MNPs with Tc between 42 to 47 °C crucially consider for self-controlled 

MHT because measuring the temperature of cells during the therapy is difficult 

particularly for deep-seated tumors. Self-controlled MHT requires some contrivances to 

remain Tc of MNPs in the secure range such as reduction in MNPs size and modification 

of MNPs. The former not only makes them SPM but also gives rise to the decrease in 

their Tc. In the latter case, combination of MNPs with nonmagnetic materials e.g. zinc 

and copper or even magnetic ions e.g. chrome resulted in reducing of Tc because the 

exchange interactions among the magnetic ions in the MNPs decreased (Apostolova & 

Wesselinowa, 2009). Some studies exhibited that the Tc of MNPs could control properly 

between 42 to 47°C for instance copper-nickel MNPs  (Chatterjee, Bettge, Haik, & Jen 

Chen, 2005), manganese ferrite with zinc and zinc ferrite with gadolinium (Apostolov, 

Apostolova, & Wesselinowa, 2011). Therefore, the optimal strategy in performing a 

successful MHT is selecting MNPs with certain TC to avoid probable drawbacks. 

Unfortunately, the measurements of Tc and TB could not be investigated due to restricted 

availability to SQUID.  

 

Magnetocrystalline anisotropy: magnetic crystals consist of diverse directions of 

atoms, which are not equivalent with the direction of their magnetization, indicating the 

difference between the directions of magnetization and the applied AMF. This 

dissimilarity is known as magnetic anisotropy, which exerts a strong effect on hysteresis 

loop shapes and then controls Hc and Mr. MCA for the soft material differs from the hard 

materials. Soft FOM materials like iron can be demagnetized at low magnitude of AMF 

implying, they require low coercive energy for demagnetization. Thus, their coercivities 
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as well as MCAs are lower as compared to their counterparts, hard FOM materials. The 

low Hc and MCA values of soft materials indicate that they have extremely narrow 

hysteresis loops (very small Mr values) which make them appropriate candidates for 

MHT. As discussed earlier, there are varied parameters which affect the MHT efficiency 

such as size and shape of MNPs, the strength of AMF and also MCA through the 

enhancing of the SAR value. MCA has gained more attention as compared to the others 

due of the limitation of the MNPs quantity and also the AMF magnitude. Such that, when 

SPMNPs exposed to AMF, they become magnetized uniformly along with one of their 

easy axes; thereby, high MCA energy is required to divert the magnetic moment from 

easy to hard direction in a single crystal, which originated from the magnetic moment 

interaction. (Evans et al., 2014; Mody, Singh, & Wesley, 2013; Ye et al., 2013). Notably, 

MCA is one of the parameters that heat dissipation of MNPs are dependent on; hence, by 

tuning it, the efficiency of MHT can be increased. Lee et al. succeeded to synthesize the 

core-sell MNPs with the optimal range of MCA. CoFe2O4 and MnFe2O4 were hard and 

soft cores of MNPS respectively. MCA tuned through interaction of interfacial coupling 

exchange between the magnetic phases of core and shell, resulted in remarkable 

improvement in SAR in comparison with the conventional iron oxide (Lee et al., 2011). 

However, the investigation of MCA for the iron oxide samples was not the objective of 

this research study. 

 

2.3.2.2 Extrinsic magnetic properties 

Coercivity: A magnetized FOM material cannot return to zero magnetization in the 

same direction of its magnetization after AMF removal. Therefore, a field force is 

required in the opposite direction to return the material to zero magnetization, in which 

the flux density decreased to zero value, that is, coercivity. This process leads to create a 

loop known as hysteresis. Hard magnetic materials indicate large Hc (wide hysteresis 
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loop) in the B–H curve, which require more field force to become demagnetized. Soft 

magnetic materials show small coercive fields in the range of ~100 Oe; thus, less field 

force is acquired to reach zero magnetization (Coey, 2011). Hard FOM nanoparticles with 

high exchange MCA energy exhibit large Hc that affect the heating efficiency 

remarkably, indicating high Hc value is in correlation with high SAR value. Applying 

FOM with high Hc in MHT contributes to make some difficulties for patients because of 

that SPMNPs with relatively zero Hc are required to prevent the magnetic memory. 

Meanwhile, other parameters such as size and shape of MNPs and composition can 

influence positively on enhancing the heating efficiency of MNPs for MHT. Due to the 

dependency of coercive field on chemical composition of MNPs, by doping them with 

ions e.g. Ni–Cu, Fe–Pt doped ferrites, Hc and Tc can be decreased while Ms and SAR 

increased. Apostolova and Wesselinowa (Apostolova & Wesselinowa, 2009) reported 

that through the substitution of ferrites with nonmagnetic (Cu, Zn), magnetic ions (Gd), 

or transition metals (Pt, Pd, Cr), the exchange interaction between magnetic ions in the 

MNPs can be weakened. This modification led to lower Hc while Ms increased with 

increasing of ion-substitution content. Furthermore, they realized that Hc in spherical 

MNPs was smaller in comparison with cylindrical ones due to a coherent rotation of the 

magnetization.  

 

Remanent magnetization: Mr or residual magnetization is a kind of magnetization left 

behind the FOM and also FIM when the AMF is removed (Yazid, Olsen, & Atkinson, 

2016). However, SPMNPs possess large magnetic moments and behaves as PM 

nanoparticles with instance feedback to become demagnetized with negligible Hc and Mr. 

This property of FOM creates the magnetic memory and makes them unsuitable 

candidates for MHT. Taken in to account that Hc and Mr as the two problematic magnetic 

properties in MHT which must be avoided by selecting proper SPMNPs with extremely 
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low value of them because the existence of magnetic memory after AMF removal creates 

incurable troubles for patients. Notably, synthesized SPMNPs with core-sell structure not 

only augments the biocompatibility but also assists to demagnetize with zero Hc and Mr, 

while possessing High Ms (Nguyen & Kim, 2016). 

 

2.4 Hyperthermia Therapy 

Hyperthermia is commonly defined as the elevation of abnormal body temperature 

artificially made by external medical devices; hence, it is completely varied from fever 

and heatstroke, which can be controlled by the body’s temperature set point. Hippocrates 

of Kos (460 BC to 370 BC), known as the father of western medicine, has made an 

advisedly influential comment on hyperthermia as follows: “whenever medicines are not 

a cure, iron (knife) heals; whenever, knife is not a cure, fire (heat) heals. But if heat could 

not cure, it is an inevitable cureless”. (Quae medicamenta non sanat; ferrum sanat. Quae 

ferrum non sanat; ignis sanat. Quae vero ignis non sanat; insanabilia reportari oportet). 

According to his aphorism, he declared that the ultimate way to cure diseases is by 

increasing the body temperature of the patients (Streffer & Van Beuningen, 1987). HT is 

typically used to relieve cysts, inflammation and arthritis pain by increasing the blood 

flow to provide nutrition to the affected tissues and reduce muscle spasms. Moreover, HT 

is applied to treat cancer tumors because they are significantly vulnerable to high 

temperatures as compared to healthy cells. The sensitivity of cancer cells toward high 

temperature or heat is derived from insufficient O2 in their own cells because of poor 

blood flow in the affected region. Notably, healthy cells can organize blood flow 

systematically and dissipate additional heat in their surrounding vascular network via 

conduction and convection phenomenon; however, cancer cells demonstrate less 

capability to promote a vascular network; as a result, blood flow decreases and becomes 

overheated (above 42 °C). As such, the viability of tumor cells will considerably decrease 
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in the TH range, whereas healthy cells are hardly affected (Jordan, Scholz, Wust, Fähling, 

& Roland, 1999). A wide range of HT methods can be arranged into three groups as 

follows: (I) WB hyperthermia, (II) hyperthermia by wireless applicators (WA), and (III) 

hyperthermia by heating source insertion (HIS) (Moroz, Jones, et al., 2002). As shown in 

Table 2.3, although each technique presents individual benefits and applications (for 

instance, the WB technique is appropriate for patients whose whole bodies are affected 

by cancer), HT through WA is much more effective than the two other methods due to 

concentrating on the affected regions with less damage to healthy cells and avoiding some 

inconvenience to patients e.g. producing eddy currents. However, WA hyperthermia 

efficiency was insufficient thus, a novel method is desired to be effective as magnetic-

mediated hyperthermia therapy (MMHT), in which either magnetic particles or seeds are 

localized to the affected region under an external AMF. 
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Table 2.3: Comparison of three different HT techniques 
Methods Description Devices Remarks Ref. 

WB *The primary  
  hyperthermia method. 
*It is normally used to 
  treat metastatic cancer  
  (such cancer that 
   involved many parts).  
*Cover the patient body  
  except the head with  
  one of the instruments. 

-Thermal chambers 
-Hot water blankets  
-A bath of heated  
 water 
-Wax  

-The simplicity of this method is usually recommended for such patients who are  
  at a high risk of relapse after surgeries of removing a tumor. 
-Superficial overheating may be caused by heterogeneous of heat distribution in 
  the tissue.  
-Surface burning leads to thermal lesions and discomfort but a computerized 
  perfusion method recently applied to solve it.  
-Nevertheless, a sustainable high temperature in the body may influence 
 negatively on the healthy cells like cardiac disorders and changes in intravascular  
 coagulation system, reduction in volume blood plasma volume and capillary leak 
 syndrome. 

(Mallory, 
Gogineni, 
Jones, Greer, 
& Simone Ii, 
2016; Wust et 
al., 2002) 

HIS *Heating sources inserted  
  inside or around the  
  affected area through  
  surgery making 
  complication and  
  discomfort for the   
  patients during and  
  after therapy.  
*It is therefore called  
   invasive method. 

Microwave heating -It is promoted to reduce the heterogeneity of microwave heat distribution in cells 
 by producing heat from electromagnetic waves of inserted devices. 

(Carrafiello et 
al., 2008; B.-
H. Park, Koo, 
Kim, & Kim, 
2002) 

Radiofrequency 
(RF) heating 

-The obvious drawback is that the currents from RF cause a charging effect  
  which leads to an insulator perimeter the electrode formed. This insulation  
  interferes with the emission of waves and also local burning reported. 

FOM seeds -FOM seeds (thermo-seeds) produce eddy currents resulted in interstitial  
 hyperthermia. Then without electrical connection between seeds and power  
 device, the heat is transferred to the affected cells. 
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‘Table 2.3, continued’ 
Methods Description Devices Remarks Ref. 

WA *It is a non-invasive  
  method. 
*The method is  
   Performed either  
   locally or regionally. 
*The applicators send  
  waves to the targeted  
  area (tumor), then the  
  wave energy    
  transformed into  
  the head. 

High Intensity 
Focused Ultrasound 
(HIFU) 

-Although HIFU produces enough heat to destroy affected areas, it is 
  unsuitable for areas near bones and lugs since the reflection of sound waves 
  and non-uniform heat distribution cause hot spots. 

(Carrafiello et 
al., 2008; 
Cheung, 1982; 
Stauffer, 
2005) 

Electromagnetic 
applicators: 
a. RF 
b. Microwave 

a. Capacitive plates and inductive coils are two varied approaches for RF. 
-When the affected region placed between two charged plates, the fat around  
  that area is heated superficially.  
-In the deeper area, homogeneity and uniformity of heat distribution reduces  
  rapidly. 
-Eddy currents are created by induction coils leading to non-uniform 
  temperature distribution. 

b. High frequency of microwave energy makes the molecular motion to move 
    fast leading to local elevated temperature of targeted area.  
-Microwave has more efficient temperature distribution than RF due to better  
  convection.  
-HT through microwave considered as the best method for superficial tumors  
 but it is unable to penetrate and influence on the deep tumors. This matter may 
 cause uneven heat distribution and power absorption around the deep-seated  
 tumors. 
-Although rotating spiral and multi loop antennas are used to address this issue,  
 in such techniques, lack of temperature homogeneity around the deep-seated 
 tumors are still existed. 
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2.4.1 Magnetic-Mediated Hyperthermia Therapy 

MMHT modalities can be performed using four different strategies: I) arterial 

embolization hyperthermia (AEH), II) direct injection hyperthermia (DIH), III) 

intracellular hyperthermia (IH), and VI) interstitial implant hyperthermia (IIH) (Moroz, 

Jones, et al., 2002), as presented in Table 2.4. Based on the mediator’s scales, they are 

arranged into three scaled groups: MNPs, micrometer-scaled agents (typically used for 

AEH purpose), and millimeter-scaled agents (thermo-seed, metallic stents). According to 

Table 2.4, the intracellular technique based on intravenous injection of MNPs for 

destroying cancer cells would be the ideal technique to heat and burn cancer cells 

selectively even in metastatic cases. A controversial issue about the superiority between 

intracellular and extracellular is still existed. The main difference of extracellular 

hyperthermia is the sources such as microwave and water bath applied externally to heat 

up cancer cells. Whereas, in the counterpart, MNPs are localized inside the cancer cells 

exposed to an external AMF. In extracellular hyperthermia, the heating from the external 

sources is inadequate to destroy cancer; hence, additional heat is required to reach the TH. 

By contrast, the counterpart provides a safe and effective approach through inserting 

MNPs within affected cells if both chemical effects (cytotoxicity) and mechanical damage 

are ignored (MNPs rotation). However, clinical applications of IH remain unfeasible 

because researchers have presented different ideas about the superiority of both 

techniques during the decades. Gordon et al. (Gordon, Hines, & Gordon, 1979) 

hypothesized that the destructive effect of IH is much more than the counterpart; however, 

Rabin (Rabin, 2002) rejected theoretically this hypothesis in terms of thermal sense. He 

reported that negligible thermal influences are ignored; thus, no logical reasons are 

available to accept such hypothesis. Overall, IH technique is the optimal strategy to 

overcome unavoidable problems and appropriately target cells with homogenous heat 

distribution (nanomediator) (Blanco-Andujar et al., 2016; Espinosa et al., 2016). 
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Table 2.4: Comparison of four main strategies of MHT 
Strategy Origin 

of Heat 
Administration 

of magnetic 
agent 

Type of agent Advantage and disadvantage Ref. 

AEH Intravascular Arterially 
embolizing the 
blood vessels of 
the tumors with 
FOM particles 

Therapeutic 
agent: micro- 
or 
nanoparticles 
(Mono- or 
multi-domain) 

-Treatment of local cancers with high temperature, particularly liver  
 cancer. 
-Capability to determine the thermal dose in cancer cells. 
-Due to the concentration gradient of agents within cancer cells and  
 their surroundings, distribution of temperature is effective. 
-This therapy not only can postpone the growth of the tumor but also  
 can inhibit angiogenesis.  
-It has an adequate ability to interrupt supply to tumor also heat the  
 affected cells locally through hyperthermia upon AMF. 
-Healthy cells are in the danger of embolization and consequently 
 necrosis of them.  
-It is not practicable for the cases that the tumor is either out of the  
 liver or without a fine supply. 
- Temperature Distribution is inhomogeneous within the liver tumor. 
-The consequence of this therapy can be dire with low hepatic reserve 
  for patients if the affected cells are close to major blood vessels. 

(Moroz, 
Pardoe, et 
al., 2002; 
Xu et al., 
2007) 
 

DIH Extracellular Injection the 
suspension into 
the tumor cells 
directly 

Micro- or 
nano- FOM 
particles 
(Mono- or 
multi-domain) 
 

-Due to the independency on an arterial pathway, it can be used in 
various tumor types and risk of arterial catheterization prevented. 
-It can perform percutaneously with radiological guidance or be 
 combined with other traditional therapies.  
-Heterogeneous distribution and poor conservation of magnetic 
 particles within the tumor cells.  
-It is required to repeat the injection of suspension for the tumor with  
 either large size or irregular shapes. 
-Tumor visualization accurately and access adequately are required. 
-There is a potential risk of implantation of needle track or spread of  
  tumor cells. 

(Moroz, 
Jones, et 
al., 2002; 
Smolkova 
et al., 
2015) 
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   ‘Table 2.4, continued’ 
Strategy Origin 

of Heat 
Administration of 

magnetic agent 
Type of 
agent 

Advantage and disadvantage Ref. 

IH Intracellular Arterial 
embolization, 
injection directly or 
intravenous 
injection 

Nanoparticle 
(Mono-or 
sub-domain) 
 
 

-Ability to treat metastases and scattered tumor cells. 
-Sub-domain particles (i.e. magnetic fluids) which are used in this  
 therapy require moderate and lower magnetic field leading to be  
 safe. 
-Depending on the delivery pathway, it has all benefits and limitation 
 of both AEH and DIH therapies. 
-This has adequate potential to focus on the affected cells by the type  
  of particles; hence, its efficiency can be improved.  

(Moroz, 
Jones, et 
al., 2002) 

IIH Interstitial Directly implanting 
of FOM seeds  
 

Thermo-seed 
or stent 

-This technique can be used with other traditional modalities to 
  improve its efficiency. 
-Nearly all of the healthy cells are in reserve since the thermo-seeds  
 implanted into the tumor cells. 
-Due to applying thermally self-controlled FOM seeds, cell burning is  
 prevented; hence, the safety level improved. 
-Applying biocompatible thermo-seeds in the affected region makes  
 to repeat the treatment. 
- This treatment time reduced due to fast-initial heat of such seeds. 
-High blood flow of tumors or their surrounding may decrease the 
  temperature of affected sites. 
-The alignment of the FOM seeds in the direction of magnetic field is 
  vital that in some cases are impossible. 
-The movement of seeds makes corrosion and other problems but if 
  choose the suitable seeds, the drawbacks avoided. 
-This therapy is not suitable for tumors with irregular shapes or  
  inaccessible sites. 
-The difficulty of implantation procedure as well as the risk of 
  infection is probably existed. 

(Smolkov
a et al., 
2015) 
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2.4.2 Magnetic Hyperthermia Therapy 

This technique is derived from MMHT that applies nanoparticles as magnetic 

mediators to perform the secure cancer treatment with high efficiency which is known as 

MHT. In this treatment, nanoscale mediators are injected locally within the affected area 

in the form of colloidal suspension of SPMNPs under AMF exposure. Thereby, direct 

destruction of local cancer cells occurs through the heat generated of SPMNPs exposed 

to AMF without interference to the nearby healthy cells. The superiority of MHT implies 

that it can boost the local temperature of the affected region through the attachment of 

MNPs to cancer cells while stimulating the body’s active immunity. Moreover, the 

enhanced homogeneous temperature of MNPs gives rise to increase the MHT efficiency. 

In addition, MNPs can be administered to achieve relatively low TC, leading to self-

controlled and subsequently avoid overheating within the affected cells (A. B. Salunkhe, 

Khot, & Pawar, 2014).  

In general, magnetic particles produce heat via four different heating loss mechanisms 

under AMF exposure: I) eddy currents (in magnetic particles with size of >1 μm), II) 

hysteresis losses (in multi-domain magnetic particles with size of >1 μm), III) relaxation 

losses (in single-domain SPMNPs), and VI) frictional losses (in viscous suspension) 

(Goswami, Dey, Bandyopadhyay, Sarkar, & Ahir, 2016). According to Joule loss, AMF 

induces eddy currents because their existence depends on how materials are resistant 

towards the current heating. Majority of magnetic particles indicate higher electrical 

resistivity, resulted in induction of very low eddy current loss. Additionally, the eddy 

current loss is mostly shown in bulk (multi-domain) magnetic particles thus, such heating 

loss in small magnetic particles (nanosized particles) is negligible compared with other 

heating losses (Khot, Salunkhe, Thorat, Ningthoujam, & Pawar, 2013). Consequently, the 

prevailing heating loss mechanism in multi-domain state is hysteresis loss (below the TC) 

attributed to FOM particles (above the critical size range, >20-30 nm) (Hergt et al., 2006). 
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However, as the particle size reduced (<20-30 nm), the thermal energy barrier for the 

magnetization reflux are also reduced, leading to the magnetic transition from multi-

domain to single-domain then another heating mechanism occurs known as SPM 

mechanism or relaxation loss mechanism, which falls into two modes. Following the 

AMF removal, the magnetic moments can relax either by the motion of the internal 

magnetic moment spins (Néel relaxation) or by the rotation of individual nanoparticles 

rotating around their own axes (Brownian relaxation) (Prasad et al., 2013). As such, 

SPMNPs with Néel and Brownian heating loss mechanisms are the most feasible 

candidates for MHT; these particles can control nanoscale dimensions and exhibit 

superior magnetic properties with incapability to maintain any magnetization in the 

absence of AMF (Amarjargal, Tijing, Park, Im, & Kim, 2013). The theoretical 

investigations in the kinetics and thermodynamic of SPMNPs are required to understand 

the various heating mechanisms that could contribute though detailed discussions are 

beyond the scope of this thesis. 

Experimentally, nano-ferrofluids can be placed in a micro-centrifuge tube in the center 

of a circular coil (with certain diameter), which is exposed to AMF. Temperature changes 

over time (dT/dt) are measured throughout the process by a thermocouple connected to a 

data processing system to record the temperature (TH) (Chiriac et al., 2015; Hilger et al., 

2002). As clearly shown in Figure 2.1, after passing a certain time, the temperature 

becomes leveled off; this finding indicates that with increasing time, no changes occur in 

the temperature. The desirable case is to achieve saturation temperature between 42 - 47 

°C because MNPs within this range are prone to kill cancer cells. As temperature exceeds 

this secure range, overheating may occur and cause some disorders in healthy cells. 

Therefore, SPMNPs with certain TC are essential in MHT to control TH and avoid painful 

problems, although some factors affect TC and subsequently TH. The second important 

parameter in MHT is SAR, which actually implies the power of MNPs to destroy cancer 
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cells under AMF exposure. The high SAR value, the more cancer cells are killed. Indeed, 

the SAR value is affected by different factors such as Ms, particle size and shape of 

MNPs, TH, frequency, and intensity of AMF. The applicability determination of MNPs 

with adequate SAR for in-vivo application is dependent on their evaluation in the in-vitro 

studies. In the latter study, the optimization of AMF parameters and MNPs characteristics 

are required due to if the results are reasonable, the samples with sufficient heating 

capabilities within physiological tolerable range can be applied for the in-vivo trials. 

Meanwhile, the latest and important theoretical and experimental studies have examined 

the effects of MNPs’ characteristics, as well as AMF’ features on MHT reviewed and 

then summarized in Table 2.5. 

 

 

Figure 2.1: Schematic of experimental setup for induction heating test 

 

2.4.2.1 Effect of coating on hyperthermia efficiency 

Bare SPMNPs not only are incapable to maintain stability in a colloidal suspension 

but also make some difficulties during synthesis procedure and subsequently during MHT 

due to their hydrophobicity and large surface-area-to-volume ratio. These difficulties 

include the following: 
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a) Surface sensitivity to air and moisture. 

b) Self-agglomeration and creation of clusters (dipole–dipole attractions), which 

cause behaviour similar to that of FOM particles (Hc and Mr appeared); 

consequently, the particle size is increased. 

Besides the two main problems mentioned above, which must be solved before 

applying in MHT, SPMNPs with biocompatibility, biodegradability, stability (in a 

aqueous medium at neutral pH), and nontoxicity are essentially required. Hence, the 

surface chemistry of SPMNPs plays a critical role which can be acquired by improving 

the steric and electrostatic repulsive forces to hinder agglomeration formation (through 

passivate SPMNPs’ surface), subsequently prevent oxidation (Figure 2.2). On the basis 

of the reasons mentioned below, coating is considered as one of the most remarkable 

requirements to perform successful MHT. 

 

a) Preservation the physiochemical properties of SPMNPs. 

b) Existence biocompatible and nontoxic shield around SPMNPs because their surface is 

directly in contact with blood and tissues. 

c) Creation of hydrophilic molecules on the surface to improve the dispersity of SPMNPs 

(prevent agglomeration then control the particle size and reduce the risk of blood 

capillary obstruction) and enhance blood circulation (deliver SPMNPs to targeted 

area). 

d) Reduction the sensitivity of the SPMNPs surface toward air and moisture and making 

more appropriate surface for further functionalization and absorption of proteins. 

e) Prevention the opsonization of SPMNPs (acting like bacteria) by RES causes their fast 

clearance from the blood stream before reaching the targeted area (Gupta & Gupta, 

2005; Laurent, Dutz, Häfeli, & Mahmoudi, 2011; A. B. Salunkhe et al., 2014). 
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Figure 2.2: TEM images of (a) uncoated CoFe2O4 and (b) coated CoFe2O4 (Ashwini 
B. Salunkhe, Khot, Ruso, & Patil, 2016) 

 

Coating the SPMNPs surface can also significantly influence the magnetic properties 

and may thus form a new material with enhanced properties (combination of both 

particles and coating layer). The large difference between coated and uncoated SPMNPs 

is the Ms value. In the latter case, given the large surface-area-to-volume ratio, the 

attractive force among SPMNPs increases and become aggregated; thereby, facilitating 

the temperature (TB) and then reducing their magnetization. The TB of the former is 

moved to the lower temperature, leading to boost the magnetization and subsequently the 

SAR value (Gupta & Gupta, 2005). Clearly, coated SPMNPs (with high SAR) is 

demonstrated stronger power to kill cancer cells with less treatment time in human body 

and lower concentration (dosage).  

A wide variety of materials have been applied as SPMNPs coating for hyperthermia 

applications, which can be categorized into two main groups, namely, organic and 

inorganic (Figure 2.3). For instance, the organic group divided in three subcategories, 

surfactants, polymers, and biological molecules, and the inorganic group consists of three 

types of materials; metals/non-metals, metal oxides/sulfides, and silica. The organic 

compounds are used to functionalize SPMNPs by employing functional reactive groups, 
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such as hydroxyl, aldehyde, amino, and carboxyl groups for further interactions in order 

to enhance the properties. These types of coatings are capable of keeping the magnetic 

properties of such particles simultaneously while maintaining the properties of organic 

materials, leading to three main supposed structures, core shell (different core shapes such 

as spherical, hexagonal, multiple, and movable within the hollow shell) (Ghosh 

Chaudhuri & Paria, 2012), matrix (mosaic, shell-core), and shellx-core-shelly 

(Chomoucka et al., 2010). Figure 2.4 illustrates the various types of coated-MNP 

structures in two different dimensions. The core-shell structure has attracted more 

attention by preserving the physical and chemical properties of the core and furnishing 

SPMNPs surface for functionalization. In some cases, the core-shell has been used for 

being cost effective (Zhang, Lee, Joo, Zaera, & Yin, 2013). Inorganic coating renders the 

SPMNPs’ surface to bind biological ligands while maintaining the stability of particles to 

make SPMNPs target-specific (A. B. Salunkhe et al., 2014). In addition, such stabilizers 

may own distinct properties like high electron density, photoluminescence, and strong 

optical absorption to enhance the semiconductor efficiency (Wei et al., 2015). Inorganic 

stabilizers coat MNPs through five types of structures, including core-shell, mosaic, shell-

core, shellx-core-shelly, and dumbbell. However, among various organic coatings, 

surfactants and polymers endow the SPIONs remarkable features. 

 

Surfactant: The utilization of surfactants as a type of surface modification is desired 

to provide them with a higher colloidal stability. However, addition of surfactants to 

nanoparticles dispersions may induce agglomeration of fine particles through charge 

neutralization, bridging and formation of surfactant-particle surface or via a combination 

of these mechanisms. Hence, a highly efficient surfactant with appropriate adsorption is 

required to make surface saturation. Consequently, surfactant can prevent nanoparticles  
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from bridging and destabilization by changing their surface properties and also reducing 

the particle size through better dispersion (Abu-Jdayil et al., 2016; Günister et al., 2006). 

Surfactants have capability to make three main varied surface modifications on 

nanoparticles including hemi-micelle, ad-micelle and mixed hemi-ad micelle which are 

formed through the adsorption of surfactants on the opposite surface charge of the 

nanoparticles. In the hemi-micelle arrangement, a monolayer coverage is formed when 

the adsorbed surfactant spread on the nanoparticles  surface related to columbic attraction 

among the nanoparticles. While the adsorbed surfactants onto the nanoparticles surface 

increased, the hydrophobic interactions between hydrocarbon chains called surfactant 

tails lead to the bilayer formation of surfactant known as ad-micelle arrangement. The 

intermediate array between these formations is named mixed hemi-ad micelle which is 

combination of two-fold arrangements with superior capability in making columbic as 

well as hydrophobic interactions (Amiri-Aref, Raoof, Kiekens, & De Wael, 2015; 

Ranjbari, Hadjmohammadi, Kiekens, & De Wael, 2015).  

Surface modification is twofold: on the one hand, surfactants are indeed applied to 

improve controlled micellar stability by using zeta potential measurements. On the other 

hand, surfactants are used to provide some functional groups on the surface of 

nanoparticles for the attachment of polymer shell through hydrophobic/hydrophilic 

and/or electrostatic interactions. 

 

Polymer coating: If the shell layer is polymer, it can render more benefits like better 

particles dispersion, high colloidal stability, solubility, and drug loading on the protective 

shell for further treatments. Polymer coating promotes the blood circulation time and 

cytocompatibility, but the thickness of the surface layer may be increased (Zhang et al., 

2013). 
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Figure 2.3: Different types of coatings 

 

 

Figure 2.4: Various structures of coated MNPs 

 

Thorat et al. (Thorat et al., 2013) synthesized LSMO MNPs through combustion 

method, then coated by organic surfactant [oleic acid (OA)] as a hyperthermia agent. OA 

not only assisted to control particle agglomeration by making a shell around the MNPs 

core but also raised the affinity for more interaction with biocompatible molecules, such 
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as betaine HCl. However, after coating the Ms of LSMO decreased from 70 to 35 emu/g 

because Ms is indeed proportional to the weight of MNPs; thus, by increasing the OA 

layer, the particle size increased to 25 nm. Notably, Hc and Mr did not change after 

modification, which were indicative the superparamagnetism state of LSMO 

nanoparticles. In addition, coating LSMO with OA enhanced the induction heating as 

compared to the uncoated-LSMO nanoparticles because such coating could prevent 

agglomeration properly while retaining the SPM nature. Alkaline precipitation method 

was used to synthesize the nanocrystal Fe3O4 MNPs by Shete et al. (Shete et al., 2014), 

which were coated by natural organic polymer, chitosan (CS), to increase their 

biocompatibility and then determine the coating effects on MHT. Interestingly, CS 

coating did not significantly influence the reduction of Fe3O4 magnetization (Ms values 

of coated and uncoated MNPs were 49.96 and 51.68, respectively), as shown in Figure 

2.5. This was due to after modification, the particle size decreased from 21.8±5.3 nm to 

15.1±5.0 nm. This finding implies well dispersity and less agglomeration degree of MNPs 

with very thin CS layer coating. Moreover, the SAR value of CS-coated MNPs boosted 

to 118 W/g at 335.2 Oe and 265 KHz. The coating also strongly affected TH, and the 

coated MNPs become saturated in less time as compared to the uncoated ones.  

The effects of various biocompatible and hydrophilic synthetic polymer coatings, such 

as PEG, dextran (DEX), polyvinylpyrrolidone (PVP), and bovine serum albumin (BSA), 

on the magnetization of spherical-shaped Fe3O4 (4 nm to 11 nm in diameter) were 

determined for in-vitro application (Zavisova et al., 2015). The Ms of bare Fe3O4 was 

64.35 emu/g. However, after modification, its values decreased to 58.42, 56.59, 55.70, 

and 58.64 emu/g for PEG, DEX, PVP, and BSA respectively. The Ms values of the coated 

Fe3O4 did not alter significantly with the uncoated Fe3O4, meanwhile biocompatibility 

was enhanced (Zavisova et al., 2015). Fantechi et al. (Fantechi, Innocenti, Albino, Lottini, 

& Sangregorio, 2015) improved the magnetic hyperthermia properties of Fe3O4 by 

Univ
ers

ity
 of

 M
ala

ya



48 

substituting Fe+2 ions with inorganic metallic ions. Co+2 were then evaluated in terms of 

their properties by increasing the amount of Co content in CoxFe3-xO4 (0<x<1). They 

observed that the induction heating power increased considerably to 40.4 W/g for the 

organic Co value of x=0.6 and then decreased to 10.8 W/g for x=1 at 150.79 Oe and 183 

KHz. Similarly, the Ms values reached the maximum of 98 emu/g for x=0.6 and then 

decreased to 87 emu/g. They mentioned that this odd behaviour was attributed to the 

magnetic anisotropy. Amarjargal et al. (Amarjargal et al., 2013) reported the dispersion 

of Fe3O4 nanoparticles dispersed in electrospun polyurethane (PU) nanofiber matrix by in 

situ polymerization to investigate the effects of biocompatible PU polymer on Ms and 

temperature. The Ms of PU nanofiber-decorated Fe3O4 decreased from around 70 emu/g 

(bare MNPs) to 37 emu/g. However, the TH of decorated Fe3O4 with 0.5 and 1.0 mg/mL 

could maintain their stability in TH range, indicating two crucial points. First, the 

compatibility of the magnetic sample could be improved for hyperthermia application. 

Second, some disorders such as overheating were prevented carefully with less magnetic 

concentration. Recently, in situ reduction method applied for shape-controlled of Fe3O4 

with the silver (Ag) coating into the core-shell (Fe3O4@Ag) or heteromer (Fe3O4-Ag) 

structures. Both coated Fe3O4 exhibited higher biocompatibility with SMMC-7721 and 

L02 cells as compared to uncoated one and Ag nanoparticles as well. Moreover, Ag 

coating could improve in-vitro and in-vivo tumor therapeutic effect significantly. Besides, 

SPM-Fe3O4@Ag (core-shell) and Fe3O4-PAA showed Ms values of 75.1 and 82.4 emu/g 

and SAR values of 76 and 87 W/g, respectively. Indicating, the thin layer of Ag coating 

had insignificant influence in the reduction of MHT efficiency (Ding et al., 2017). 
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Figure 2.5: Trends of TH and SAR of coated and uncoated Fe3O4 at various 
strengths (Shete et al., 2014) 

 

2.4.2.2 Effects of particle size and shape of MNPs on hyperthermia efficiency 

The magnetic property variations are strongly dependent on the nanoparticle size and 

shape. Notably, a small particle size leads to high magnetization, as well as high induction 

heating power, whereas a particle size below 5 nm makes some disorders on the surface 

spin of nanoparticles consequently magnetization is decreased. Taking the optimal 

particle size (from (Oh, Lee, Kang, & Oh, 2016)) in to account as a critical tuning 

parameter for MHT, MNPs with particle size of 5<d<20 nm significantly affect the 

increase of Ms and SAR values related to the SPM behaviour (Néel and Brownian 

relaxations). Muller et al. (Müller, Dutz, Neeb, Cato, & Zeisberger, 2013) reported that 

the hysteresis curve with low Mr indicated that MNPs were in SPM state. They compared 

the single-domain MNPs with different particle sizes (10.9, 12.6, and 20.9 nm). Although 

with increasing particle size in single-domain, Ms rose from 64.9 to 79.9 emu/g, and Hc 

and Mr appeared gradually, implying that magnetic behaviour was changed from SPM to 

FOM. Moreover, they realized that wide size distribution could negatively influence the 
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magnetic properties because of the particles’ statistical orientation. Gonzalez-Fernandez 

et al. (Gonzalez-Fernandez et al., 2009) investigated the effect of particle size (varied 

from 5 nm to 110 nm) on the SAR value. The maximum and minimum SAR values of 

137 and 1 w/g were belonged to 24 and 110 nm, respectively. They reported that the 

highest SAR value conformed to the SPM behaviour (as proposed by Rosensweig for the 

first time (Rosensweig, 2002); MNPs were single-domain with narrow size distribution). 

As the particle size increased moderately, the SAR value decreased until it become null 

by reaching the multi-domain particle (110 nm). When the dispersity of MNPs changed 

from mono-dispersity to polydispersity, the SAR value decreased due to the reduction in 

homogeneous particle distribution, which helped the increase of the total heat generation. 

Therefore, size distribution played a significant role in induction heating. Sathya et al. 

(Sathya et al., 2016) determined the Ms, Hc, and SAR values of cubic cobalt ferrite (in 

the form of core-shell) with the size of  20 and 27 nm. Their experiments showed that by 

increasing the particle size, the Ms increased from around 50 to 62 emu/g, and the Hc 

also significantly increased, but the SAR values decreased substantially, indicating the 

reduction in heating power in destroying cancer cells, as well as maintaining the 

magnetization after AMF removal. They concluded that cobalt ferrite (20 nm) with 0.5 to 

0.7 Co content stoichiometry could be an effective candidate in MHT. 

Furthermore, shape anisotropy (spherical, cubic, rod, and facet irregular were 

illustrated in Figure 2.6) is another important parameter in enhancing magnetic properties. 

Mohapatra et al. (Mohapatra, Mitra, Tyagi, Bahadur, & Aslam, 2015) synthesized Fe3O4 

nanoparticles in rod and spherical shapes. Although both of MNPs displayed SPM 

behaviour (negligible Hc and Mr), spherical-shaped MNPs demonstrated higher 

magnetization than their counterpart. For instance, the Ms of nanorods measuring 50 nm 

in size was 58 emu/g, whereas that of spherical nanoparticles with the same material and 

volume (equal to 16 nm) was 83 emu/g. They mentioned that this difference in 
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magnetization is related to not only to the surface spin coating but also to the shape 

anisotropy of nanorods avoiding them to become magnetized in directions apart from 

magnetization along their easy magnetic axis. Salazar-Alvarez et al. (Salazar-Alvarez et 

al., 2008) investigated the influence of shape anisotropy on Hc of γ-Fe2O3 nanoparticles 

and mentioned that an increase in particle size was generally followed by the reduction 

in Ms. As the diameter of MNPs with spherical shape (14.5 nm) was larger than the cubic 

one (12 nm) and the interface coupling energy of spherical-shaped MNPs was larger, 

leading to larger anisotropy and lower Ms than those of cubic shaped-MNPs. In addition, 

they observed that the Hc of the spherical MNPs was higher than the counterpart. 

Similarly, the Ms of Fe3O4 with spherical shape was lower than the cubic MNPs, and the 

SAR value of the former was smaller than the latter because of different particle 

morphologies (Gonzalez-Fernandez et al., 2009). The magnetic properties of differently 

shaped CoFe2O4 nanoparticles with various sizes are reported by Joshi et al. (Joshi et al., 

2009). With increasing particle size in varied shapes, the Ms and SAR values also 

increased (Figure 2.7). However, these values of spherical-shaped MNPs were 

significantly smaller than facet irregular (FI). They discovered the partial attachment of 

magnetic moments and also severity in orientation of FI-shaped MNPs in the direction of 

AMF, which could be one of the reasons. The presence of Mr might be important in the 

reduction of Ms and creation of hysteresis loop. Interestingly, they determined that the 

particle size and shape affect the TH and optimum particle temperature to prevent 

overheating in MHT. Hyperthermia temperatures of FI and spherical MNPs increased 

with increasing particle size. Not only the TH of FI MNP could not reach TH range to kill 

cancer cells but also was lower than that of the spherical counterpart. However, the TH of 

spherical MNPs with 15 nm saturated above 55 °C after 4 min and indicated that 

overheating might occur during in-vivo trials; thus, MNPs with 12 nm diameter were 

considered as promising candidates to prevent such problem.  
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Figure 2.6: TEM images of (a) star-shaped CoFe2O4 (L. T. Lu et al., 2015), (b) 
polyhedron-shaped MnFe2O4 (Zeng, Rice, Wang, & Sun, 2004), (c) cone-shaped 
ZnO nanocrystals and (d) ZnO nanorods (Joo, Kwon, Yu, & Hyeon, 2005), (e) 

spherical-shaped γ-Fe2O3 and cubic-shaped γ-Fe2O3 (Salazar-Alvarez et al., 2008), 
FI-shaped CoFe2O4 (Joshi et al., 2009) and (h) MnO multipods (Zitoun, Pinna, 

Frolet, & Belin, 2005) 

 

 

Figure 2.7: The effect of particle size on Ms and TH. (A) spherical-shaped CoFe2O4: 
(1) 6 nm; (2) 10 nm, (3) 15 nm, and (B) FI-shaped CoFe2O4: 12 nm, (2) 25 nm 

(Joshi et al., 2009) 

 

2.4.2.3 Effects of frequency and strength of AMF on hyperthermia efficiency 

The variation of the frequency and strength directly influences the induction heating 

power. Generally, the SAR value is risen by increasing the frequency with considering 

the limited range. For HT, the ultimate values of the AMF parameters can be effective at 
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500 kHz and 10 kA/m for frequency and strength, respectively. Thus, in accordance with 

the induction law, the multiplication of frequency (f) and strength (H) of AMF must not 

go beyond the accepted value of 5 × 109 A/(ms) to prevent the potential problems that 

produced by induced eddy currents (Çelik, Can, & Firat, 2014; Hergt et al., 2006). Li et 

al. (Z. Li, Kawashita, Araki, Mistumori, & Hiraoka, 2011) supposed that the particle size 

is dependent on the SAR value, but they found that AMF’ parameters played inevitable 

roles, and the optimal results belonged to Fe3O4 with 24 nm diameter when exposed to 

AMF at 100 KHz and 300.33 Oe. Lahiri et al. (Lahiri, Muthukumaran, & Philip, 2016) 

coated spherical Fe3O4 nanoparticles with phosphate through co-precipitation synthesis 

method and then determined the induction heating power using AMF with 260 KHz 

frequency and very low strengths of 10.30, 9.17, 8.04, 6.53, and 4.52 Oe. The SAR values 

decreased from 11.1 W/g to 5.3 W/g. indicating that dipolar interaction and particle 

agglomeration improved; in contrast, anisotropy barrier height, susceptibility, hysteresis 

loop, and Néel relaxation time were reduced, which all assisted to diminish the SAR 

values. The effects of strengths variations (167.6, 251.4, and 335.2 Oe) on the SAR and 

TH of uncoated Fe3O4 and CS-coated Fe3O4 were determined (Shete et al., 2014). At lower 

strength, the SAR and TH of uncoated MNPs were higher than those of the coated one; 

however, by increasing the strengths, these values increased significantly to 118 w/g at 

66 °C. The strength exerted both positive and negative effects on TH. Although the 

strength improved the induction heating efficiency, it went beyond the TH range, which 

resulted in overheating on healthy tissues.   

The variation of TH and SAR values of OA-PEG coated CoFe2O4 nanoparticles with 5 

and 10 mg/mL was determined in varied strengths by Salunkhe et al. (Ashwini B. 

Salunkhe et al., 2016). Although the SAR values decreased with increasing MNP 

concentrations, this growth trend opposed with the TH values due to the enhancement in 

exchange coupling energy derived from dipole–dipole interactions, which were 
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dependent on the density of MNPs. In addition, increasing the intensity of AMF could be 

beneficial until the temperature became stable in the TH range; otherwise, overheating 

occurred. The TH of coated CoFe2O4 nanoparticles went beyond this range when the 

strength was 378.24 Oe for both of concentrations; thus, 335.52 Oe might be suitable for 

being saturated within the TH. The saturation time for such MNPs with 10 mg/mL was 

less than lower concentration. The SAR value of coated CoFe2O4 boosted from around 

37 to 58 W/g with increasing concentration from 5 to 10 mg/mL, and the strength was 

335.52 Oe. PEG-coated rod-shaped NiFe2O4 SPMNPs were synthesized with 16 nm 

length and 4.5 nm diameter for hyperthermia application by Iqbal et al. (Iqbal, Bae, Rhee, 

& Hong, 2016a). They realized that the TH value was strongly influenced by the AMF 

parameters. The measured TH values for 8.7 mg/mL were 47, 42, and 35 °C in accordance 

with 69.11, 49.0, and 28.9 Oe with the frequency of 260 KHz; as a result, PEG-coated 

NiFe2O4 with 49 Oe strength was appropriate as nanoheating agent to prevent the normal 

cells from burning by displaying SAR of around 18 W/g. Indeed, the TH values decreased 

when the concentration of MNPs decreased. Oh et al. (Oh et al., 2016) observed that 

different strengths exerted strong effects on crucial hyperthermia factors (SAR and TH) 

of CS-MnFe2O4 (shown in Figure 2.8). They performed hyperthermia test at varied 

strengths of 251.32, 376.99, 502.65, 628.31, and 753.98 Oe. The SAR values were 57.2, 

97.5, 152.21, 209.41, and 278.69 W/g, which were in accordance with the saturation 

temperatures of 44.10 °C, 48.24 °C, 55.25 °C, 62.81 °C, and 65.38 °C, respectively. The 

maximum SAR value of 278.69 W/g at 753.98 Oe was not acceptable because at this 

strength, overheating might be accrued; thus, reasonable values could be 57.2 and 97.5 

W/g in order to prevent probable problems.  

They also applied 1.5 mg.ml−1 of CS-MnFe2O4 on MDA-MB 231 cancer cell for in-

vitro MHT and noticed the apoptosis of tumor cells occurred at 42 °C. Generally, 

overheating in MHT can be prevented with optimal induction heating efficiency if the 
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parameters of AMF are in 250-270 KHz and 300-350 Oe (23-28 KA/m) ; however, the 

nano-scaled particle size, shape anisotropy and composition of MNPs affect the SAR and 

TH as well. As a good example, Simeonidis et al. (Sakellari et al., 2016) compared the 

SAR values of nanorods magnetite nanoparticles in low (150 Oe and 210 kHz) and high 

(300 Oe and 765KHz) magnetic field. These values were measured of 10 and 759W/g, 

respectively. The large values of AMF parameter made nanorod MNPs appropriate 

candidate for MHT; however, to reach and control TH within the range of 42–47°C for 

around 30 min should be considered to enhance the efficiency. Taken particle’s 

concentration into account as an important factor in being stable at TH range, since low 

concentration would not be effective to close to this range. They also mentioned that, 

although the ultimate frequency-strength values of the AMF ≤ 5×109 A/(ms) (the 

Atkinson-Brezovich (Atkinson, Brezovich, & Chakraborty, 1984) were determined as the 

safe range for clinical trials, comprehensive successful experiments were performed 

beyond this threshold between 1.8×109 A/(ms) and 18.7×109 A/(ms), because of that they 

performed SAR experiment with such AMF in range of 2.5×109 and 18.3×109 A/(ms) as 

low and high field, respectively. 

 

 

Figure 2.8: The effects of varied strengths (20, 40, 50, 60 KA/m) on TH and SAR of 
CS-MnFe2O4 (Oh et al., 2016)
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Table 2.5: Magnetic and in-vitro hyperthermia characteristics of varied MNPs  
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‘Table 2.5, continued’ 
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‘Table 2.5, continued’ 
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M

at
er

ia
ls

 

Pr
ec

ur
so

r 

So
lv

en
t 

M
et

ho
d 

M
at

er
ia

l 

M
et

ho
d 

Si
ze

 (n
m

) 

Sh
ap

e 

M
s (

em
u/

g)
 

H
c 

(O
e)

 

M
r 

(e
m

u/
g)

 

f (
K

H
z)

 

H
 (O

e)
 

SA
R

 (W
/g

) 

T
H

 (°
C

) 

C
on

ce
nt

ra
tio

n 
(m

g/
m

L)
 

   
R

em
ar

ks
 

 
R

ef
. 

Fe
3O

4 

Ir
on

(I
II

) 
ac

et
yl

ac
et

on
at

e 
 

 

I: 
C

6 
(n

-H
ex

an
e)

, 
 II

: C
12

 (n
 D

od
ec

an
e)

,  
II

I: 
C

24
 (n

-T
et

ra
co

sa
ne

) 

Se
ed

ed
 g

ro
w

th
 

- - 

∼
13

.9
 

Sp
he

ric
al

 

II
I: 

81
.2

6 

- - 11
1 

37
.6

9 

I:4
.6

, I
I:2

.7
, I

II
:7

.3
 

 - 

I: 
5.

84
, I

I: 
6.

90
,  

II
I: 

7.
08

 

*M
N

Ps
 d

is
pe

rs
ed

 i
n 

n-
te

tra
co

sa
ne

 s
ho

w
ed

 
m

ax
im

um
 

SA
R

 
du

e 
to

 h
ig

he
r 

T B
 d

ur
in

g 
sl

ow
 

co
ol

in
g 

pr
oc

ed
ur

e;
 h

en
ce

, t
hi

s 
sa

m
pl

e 
ha

d 
11

%
 

hi
gh

er
 h

ea
tin

g 
ab

ili
ty

 
th

an
 o

th
er

s. 
 (A

nd
re

u,
 N

at
iv

id
ad

, 
So

lo
zá

ba
l, 

&
 

R
ou

be
au

, 2
01

5)
 

C
o x

Fe
3-

xO
4 

0<
x<

1 

Ir
on

(I
II

)a
ce

ty
la

ce
to

na
te

, 
C

ob
al

t(I
I)

 
ac

et
yl

ac
et

on
at

e 

B
en

zy
l e

th
er

, P
he

ny
l  

et
he

r 

Th
er

m
al

 d
ec

om
po

si
tio

n 

- - 

8-
8.

5 

Sp
he

ric
al

 

X
=0

: 7
2,

 X
=0

.2
: 7

9 
X

=0
.4

: 8
1,

 X
=0

.6
: 8

8 
X

=0
.8

: 7
3 

X
=1

: 7
9 

lo
w

 

lo
w

 

18
3 

15
0.

79
 

X
 (0

) =
 6

.5
,  

X
 (0

.2
) =

 1
1.

2 
X

 (0
.4

) =
27

.7
 

X
 (0

.6
) =

40
.4

 
X

 (0
.8

) =
19

 
X

 (1
) =

 1
0.

08
 

X
 (0

.4
) =

 ∼
25

,  
X

 (0
.6

) =
 ∼

32
 

 - 

*S
A

R
 

ro
se

 
w

ith
 

in
cr

ea
si

ng
 o

f 
X

 u
nt

il 
re

ac
hi

ng
 to

 0
.6

. 
*P

ar
tic

le
 

si
ze

 
w

er
e 

ac
ce

pt
ab

le
 t

o 
be

 u
se

 
in

 c
lin

ic
al

 tr
ia

ls
. 

*C
o x

Fe
3-

xO
4 

co
ul

d 
no

t r
ea

ch
 4

2-
47

 °C
.  

 
(F

an
te

ch
i e

t a
l.,

 
20

15
) 

Fe
3O

4 

Fe
rr

ic
 c

hl
or

id
e 

he
xa

hy
dr

at
e,

 
Fe

rr
ou

s s
ul

fa
te

 h
ep

ta
hy

dr
at

e 
 

A
m

m
on

iu
m

 h
yd

ro
xi

de
 

C
o-

pr
ec

ip
ita

tio
n 

PE
G

, D
EX

, P
V

P,
 B

SA
 

- 

28
-3

4 

Sp
he

ric
al

 

A
:6

4.
35

, B
 (P

EG
):5

8.
42

 
B

 (D
EX

):5
6.

59
, B

 
(P

V
P)

:5
5.

70
,B

 (B
SA

): 
58

.6
4 

0 0 - - - - 

10
, 2

0 

*M
ag

ne
tic

 
m

ea
su

re
m

en
ts 

co
nf

irm
ed

 S
PM

 b
eh

av
io

ur
 

of
 c

oa
te

d-
M

N
Ps

.  
*M

s 
de

cr
ea

se
d 

w
ith

 n
on

-
m

ag
ne

tic
 m

at
er

ia
ls

. 
 

 
(Z

av
is

ov
a 

et
 a

l.,
 2

01
5)

 

  

Univ
ers

ity
 of

 M
ala

ya

http://www.sigmaaldrich.com/catalog/product/aldrich/f300
http://www.sigmaaldrich.com/catalog/product/aldrich/f300


61 
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‘Table 2.5, continued’ 
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2.5 Conclusions and Outlook 

The application of SPMNPs as nanoheating agents in MHT has made a significant 

breakthrough in cancer treatments because of their high efficiency for in-vitro application 

and subsequently in-vivo trials. Intravenous injection of SPMNPs assists to enhance the 

therapeutic effectiveness through homogenous heat distribution in a secure procedure. 

Magnetic hyperthermia parameters include SAR and TH play critical roles in the 

elimination of cancer cells without significant damage to healthy cells, particularly 

overheating. Therefore, considering the characteristics and surface chemistry of 

SPMNPs, as well as the parameters of AMF are remarkably important. The requirements 

of these factors and parameters are summarized as follows:  

 

 If the Tc of SPMNPs is very high, overheating among the healthy cells might be 

occurred. Thus, either coating with non-magnetic materials or substituting with less 

magnetized elements could be applied to reduce TC and then maintained TH within 

the secure hyperthermia range of 42 to 47 °C. 

 Although the small size of MNPs brings about some benefits, such as being in SPM 

state, better dispersion and homogenous distribution of nanoparticles, higher 

generated heat, and prevention of particle aggregation, MNPs with particle size 

below 5 nm could not render the high heating capability in killing the cancer cells. 

 The cubic shape of MNPs displayed the higher SAR values as compared to other 

shapes because of the varied shape anisotropies. 

 Application of coated MNPs in hyperthermia therapy outweighed the uncoated 

MNPs due to the improved properties, such as biocompatibility, homogenous 

dispersion, and moderate TH. However, coating with a thin layer should be 

considered to avoid the reduction of Ms and SAR values.  
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 The frequency and strength of AMF played decisive roles in the induction heating 

power, the saturation time of MNPs, and the stability within the TH range. Clearly, 

very low and very high strengths were directly proportional to the SAR value with 

unsatisfactory TH. 

 

The MHT efficiency is indeed depended on the surface chemistry of nanoparticles that 

by applying biopolymers as coating protective layer to fabricate either core-shell or 

mesoporous structure would be increased. Meanwhile, the substitution of MNPs with 

other ferrites possessed photo-thermal property would significantly enhance the cancer 

cells destruction.
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CHAPTER 3: METHODOLOGY 

 

3.1 Introduction 

This chapter provides information about the materials, the chemical methods and the 

procedures that were used to synthesize the promising magnetic nanoheating agent for in-

vitro magnetic hyperthermia therapy of cancer. Details of synthesis experimental 

conditions, surface modifications, characterization, induction heating tests and in-vitro 

cytotoxicity of magnetic nanoheating agents on liver cancer cells under hyperthermia 

conditions are also presented. The following descriptions are divided into three main parts 

based on the presented objectives in the Chapter 1. Part 1 describes the synthesis and 

characterization of iron oxide nanoparticles (IONPs) by using two alkaline reagents under 

two different experimental environments. Part 2 studies the synthesis possibility of 

SPIONs using a sole iron precursor through optimization of the oxidative potency of the 

synthesis environment, i.e. the O2:N2 flow ratio. The final part reports the stabilization 

and functionalization of the optimized SPIONs sample from part 2 with a controlled 

micellar conformation and then coating with a thin layer of low-melting point biopolymer 

to achieve enhanced cytocompatibility and hyperthermia efficiency under AMF 

exposure.  
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3.2 Synthesis of Highly Stable Superparamagnetic Iron Oxide Nanoparticles 

under Mild Alkaline Reagents and Anaerobic Condition 

 

 

3.2.1 Materials 

Ferric chloride hexahydrate (FeCl3·6H2O; >99%), ferrous chloride tetrahydrate 

(FeCl2·4H2O; >99%), sodium hydroxide pellets (NaOH; 99%), ammonium hydroxide 

(NH4OH; 28%w/w) and absolute ethanol were purchased from R&M Chemicals. All the 

chemicals were in analytical grades and used without further modification or purification. 

 

3.2.2 Synthesis Procedure  

The synthesis procedure was performed under anaerobic condition using NH4OH as a 

mild alkaline reagent (NH4OH.N2, IO4). Besides, the procedure was also followed by the 

common methods; aerobic condition with NH4OH (NH4OH.Air, IO2), anaerobic 

condition with NaOH (NaOH.N2, IO3), and aerobic condition with NaOH (NaOH.Air, 

IO1), in order to distinguish the superiority of the resultant IO4 sample. In a typical 

procedure; 2.33 g of FeCl3·6H2O was dissolved in 8 mL of distilled water and 0.85 g of 

FeCl2·4H2O was dissolved in 2 mL of distilled water. The volume of the solutions was 

then set up to 50 mL using distilled water. The solution was put under vigorous stirring 

for 15 min, followed by dropwise addition of 50 mL of the alkaline reagent. After an hour, 

the synthesized nanoparticles were separated using a strong magnet, washed once with 

absolute ethanol and rinsed five times with distilled water to remove impurities. The 

magnetic nanoparticles were dried at 80 °C for 24 hours, for further analyses. 
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3.2.3 Characterization 

The surface charge for the synthesized iron oxide samples was investigated through 

zeta potential (ζ) measurement using a Zetasizer instrument (Malvern Instruments, 

Worcestershire, UK) with three times repeats for each sample. The phase composition 

and crystallographic state of the samples were determined by powder X-ray diffraction 

(XRD; Philips PW1840, Amsterdam, the Netherlands) equipped with Cu-Kα radiation 

(λ=1.542 A°) at scanning rate of 2°/min in 2θ angle from 10° to 80°. The full width at 

half maximum (B) as an indicator of the crystallinity degree was measured using Origin 

Pro software (version 9.4, Origin Lab, Hampton, MA). The average crystallite size (D) 

of all iron oxides was then calculated from the diffraction line-width of XRD pattern, 

according to the Debye Scherer’s formula (Kingsley, Desai, & Srivastava, 2015): 

𝐷 =
𝐾𝜆

𝐵𝑐𝑜𝑠(𝜃)
 

  (3-1) 

 

where KS is a dimensionless shape factor of Scherrer (0.94).  The structural morphologies 

of iron oxide samples were observed using transmission electron microscopy (TEM; LEO 

Libra 120 kV, Carl Zeiss AG, Germany) while the mean particle size for each group was 

examined as the standard deviation (SD) from the size measurements of at least 100 

randomly selected nanoparticles using ImageJ software. The magnetic characteristics of 

the samples were only measured using VSM (model 7400 series, Lakeshore, Chicago, IL) 

at ambient temperature in the field range of 0 to ±8 kG (0.8 Tesla). The Zero-field-Cooled 

and Field-Cooled measurements were limited due to availability restrictions for SQUID. 

 

3.2.4 Data Analysis 

The experiments were performed at least thrice, and the obtained results were 

presented as the means ± SD.
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3.3 Synthesis and In-Vitro Characterization of Superparamagnetic Iron Oxide 

Nanoparticles Using a Sole Precursor for Hyperthermia Therapy 

 

 

3.3.1 Materials 

FeCl2.4H2O and NH4OH were applied respectively as the single iron precursor and 

precipitator to synthesize iron oxide samples under four varied oxidative conditions. The 

chemicals were in analytical grades and used without further modification.  

 

3.3.2 Synthesis Procedure  

Bare iron oxide nanoparticles are usually produced in an aqueous medium through 

precipitation of ferrous and ferric chlorides with the stoichiometry of [Fe3+]/[Fe2+]=2:1; 

however, it is arduous to maintain such molar ratio in oxidative air environment due to a 

high tendency of ferrous cation to partial oxidization. Hence, the synthesis process is often 

performed under non-oxidative environments, preferably N2, to avoid the uncontrollable 

oxidation of the ferrous ions (Gupta & Gupta, 2005). Iron oxide may also be synthesized 

in oxidative environments with lower initial molar ratios of iron cations e.g. 

[Fe3+]:[Fe2+]=3:2 (Jiang et al., 2011; S. Wu et al., 2011), where partial oxidation 

(approximately 17%) of the ferrous ions to ferric eventually endows a molar ratio of [2:1]. 

Based on the great oxidation vulnerability of Fe2+, formation of iron oxide may be 

independent of using ferric precursor. In this route, iron oxide can be produced using a 

Fe2+ salt as the single precursor. With provision of a highly-controlled oxidative 

environment, a partial oxidation of around 67% of ferrous ions to ferric (Hedayatnasab, 

Dabbagh, Abnisa, & Wan Daud, 2020b), could result in formation of Fe3O4 according to 

the following formula: 
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Fe2+ + 2OHˉ→ Fe(OH)2                                  (3-2) 

3Fe(OH)2 + 0.5O2 → Fe(OH)2 +2FeOOH + H2O                                  (3-3) 

Fe(OH)2 + 2FeOOH →Fe3O4 + 2H2O                                  (3-4) 

 

For the synthesis of Fe3O4 using a sole Fe2+ precursor, the oxidative potential of the 

synthesis environment must be approximately fourfold of the ambient air, which results 

in 17% oxidation of ferrous ions when two iron precursors with molar ratio of 

[Fe3+]:[Fe2+]=3:2 are used. Accordingly, a rule of thumb calculation indicates that the 

partial pressure of O2 in the air with value of 21% must increase fourfold to nearly 80% 

and the O2 solubility in the aqueous medium must rise around quadruple as well. Based 

on the Henry’ s law, the O2 solubility in water is directly proportionate to the partial 

pressure of O2 over the solution and it is expressed as the following (Gómez Ruiz, Roux, 

Courtois, & Bonazzi, 2018): 

 

P = KH Cdo                                                   (3-5) 

 

where P, Cdo, and KH are the partial pressure of O2, concentration of the dissolved O2 in 

the solution, and the Henry’s law constant, respectively. Therefore as presented in Table 

3.1, the synthesis procedure in the present study was carried out using four varied O2:N2 

flow ratios of 3:7, 4:6, 5:5, and 6:4 in the synthesis reactor in order to determine the 

optimal oxidative condition for iron oxide production. 

In a typical synthesis procedure, 0.85 g of FeCl2.4H2O dissolved in 2 mL of distilled 

water and then volume up to 50 mL using distilled water, followed by dropwise 

incorporation of 50 mL of NH4OH under 600 rpm stirring at 80 °C is shown in Figure 

3.1. After an hour, product was magnetically separated, washed once with absolute 

ethanol and rinsed five times with distilled water to remove impurities, then dried at 80 
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°C in an oven for 24 h. Finally, the samples were dispersed and kept in distilled water for 

further characterization. The detailed parameters of the four conditions are mentioned in 

Table 3.1. 

 

 

Figure 3.1: Experimental setup to syntheize iron oxide under oxidative 
condition  

 

Table 3.1: The experimental conditions applied for the synthesis of iron oxide 
samples 

Sample FeCl2.4H2O 
(g) 

Water 
(ml) 

Alkaline 
(ml) 

O2 

(Pa) 
N2 

(Pa) 
S3 0.85 50 50 0.30 0.70 

S4 0.85 50 50 0.40 0.60 

S5 0.85 50 50 0.50 0.50 

S6 0.85 50 50 0.60 0.40 

 

3.3.3 Characterization 

Determination of surface charge, structural and phase analysis, morphological and 

magnetic behaviour of iron oxide samples were respectively carried out using ζ 

measurement, XRD, TEM and VSM analyses which followed by the 3.2.3 subsection.  

Univ
ers

ity
 of

 M
ala

ya



74 

3.3.4 Cell Viability Assay  

The HepG2 cells were resuscitated according to the standardized method in 

Dulbecco’s Modified Eagle Medium (DMEM; Sigma Aldrich, USA) high glucose 

containing 4500 mg/L D-glucose, L-glutamine, 110 mg.L-¹ sodium pyruvate, 

supplemented with 10% v/v fetal bovine serum (FBS; Sigma Aldrich, USA), 1% v/v 

penicillin/streptomycin (Gibco by Life Technologies) at 37 °C in a 5% CO2 humidified 

incubator and monitored daily. The growth media were changed in every three days and 

the cells were subcultured at 80% confluence through trypsinizing and were resuspended 

in culture medium in a new flask or seeded in 96-well plates; hereupon, they were never 

encountered with the crowded conditions. When the density of the cells reached to 1×105 

per well then incubated overnight to adhere prior to the cell viability assay (Hurrell, 

Lilley, & Cromarty, 2019).  

Cell viability and proliferation were observed by a dye-reduction assay known as the 

MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay for the 

biomaterial toxicity detection. Briefly, the cells with a density of 1×105 cultured in a 96-

well plate for 24 h for adhering to the plate surface then the cells were rinsed with 

phosphate-buffered saline (PBS; pH 7.4) in order to remove the disjoined cells and 

replace by fresh media with varied concentrations of iron oxide samples (100, 50, 25, 

12.5, 6.25, 3.125, 1.5 μg.ml-¹), followed by adding PBS to each group (triplicate wells) 

and incubated at 37 °C in a 5% CO2 atmosphere for 24 h (Mondal et al., 2017). Control 

plates (the media with only cells) were also remained to monitor the potential changes in 

the culture media. The media were thereafter removed, and the cells were washed with 

PBS to remove supernatant particles, followed by adding 10 μl of MTT dye solution to 

each well including control wells followed by 4 h incubation for metabolization of MTT 

with the samples and cell media. Meanwhile, the non-contamination of the cells was 

checked through an inverted microscope observation. The media were then removed 
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through flicking the plates; thereby, only the anchored cells stayed in the wells. The 

water-insoluble formazan product extracted in 100 µl pure dimethyl sulfoxide (DMSO) 

was added to each well and incubated 2 h in the dark, followed by adding 25 µL 

Sorensen’s glycine buffer as MTT stopper reactions and finally the absorbance was read 

with an iMarkTM Microplate Absorbance Reader (Bio-Rad laboratories, Inc. USA) at 570 

nm and reference filter at 630 nm. The cell viability was calculated using the following 

equation (Mondal et al., 2017): 

 

Cell Viability =
Is

Ic
× 100 

(3-6) 

 

where Is and Ic indicate the optical values of cells which incubated with sample and 

control group, respectively.  

 

3.3.5 Magnetic Induction Heating 

The induction heating efficiency of the optimized iron oxide sample was determined 

by subjecting its colloidal dispersion (dispersed in distilled water owing to approximately 

70% of human body is made up of water) with five different concentrations (1, 2, 3, 4, 

and 5 mg.ml-1) to an external AMF with five varied electric currents of 50, 100, 150, 200, 

and 250 A, which respectively corresponded to frequencies of 326, 318, 313, 312, and 

311 KHz. For this purpose, magnetic hyperthermia experiments were carried out in plastic 

micro centrifuge tubes (2 ml) placed in the center of the helical coil (inner diameter of 

2.54 cm and 8 turns) of an induction heating instrument (Easy Heat 8310, Ambrell, UK) 

cooled with water circulation. The schematic of the experimental setup utilized for this 

research is illustrated in Figure 3.2. The applied field strengths (H) during the MHT tests 

were calculated from the following equation (Singh, Singh, Singh, & Srivastava, 2018); 
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H =
ni

L
                                                              (3-7) 

where n, i, and L indicate the number of turns, applied current (A), the diameter 

of the turn (m) for the helical coil, respectively. The calculated magnetic field values at 

five varied applied currents were 15.74, 31.49, 47.24, 62.99, and 78.74 kA.m-1. The 

temperatures profiles were obtained through the iron oxides exposure to external AMF 

over 5400 seconds (s). The heating efficiency of samples was quantified through SAR 

measurement using following formula (Chiriac et al., 2015): 

 

SAR = (
∑ Cimii

mFe
) (

dT

dt
) 

                                                                              (3-8) 

where C is the specific heat capacity of the colloidal dispersion which is the combination 

of medium and iron oxide with values of 4.18 and 0.65 J.g-1.K-1, respectively. The mcd 

and mFe are the mass of colloidal dispersion and iron in the fluid respectively, and dT/dt 

represents the initial slope of the temperature profile over 120 s.  

 

3.3.6 In-Vitro Magnetic Hyperthermia on the HepG2 Cells 

To evaluate the in-vitro anticancer hyperthermia efficiency of optimized iron oxide 

sample, HepG2 cells with the density of 1×105 per well were seeded in a 96-well plate 

and incubated over night for cell attachment. Thenceforward, the culture media were 

wiped out and the cells were treated with the particles at 100 μg.ml-1 followed by 4 h 

incubation (Mondal et al., 2017; Quinto, Mohindra, Tong, & Bao, 2015). Based on the 

obtained results from induction heating section, both untreated and treated groups with 

nanoparticles were exposed to different AMF strengths of 31.49 and 47.24 kA.m-1. After 

the heating exposure, the cells were incubated for another 24 h as demonstrated in Figure 

3.2. The MTT assay was then performed to evaluate and compared the cell viability of 

the samples with the control groups.  
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Figure 3.2: The schematic of the in-vitro hyperthermia test 

 

3.3.7 Data Analysis 

All the experiments were performed at least three times presented as the means ± SD. 

The statistical analyses were performed using one-way ANOVA followed by Turkey’s 

test as the pos-hoc using Statistical Package for Social Sciences software (SPSS; version 

25, SPSS Inc., Chicago, IL, USA).
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3.4 Polycaprolactone-Coated Superparamagnetic Iron Oxide Nanoparticles 

Micelles for In-Vitro Magnetic Hyperthermia Therapy of Cancer  

 

 

3.4.1 Materials 

The iron oxides were synthesized using FeCl2.4H2O as the sole iron precursor, 

NH4OH, as well as cetyltrimethylammonium bromide CTAB (Sigma-Aldrich) as cationic 

surfactant. Polycaprolactone (PCL) with diol terminal groups (PCL-d, 2000 Da) and 

tetrahydrofuran (THF) solvent were purchased from Sigma-Aldrich. All the chemicals 

were in analytical grades and used without further modification or purification.  

 

3.4.2 Synthesis Procedure  

As a rule of thumb, iron oxides may be produced independent of using ferric precursor 

when 67% of the applied Fe2+ ions are oxidized to Fe3+. This synthesis approach has 

adequate potential to produce iron oxides with lower costs and waste materials. Besides, 

reduced usages of chemical reagents incorporated in the synthesis reaction may lead to 

decreased synthesis complexity and enhanced physicochemical properties. 

In order to synthesize iron oxides with the ferrous precursor, varied oxidative 

environments were preliminarily examined through alteration of the O2:N2 flow ratios in 

the synthesis reactor (i.e. 0.3 to 0.6) and the O2:N2 ratio of 0.5 was chosen as the optimal 

oxidative environment for production of iron oxides with desirable physicochemical and 

magnetic properties. Briefly, in a typical experiment, 0.85 g of FeCl2·4H2O was dissolved 

in 2 mL of distilled water and volumed up by 50 ml of distilled water. Thereinafter, 

NH4OH was dropwise added to the mixture for further 30 min to obtain the black 

precipitates. At the end, product was harvested with a strong magnet, washed with ethanol 
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and distilled water to remove residual chloride ions and impurities, and finally dried in 

oven at 80 °C for 24 h. 

 

3.4.3 CTAB Functionalization of Iron Oxides 

In order to enhance the iron oxides stability and provide functional groups for further 

polymer attachment, an intermediate surface functionalization was carried out through 

the self-assembly of CTAB molecules on the particles surface. A schematic of the 

expected chemical interactions for production of CTAB-modified iron oxides is shown in 

Figure 3.3. Based on the CTAB concentration in the medium, three main micellar 

conformations such as hemi, ad, or mixed hemi-ad micelles could be obtained (Amiri-

Aref et al., 2015). However due to the negative terminal groups of PCL-d, the ad-micellar 

structure was preferred in the current study to provide sufficient positive charge on the 

iron oxides surfaces for enhanced grafting of the biopolymer chains through electrostatic 

interactions (Hedayatnasab, Dabbagh, Abnisa, & Wan Daud, 2020a). Therefore, five 

samples namely SPC1, SPC5, SPC10, SPC15, and SPC20 with different CTAB amounts of 

1, 5, 10, 15, 20 mg were used to determine the optimal surfactant quantity for provision 

of an ad-micellar structure on the particles surface. CTAB was added to the glass cylinder 

reactor containing iron oxides under vigorous stirring at 80 °C. The obtained product was 

dispersed and maintained in distilled water for further analyses.  

 

 

Figure 3.3: A schematic of the chemical reaction for functionalization of iron 
oxide with CATB cationic surfactant 
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3.4.4 Preparation of Coated Particles  

Water-in-oil (W/O) emulsion was used for coating the particles with PCL-d 

biopolymer, where the oil phase comprised of THF solvent and PCL-d. Noticeably, 

coating the particles with amphiphilic or charged polymers gives rise to the reduction the 

oil-water interfacial tension and improve the stability of the emulsion in high-salinity 

environments, even at very low concentrations of nanoparticles (Qi et al., 2018). In 

addition, the CTAB cationic surfactant acted as an emulsifier that formed the great 

stability of emulsions and created electrostatic interactions with the diol terminal groups 

of PCL-d, as shown in Figure 3.4. 

 

 

Figure 3.4: A schematic of the attachment mechanism of PCL-d on 
CTAB-modified iron oxide 

 

Briefly, 1 g of PCL-d was poured into 20 ml of THF and stirred for 30 min, meanwhile, 

300 mg of modified-particles dissolved separately in 10 ml of distilled water using 

ultrasonication for 30 min. Thereafter, the oil and aqueous were mixed and vigorously 

stirred using a high-speed homogenizer at 10000 rpm for 2 hours to ensure that the PCL 

biopolymer was precipitated on the particles surface and produced the core-shell 

nanostructure. The obtained product was washed with THF, THF/distilled water (50:50), 

and trice with distilled water until complete disappearance of impurities, followed by 

drying in oven at 80 °C for 24 h. A typical representation of the PCL-coated iron oxides 

preparation is illustrated in Figure 3.5. 
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Figure 3.5: A schematic of the functionalization and coating of CTAB-modified 
iron oxides 

 

3.4.5 Characterization 

Determination of surface charge, structural and phase analysis, morphological and 

magnetic behaviour of iron oxide samples were respectively carried out using ζ 

measurement, XRD, TEM and VSM analyses which followed by the 3.2.3 subsection.  

The high magnification surface morphologies were ascertained by high-resolution 

transmission electron microscopy (HRTEM, field emission of 200 kV, Tecnai™ G2 20 

S-TWIN FEI). The chemical functional groups of the iron oxide samples were monitored 

using a Fourier transform infrared spectroscopy spectrometer (FTIR; Nicolet 6700, 

ThermoScientific, Madison, WI) through advanced direct surface contact technique in the 

range from 500–4000 cm-¹. The X-ray photoelectron spectroscopy (XPS) analysis was 

performed with a fully automated microprobe (PHI Quantera II, Ulvac-PHI, INC.) using 

Al-Kα radiation with λ = 1486.6 eV operated at 25.6 W (beam diameter of 100 µm). Low-

resolution analysis was carried out through passing an energy of 280 eV with 1 eV per 

step to detect the chemical state of the elemental composition while high-resolution 

analysis performed over the binding energy range of 112 eV with 0.1 eV per step. The 

samples were prepared on a carbon tape supported by a stub holder. The charge correction 

was conducted at C 1s before the deconvolution through the setting binding energy of C-

C to 284.8 eV using MultiPak Spectrum software. The onset and peak phase transition 

temperatures were calculated through differential Scanning Calorimetry (DSC; Q1000 
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Perkin Elmer TA Instrument) at a heating rate of 20 °C/min using nitrogen air flow of 50 

ml/min. In addition, thermogravimetric analysis (TGA; Q500 Perkin Elmer Instrument) 

of the dried samples were also performed by a NETZSCH STA 409 PC/PG (Selb, 

Germany) at a heating rate of 20 °C from 20 to 1000 °C using a nitrogen air flow 50 

ml/min to monitor the weight percentage of polymer-coated particles. 

 

3.4.6 Cell Viability Assay 

The cell viability assay was followed by the 3.3.4 subsections; however, the cell 

viability profiles of polymer-coated particles against HepG2 cells was evaluated after 24 

and 48 h incubations. 

 

3.4.7 Magnetic Induction Heating 

The induction heating test of polymer-coated particles was performed under four 

varied AMF strengths of 15.74, 31.49, 47.24, and 62.99 kA.m-1 and followed by the 

pervious part, 3.3.5 subsection.  

 

3.4.8 In-Vitro Magnetic Hyperthermia on the HepG2 Cells 

This part followed the 3.3.6 subsection. The in-vitro hyperthermia of polymer-coated 

particles on the HepG2 cells was performed under the exposure of 31.49 and 47. kA.m-1, 

and the media was replaced after 24 h.  

 

3.4.9 Data Analysis 

This part followed the 3.3.6 subsection. 
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CHAPTER 4: RESULTS AND DISCUSSION 

 

4.1 Introduction 

Superparamagnetic iron oxide nanoparticles are at the forefront of nanotechnology 

research due to their unparalleled and exceptional properties, including magnetophoretic, 

biocompatibility, a facile low-cost synthesis, and easy surface modification, making them 

the most prominent magnetic nanoheating agents for hyperthermia therapy of cancer 

under the external AMF exposure as compared to other transition metallic compounds 

(Hedayatnasab, Abnisa, & Wan Daud, 2018; Iacovita et al., 2016). However, SPIONs are 

comparatively unstable in aerobic condition, owing to their significant oxidation 

susceptibility in oxidative environments, leading to deteriorated dispersibility and 

magnetism (Elfeky et al., 2017). Therefore, elimination of oxidative atmosphere through 

vacuum or introduction of inert gases e.g. N2 to the reaction system can prevent SPIONs’ 

activity towards environmental oxygen. The pH for synthesis medium is the second 

decisive factor which plays a pivotal role in the particles dispersibility (Xie et al., 2019). 

The stability of SPIONs in aqueous media can be controlled by altering the pH values 

through dilution of alkaline reagents or incorporation of varied alkaline solutions in the 

synthesis medium. NH4OH and NaOH are the most widely used as precipitating agents 

for synthesis of SPIONs, which could provide maximum pH values of 10-11 and 12-13, 

respectively (Hedayatnasab et al., 2019). The different pH values obtained by these alkalis 

could potentially affect various physicochemical, morphological, and magnetic 

characteristics of the resulting particles, as well as their aggregation susceptibility. Owing 

to the crucial impacts of synthesis environment and precipitating reagent, the 

determination of the main governing parameters for various properties requires 
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quantitative investigations and comparative analyses of these properties at different 

experimental conditions.  

In this way, the coprecipitation of iron(II) and iron(III) in the aqueous medium is 

considered as the appropriate synthesis approach to produce SPIONs with the surfaces 

rich in -OH functional groups which are indispensable for cancer treatment purposes 

(Ibrahim et al., 2018); however, reducing the amount of applied chemicals could lessen 

toxicity risks for these treatments and conversion of iron(II) to iron(III) in a partial 

oxidative environment considered as the main challenge of this approach which requires 

incorporation of higher amounts of iron(II) precursor than stoichiometric ratio (Refait & 

Génin, 1993). SPIONs can also be synthesized using a sole iron(III) precursor through 

either hydrothermal or thermal decomposition methods with various base solutions and 

reducing agents. However, toxicity of the applied chemicals, water-insolubility and 

water-indispersibility of products, energy-intensiveness, and tedious high temperature 

procedures (Rivas Rojas, Tancredi, Moscoso Londoño, Knobel, & Socolovsky, 2018) 

may render these approaches inappropriate for MHT. Moreover, these methods 

may produce nonmagnetic wüst te phase and/or a mixed magnetite-maghemite phase 

with descended magnetic properties (Unni et al., 2017). Interestingly, the precipitation 

technique has adequate potential to produce SPIONs through the sluggish oxygenation of 

iron(II) hydroxide in the partial oxidative condition then followed by hydrolysis reaction. 

Synthesis of SPIONs with a sole iron(II) precursor is desirably preferred to prevent 

iron(II) and iron(III) cations from re-oxidizing, save expenses, and eschew in wasting 

materials. 

However, agglomeration vulnerability of these magnetic nanoheating agents in 

biological media, low control over the heat generation and dissipation at the target region, 

and eschewed clearance by the RES remain as the main challenges for clinical translation 

of this approach. One potential approach to provide higher colloidal stability is surfactant-
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based surface modification of nanoparticles (Hedayatnasab et al., 2017). Thereby, precise 

adjustment of the surfactant quantity is essential to prevent bridging and destabilization 

of nanoparticles, leading to controlled particle size and improved dispersion. As SPIONs 

often possess a negative surface charge, surfactants with high cationic surface charges 

such as CTAB are necessary for their stabilization. CTAB is determined of a cationic 

organoamine with a 19-carbon tail and hydrophile-lipophile balance value of 10, 

presenting a substantial capability to separate precipitates in water medium (Yalcinkaya 

et al., 2017). CTAB may experimentally produce smaller particle size, which in turn gives 

rise to increased surface area, facilitating attachment of varied therapeutic adjuvants 

through surface functionalization strategies (Gan et al., 2018).   

Another challenge of SPIONs for in-vivo purposes is a rapid opsonization and 

subsequent segregation by the immune system. These nanoheating agents are easily 

recognized as foreign bodies by the RES, instantly coated by plasma proteins and blood 

components, and rapidly cleared before reaching the targeted region (Aggarwal et al., 

2009).  Although a number of polymers are used, PEG is the most widely applied polymer 

in surface coating of SPIONs, which not only endows excellent stealth characteristics to 

the SPIONs and minimize RES sensitivity, but also improves their steric stability, 

dispersity, and biodistribution. However, non-biodegradability and degradation under 

stress remain as the main drawbacks of PEG coatings (Knop, Hoogenboom, Fischer, & 

Schubert, 2010). PEG may also discourage interaction with the receptors on the targeted 

cell membranes and cause hypersensitivity through generation of antibodies which 

neutralize the nanoparticles efficacy upon repeated administration (S. Zhang, Tang, & 

Yin, 2015). 

More recently, PCL has received increasing interests as a novel carrier of varied 

therapeutics due its biodegradability, structural stability, partial crystallinity, non-

toxicity, and amphiphilic feature. PCL is also of particular interest due to its stealth and 
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protein repellent characteristics, rendering minimized opsonization and 

RES sequestration (Espinoza, Patil, San Martin Martinez, Casañas Pimentel, & Ige, 

2019). When PCL is applied as surface coating on SPIONs, its partial crystallinity may 

confer it with potential to enhance the magnetic behaviour due to ordered arrangement of 

magnetic moment in a single crystal (Hedayatnasab et al., 2020a).  

In this study, a novel approach was applied for precipitation of SPIONs from a single 

iron precursor in a highly-controlled oxidative environment. SPIONs were 

further functionalized with a double-layered cationic CTAB surfactant to enhance their 

stability and provide proper surface functionality for biopolymer attachment through 

electrostatic interactions. Thereupon, the CTAB-coated SPIONs were applied as a core 

and coated with a thin layer of PCL biopolymer through “graft-to” approach to achieve 

enhanced cytocompatibility and physicochemical properties for in-vitro MHT against 

HepG2 cell lines. To the best of our knowledge, ad-micellar stabilized PCL-

coated SPIONs have not yet been reported as a magnetic nanoheating agent for in-

vitro hyperthermia application. Thanks to desirable melting temperature of PCL, it was 

also assumed that the polymeric coating may exhibit a thermosensitive performance 

through dissociation at the TH range, resulting in exposed SPIONs and enhanced 

induction heating efficiency in MHT through maintaining the treatment temperature 

within the secure TH range.  

In this chapter the results are rendered in three main parts based on the presented 

objectives in the Chapter 1. Part 1 concentrates on the optimization of the synthesis 

condition via investigating the effects of two alkaline reagents (NH4OH and NaOH) and 

synthesis experimental environments (aerobic and anaerobic) on various characteristics 

of iron oxide particles. Part 2 investigates the effect of varied oxidative conditions through 

optimization of the oxidative potency of the synthesis environment, i.e. the O2:N2 flow 

ratio on the physicochemical and magnetic properties as well as cytocompatibility of 
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synthesized iron oxide particles by using a sole iron(II) precursor and a single alkaline 

reagent. Thereafter, heating efficiency of the sample with optimum properties under AMF 

exposure with varying strengths is evaluated. Additionally, the cytotoxicity assays against 

HepG2 cells is performed on the optimized sample at varied AMF strengths to evaluate 

their effectiveness as magnetic nanoheating agent under hyperthermia condition. Part 3 

reports the development of PCL-coated iron oxide particles with structural stability, 

uniform particle size, improved dispersity, cytocompatibility, and controlled heating 

under hyperthermia condition. In this regard, the effects of varied AMF strengths on 

induction heating capability of these core-shell nanoheating agents are investigated to 

obtain appropriate TH profile. The core-shell nanoheating agents are further studied to 

quantify the cytocompatibility and in-vitro cytotoxicity against HepG2 cells under 

hyperthermia condition. 
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4.2 Synthesis of Highly Stable Superparamagnetic Iron Oxide Nanoparticles 

under Mild Alkaline Reagents and Anaerobic Condition 

 

 

4.2.1 Physicochemical Characterization 

The rates of pH rise during dropwise addition of the alkaline solution into the reaction 

chamber containing iron precursors are shown in Figure 4.1. Addition of the iron 

precursors to the aqueous solution resulted in a drastic pH reduction from around 7 to 

near zero due to their strong acidic nature. The dropwise addition of NH4OH and NaOH 

into the reaction mixtures respectively led to moderate pH rise while further injection of 

5ml gave rise to rapid pH increase to approximately 10 and 13, and then no significant 

increase in the solution pH was observed by increasing the volumetric ratios for the 

alkalis. However, continuous dropwise addition of the alkaline reagent till 50 mL was 

necessary to maintain sufficient OH⁻ ions and subsequently pH value above 9 for 

precipitation of entire Fe2+ and Fe3+ ions until the color of the solution changed to the 

black that confirmed the Fe3O4 formation (Ahn, Kim, Yang, Lee, & Kim, 2012).  

The lower rates of pH rise observed during addition of NH4OH may have contributed 

to decreased rates of particles formation compared to NaOH reagent and thus producing 

iron oxide with smaller particle sizes. The flow of N2 gas also assisted this effect of 

NH4OH and prevented oxidation that might lead to sufficient surface stability against 

agglomeration (Ali et al., 2016). However, higher pH values obtained when a stronger 

alkali was used as the precipitating reagent resulted in higher negative surface charges in 

the synthesized iron oxide particles and thus providing particles with relatively high 

stability and low aggregation in aqueous media. The ζ values measured for IO3 and IO1 

were respectively -32±3 and -26±4 mV, which were higher than those of IO4 and IO2 (-

19±5 and -15±4 mV). Moreover, the lower negative ζ values obtained in the aerobic 
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environment compared to the anaerobic environment may probably be due to oxidation 

of iron oxide in the presence of environmental O2 and CO2, which potentially leads to 

increased acidity and lower negative ζ values (Yin et al., 2017). 

 

 

Figure 4.1: The rates of pH rise during dropwise addition of alkaline reagent 
under four varied synthesis conditions 

 

4.2.2 Structural and Phase Analysis 

The XRD spectra for the iron oxide particles synthesized using NH4OH and NaOH in 

either aerobic or anaerobic environments (Figure 4.2) confirmed formation of magnetite 

phase with cubic structure and space group of Fd3ˉm (JCPDS 00-001-1111), where the 

peaks observed at 2θ values of 18°, 30°, 35°, 43°, 54°, 57°, 63°, and 74° respectively, 

corresponded to (111), (220), (311), (400), (422), (511), (440), and (533) planes in the 

magnetite crystalline structure (Unterweger et al., 2018). The interplanar spacings ‘dhkl’ 

(Table 4.1) represents all samples had inverse cubic spinel structure of magnetite. The 

highest intensity peak at 35° in all the four iron oxide samples corresponded to (311) 

plane from magnetite, implying that the Fe3O4 was considered as the major phase.  
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Figure 4.2: The XRD spectra of a) IO1, b) IO2, c) IO3, and d) IO4 

 

The D values of all samples, calculated by eq. (3-1) using the B value of the (311) peak 

at 35° as the representative plane of magnetite phase, are given in Table 4.1. The 

crystallinity for the synthesized the samples was significantly governed by both the 

experimental variables, although the effect of synthesis environment overweighed the 

influence of alkaline reagent. The IO4 sample synthesized by NH4OH under the N2 

environment provided the narrowest peaks with highest crystallinity, endowing for 

maximum D value (14 nm), as compared to 13 nm, 10 nm, and 9 nm for IO3, IO2, and 
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IO1, respectively. The obtained results were consistent with previous studies, which 

showed that the magnetic nanoparticles synthesized through electron beam irradiation 

displayed smaller crystallite size of 15.29 nm for the samples that were precipitated by 

NaOH as compared with NH4OH (X. Zhang, Zhou, Rao, & Shanghai, 2006). 

 

Table 4.1: The phase structural characteristics of the iron oxide particles 
synthesized in varied synthesis conditions  

Characteristics IO4 IO3 IO2 IO1 

2θ (º) 35.69 35.77 35.60 35.77 

B (º) 0.64 0.69 0.84 0.95 

Intensity (cts) 6991.25 6871.41 5025.86 4409.26 

D (nm) 14 13 10 9 

d(311) (Å) 2.51 2.51 2.52 2.51 

 

 

4.2.3 Morphological Analysis 

Figure 4.3 shows a comparison between the particle morphology and dispersibility of 

the as-synthesized iron oxide particles in varied experimental conditions. It was clearly 

seen that the presence of N2 environment was significantly effective in reducing the 

agglomeration tendency in the IO2 and IO4 samples (Figure 4.3 b and d). In regards to the 

effect of alkaline solution, a slightly lower susceptibility to agglomeration was observed 

in the particles synthesized using NaOH reagent, probably owing the higher negative ζ 

values produced by this alkaline, which consequently contributed to higher repulsive 

interparticle forces and enhanced dispersibility. In fact, a swift solution attained by this 

strong alkaline reagent, the condensational growing process through the Ostwald ripening 

process could be overcome (Bui, Ton, Duong, & Tran, 2018; Cao & Wang, 2011).  
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Figure 4.3: TEM images of a) IO1, b) IO2, c) IO3, and d) IO4

 

Moreover, although utilization of NH4OH as a mild precipitating reagent induces 

lower rates of particle formation and thus smaller particle sizes (17±5 nm) compared to 

NaOH (20±4 nm), the cohesive forces generated in the smaller particles prevail the 

interparticle forces and consequently stimulate agglomeration tendency (Hayden, Park, 

& Curtis, 2003). These average particle size of the samples indicate they are within the 

single-domain region (<20-30 nm), implying SPM behaviour which is in line with the 

findings from XRD analysis. 
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4.2.4 Magnetic Analysis 

The magnetization of IONPs produced in varied experimental conditions at room 

temperature are illustrated in Figure 4.4. The VSM graphs clearly showed that all the 

synthesized IONPs presented SPM behaviour with nearly zero Mr and extremely low Hc 

values (Patsula, Moskvin, Dutz, & Horák, 2016). However, the Ms values of all the 

IONPs were lower than that of bulk iron oxide with value of 92 emu.g-1, probably due to 

increased thermal fluctuations as well as disordered magnetic spins at nanoparticles 

surfaces, which intrinsically express reduced Ms at higher magnetic field strengths 

(Boyer, Whittaker, Bulmus, Liu, & Davis, 2010; L. Liu, He, Zhao, Sun, & Tong, 2018). 

The comparative investigations on the magnetic characteristics of the IONPs 

synthesized in varied experimental conditions indicated that the IO4 sample could offer 

the highest Ms (59.62±4.2 emu.g-1) as well as lowest Hc (4.99±0.8 G) and Mr (0.46±0.1 

emu.g-1) values followed by IO3 (Ms=54.79±3.5 emu.g-1, Hc=6.07±0.9 G, Mr=0.64±0.2 

emu.g-1), IO2 (Ms=45.05±4.8 emu.g-1, Hc=7.70±1.2 G, Mr=0.48±0.3 emu.g-1), and IO4 

(Ms=43.42±2.8 emu.g-1, Hc=8.80±1.5 G, Mr=0.48±0.2 emu.g-1). Moreover, a higher 

crystallinity of IO4 sample implied facile alignment of the magnetic moments in the 

magnetic field direction. In addition, a single-domain nature endowed by small particle 

size (<20-30 nm) as well as the presence of noncollinear surface spins could result in 

improved magnetic characteristics in the IO4 (Deraz, 2010; Guo, Chen, He, & Deng, 

2018; Wenger et al., 2008). These obtained results concluded that the provision of an 

anaerobic environment with the use of NH4OH as a precipitating agent brought the 

optimal synthesis condition to produce nanoparticles with maximum crystallinity and 

SPM behaviour as well as sufficient dispersibility. 
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Figure 4.4: The magnetization graph of IO1, IO2, IO3, and IO4
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4.3 Synthesis and In-Vitro Characterization of Superparamagnetic Iron Oxide 

Nanoparticles Using a Sole Precursor for Hyperthermia Therapy 

 

 

4.3.1 Physicochemical Characterization 

The rates of pH rise during dropwise addition of the alkaline reagent into the glass 

cylinder reactor are illustrated in Figure 4.5 for S3, S4, S5 and S6. The addition of iron 

precursor to the aqueous medium led to an abrupt pH reduction from around 7 to a range 

of 2-3, due to the strong acidic nature of iron salt, implying a great H+ donor with high 

acidic capability which situated on the central ions (Yin et al., 2017). Thereafter, the 

dropwise addition of the alkaline solution to the reactors brought about a gradual rise in 

the pH of iron mixtures, whilst further addition of 5 ml made a prompt pH rise to around 

10 and then no remarkable pH changes were beheld with further increase of the alkaline 

reagent. However, persistent addition of alkaline reagent until 50 mL was crucial to retain 

adequate OH⁻ ions and pH rate above 9. to completely precipitate the Fe2+ and Fe3+ ions. 

 

 

Figure 4.5: The rates of pH rise during dropwise addition of alkaline reagent 
under four varied oxidative conditions 
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Table 4.2 presents the initial and final pH values in varied oxidative environments as 

well as the ζ values of the obtained products. In overall, the higher oxidative environments 

led to lower initial and final pH values due to production of higher OH⁻ ions via more 

intensified oxidation of ferrous ions according to the following reaction: 

 

4Fe(OH)2 + O2 + 2H2O = 4Fe(OH)3 (4-1) 

The increased oxidative potency of the synthesis environment also resulted in higher 

ζ values through giving rise to the OH⁻ concentration and thus the particles negative 

surface charge (Hedayatnasab et al., 2020b; C. Lu, Chiu, & Liu, 2006). Consequently, the 

S6 sample presented the highest ζ value (-31.94±2.8 mV), although this value was not 

significantly higher than that of S5 (-30.62±2.3 mV). The increased ζ values in S5 and S6 

could possibly render higher colloidal stabilities and lower agglomeration tendencies 

compared to the other two counterparts.  

 

Table 4.2: The initial and final pH values of the synthesis solutions as well 
as the ζ values of the particles produced in synthesis environments with 

varied oxidative potencies 
Sample Initial pH Final pH ζ (mV) 

S3 3.05±0.07 10.81±0.16 -27.31±2.2 

S4 2.66±0.03 10.74±0.18 -28.68±2.7 

S5 2.35±0.15 9.97±0.19 -30.62±2.3 

S60 2.15±0.14 9.85±0.16 -31.94±2.8 

 

 

4.3.2 Structural and Phase Analysis 

The XRD spectra of all samples synthesized under varied oxidative conditions are 

illustrated in Figure 4.6. The obtained patterns showed an agreement with magnetite 

phase with inverse cubic spinel structure containing the space group of Fd3ˉm (JCPDS 
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00-001-1111), where the peaks observed at 2θ values of 18°, 30°, 35°, 43°, 54°, 57°, 63°, 

and 74° respectively corresponded to (111), (220), (311), (400), (422), (511), (440), and 

533) family planes (PDF 89–4319) (Unterweger et al., 2018).   

 

 

Figure 4.6: The XRD spectra of a) S3, b) S4, c) S5, and d) S6 

 

The B and D values of the corresponding highest peak at 35° as the representative 

plane (311) of magnetite phase for the all samples are given in Table 4.3. Insignificant 

alterations were observed in 2θ positions of the representative peak in all the samples. 

Moreover, the interplanar spacings ‘dhkl’ were almost unaffected and consonant with 

reference value of 2.53 (Unterweger et al., 2018). However, the peak intensity, as well as 
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the B and D values as indicators of the particles crystallinity were significantly influenced 

by the oxidative potency of the synthesis environment. A significant enhancement in 

particles crystallinity was observed with increase of the O2:N2 ratio up to 5:5, probably 

due to reaching a stochiometric balance Fe2+ and Fe3+ ions. However unexpectedly, a 

further increment of O2:N2 ratio to 6:4 led to the imbalanced ionic stoichiometry and thus 

reduced crystallinity. This could be probably due to a partial oxidation of ferrous ions by 

the water molecules and dissolved O2, which may contribute to reaching the maximum 

crystallinity in an environment with lower oxidative potency than the expected value (S. 

Wu et al., 2011). In fact, the Fe2+ ions are intrinsically oxidised to Fe3+ ions through taking 

up the dissolved O2 in water. In addition, vigorous stirring of the solution gives rise to the 

Fe2+ oxidation due to the dissolution of O2 in the aqueous medium and the exposure of 

Fe2+ ions to the O2 in air. Besides, water molecules have adequate potential to oxidize the 

Fe2+ ions to the Fe3+ ions even though the medium properly deoxygenated. The slow 

dropwise addition of alkaline reagent in the solution with the excess of the Fe2+ ions leads 

to the Fe3+ ions formation as well. Furthermore, when the particle size is in the nanoscale 

dimension, the Fe2+ ions may readily be oxidized in the solution with pH above 3 under 

the atmospheric condition as following the oxidation reaction (Gotić, Jurkin, & Musić, 

2009; Hedayatnasab et al., 2020b): 

 

Fe3O4  +  0.25 O2 + 4H2O → 3Fe(OH)2                                                 (4-2) 

Thereby, S5 sample possessed the highest crystallinity with the narrowest peaks, 

followed by S6, S4, and S3 as listed in Table 4.3. Such oxidation rate in S5 possibly 

rendered particles with enhanced stability and highly ordered arrangements.  
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Table 4.3: The phase structural characteristics of the iron oxide particles 
synthesized in varied oxidative environment 

Characteristics S3 S4 S5 S6 
2θ (º) 35.69 35.73 35.74 35.69 

B (º) 0.91 0.62 0.45 0.56 

Intensity (cts) 3088.22 5597.92 9197.18 6153.96 

D (nm) 12.56 13.92 17.22 15.68 

d(311) (Å) 2.51 2.51 2.51 2.51 

 

 

4.3.3 Morphological Analysis 

The TEM observations of the particles produced in varied oxidative environments 

(Figure 4.7) revealed formation of particles with mean diameters below 20-30 nm. This 

range of particle size was comparable to the crystallite size values obtained in XRD 

analyses, depicting formation of single-domain iron oxides.  

However despite the presence of spherical morphology in all the samples, considerable 

differences were observed between varied samples in terms of particles agglomeration 

and particle size distribution. The bare IONPs often show a great tendency to agglomerate 

and clump together through the interparticle van der Waals forces due to their high surface 

energy (T. K. Nguyen et al., 2015). Beside this intrinsic feature, the low oxidation rates 

during the synthesis procedure result in nanoparticles with bigger particle sizes and higher 

agglomeration vulnerability. However, the increased oxidative potential of the synthesis 

environment, not only result in faster nucleation of the nanoparticles, but also enhance 

the repulsive interparticle forces due to increment of the ζ values, resulting in higher 

particle dispersity. Accordingly, with increase of the O2:N2 flow ratio from 3:7 to 5:5, 

nanoparticles with narrower particle sizes and higher dispersity were formed. As shown 

in Figure 4.7 c, S5 comprised of uniformly dispersed particles with the mean diameter of 

18 nm, smooth distribution, and negligible agglomeration. Whereas, dense clumps of 
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IONPs were observed in both S3 and S4 samples, probably due to their relatively lower ζ 

values. However with further increase of the O2:N2 ratio from 5:5 to 6:4, the particle size 

distribution became significantly broader again, possibly due to the excessively rapid 

nucleation of the nanoparticles and decreased controllability over the synthesis process.   

 

 

Figure 4.7: The TEM images of a) S3, b) S4, c) S5, and d) S6. The narrowest particle 
size distribution with minimal agglomeration tendency is observed in S5 possibly 
due to the optimal oxidative potency of synthesis environment with O2:N2 flow 

ratio of 5:5 
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4.3.4 Magnetic Analysis  

The room-temperature magnetic behaviour of all four samples were characterized 

through VSM measurement. Figure 4.8 illustrates the symmetry as well as reversibility 

of four magnetization curves in the form of sigmoidal shape, which are indicative of the 

SPM behaviour of all samples with nearly zero Mr and relative remanence (Mr/Ms) 

(Schweiger et al., 2012), which are in line with the single-domain particles observed in 

TEM analyses. The comparative investigation on obtained magnetic properties from all 

SPIONs samples tabulated in Table 4.4, demonstrated that S5 could offer the highest Ms 

of 72±3 emu.g-1 which was significantly higher compared to the counterparts probably 

attributed to its more uniform single-domain morphology and higher crystallinity, 

followed by S6 (66±2 emu.g-1), S4 (64±2 emu.g-1), and S3 (60±3 emu.g-1). It is noteworthy 

that the Ms values above 50 emu.g-1 are considered as a pivotal characteristic of 

nanoheating agents for provision of sufficient induction heating power in MHT 

application to kill cancer cells (Kandasamy, Sudame, Luthra, Saini, & Maity, 2018). 

However, the lower Ms value of SPIONs as compared to the corresponding bulk phase 

resulted in nanoparticles incapability to overcome the anisotropy energy barrier, leading 

subsequently to reduced susceptibility towards magnetic field strength (Iida, Takayanagi, 

Nakanishi, & Osaka, 2007; Jiang et al., 2011).  

 

Table 4.4: The magnetic properties of SPIONs synthesized in four varied 
oxidative environments 

Samples Ms (emu.g-1) Mr (emu.g-1) Hc (G) Mr/Ms 

S3 60±4 0.8±0.1 2±0.2 0.013 

S4 64±2 0.9±0.3 3±0.3 0.014 

S5 72±3 1.8±0.3 10±0.6 0.013 

S6 66±2 1.7±0.2 9±0.5 0.026 
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Figure 4.8: The magnetization graph of S3, S4, S5, and S6. The inset indicates the 

magnified view of the graph 

 

4.3.5 Cytotoxicity Assay 

 In-vitro cytotoxicity assays are necessitated to ascertain the safety of magnetic 

nanoheating agents for in-vivo purposes. The cytotoxic activities of four varied SPIONs 

(inhibitors) were quantified on HepG2 carcinoma cells at a series of various 

concentrations from 1.5 to 100 μg.ml⁻ ¹ using an MTT assay. The viability of HepG2 

cells treated with four SPIONs samples are demonstrated in Figure 4.9, indicating the 

negligible cytotoxicity profiles of all samples on HepG2 cells as compared to the controls 

over the concentration range after 24 h incubation. These results offer that the SPIONs 

were cytocompatible on HepG2 cell line over the range of various concentrations, which 

was in line with previous reports on negligible cytotoxicity effect of Fe3O4 nanoparticles 

against various cancer cell lines (Kandasamy et al., 2019; X. Peng et al., 2019; Tudisco 

et al., 2018). In particular, S5 expressed cell viabilities above 90.37±3% at its maximum 

concentration, which was significantly higher than the other counterparts. Noteworthy, 

owing to the great cytocompatibility of S5 even in high concentrations, along with its 

paramount crystallinity, uniform morphology, and SPM properties, this sample was 

selected as the optimal nanoheating agent for further hyperthermia investigations. 
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Figure 4.9: Cell viability profiles of HepG2 cells treated with different SPIONs for 
24 h

 

4.3.6 Magnetic Hyperthermia Studies 

To perform a successful MHT, a minimal dosage of magnetic nanoagents with 

remarkable heating power is desired; meanwhile, the AMF strength must be limited to a 

clinically safe range to prevent disorders in the human body (Hergt & Dutz, 2007). In 

addition, the hyperthermia treatments are recommended to be carried out in time intervals 

of below 900 s to minimize potential disorders on the human body. This is due to the 

inner temperature of SPIONs is approximately twice that of the aqueous medium, hence 

longer residence of stealth SPIONs may enhance protein absorption on the SPIONs 

surfaces, leading to higher agglomeration and reduced colloidal stability. Moreover, 

longer time exposure to AMF may incur irreversible damage to the surrounding tissues 

(Dutz & Hergt, 2013). Therefore, treatment repetition in shorter time intervals is not only 

avoid the side effects but even boost the hyperthermia efficiency by completing tumour 

regression (Hedayatnasab et al., 2020b; Laurent et al., 2011).  

In this research, the hyperthermia efficiency of ferrofluids was assessed using five S5 

concentrations from 1 to 5 mg.ml-1, as well as the AMF strengths of 15.74, 31.49, 47.24, 

62.99, and 78.74 kA.m-1 over exposure interval of 5400 s to understand the minimal 

particle concentration and AMF strength that generate sufficient thermal energy in the 
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recommended interval of 900 s for raising the medium temperature into the hyperthermia 

range, while preserving the maximum temperature in the secure TH range. The 

temperature-time profiles of ferrofluids containing 1 to 5 mg.ml-1 of S5 at varied AMF 

strengths are illustrated in Figure 4.10. As expected, a faster temperature rise could be 

obtained with increase of the particles concentrations. In all the graphs, a considerable 

temperature rise was observed in the initial 120 s, followed by a moderate increase till 

around 900 s. The medium temperature continued to raise until reaching a steady state at 

approximately 1500 s and then, no statistically significant temperature rise was perceived 

over time in all applied AMF strengths.  

 

 

Figure 4.10: The thermal profiles of S5 with various concentrations a) 1 mg.ml-1, b) 
2 mg.ml-1, c) 3 mg.ml-1, d) 4 mg.ml-1, and e) 5 mg.ml-1 exposed to five varied AMF 

strengths. The band illustrates the hyperthermia range 
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Table 4.5 presents the achieved temperatures after 900 and 5400 s using varied 

concentrations and AMF strengths. The data presented in this table can clearly highlight 

that the SPION concentration of 1 mg.ml-1 and AMF strength of 31.49 kA.m-1 are the only 

hyperthermia parameters that not only provide a temperature rise in the TH range within 

900 s, but also maintain the maximum temperature of the fluid within the safe range after 

exposure for 5400 s.  

The SAR values of S5 sample with five varied concentrations exposed to various 

magnetic strengths are demonstrated in Figure 4.11. The SAR values increased with 

increment of the AMF strength from 15.74 to 78.74 kA.m-1 due to the heating loss 

mechanisms; while the SAR values reduced with increasing the concentrations,  probably 

due to the dipole-dipole interactions among nanoparticles (Dabbagh et al., 2019), which 

led to faster relaxation of SPIONs and diminished heating power (Iqbal et al., 2016b). 

Hence, the lowest and highest SAR values for 1 mg.ml-1 were 92.89±2 W.g-1 

and 301.22±3 W.g-1 and for 5 mg.ml-1 were 38.33±3 W.g-1 and 116.17±4 W.g-1 at 15.47 

kA.m-1 and 78.74 kA.m-1, respectively. However, the minimal concentration that S5 could 

produce the remarkable heating value of 145.15±4 under hyperthermia condition was 1 

mg.ml-1 at 31.49 kA.m-1. In fact, the heating efficiency of SPIONs is mainly governed 

through Néel and Brownian heating loss mechanisms. The former is favored for particles 

that are smaller than 20-30 nm, while the latter is prevalent in larger nanoparticles. 

Therefore according to the mean particle size of 18 nm observed in TEM studies, the Néel 

relaxation is probably the dominant heating mechanism of the single-domain spherical S5 

particles developed in this study. 
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Table 4.5: The achieved temperatures (°C) in the nanofluids containing varied 
SPIONs concentrations exposed to different AMF strengths for 900 and 5400 s 
Concentration 

(mg.ml⁻ ¹) 

Time 

(s) 

AMF strength (kA.m⁻ ¹) 

15.74 31.49 47.24 62.99 78.74  

1 900 37.2±0.7 43.1±0.6* 46.5±0.8 48.5±0.7 50.5±0.5 

5400 42.3±0.5 45.7±0.4* 50.4±0.8 57.5±0.8 62.4±0.9 

2 900 39.5±0.4 44.8±0.4 47.5±0.5 52.5±0.5 57.8±0.6 

5400 45.6±0.5 52.4±0.8 56.6±0.6 60.3±0.8 64.5±0.8 

3 900 40.5±0.5 47.5±0.9 51.4±0.8 58.3±0.7 59.5±0.9 

5400 48.6±0.5 55.5±0.5 59.7±0.8 65.6±0.6 68.8±1.2 

4 900 41.5±0.4 50.5±1 55±0.5 62±0.6 66±1.6 

5400 50.1±0.3 57.5±1.3 65.4±0.8 69.1±1.2 72.3±1.1 

5 900 43.2±0.8 54.3±0.6 61.5±1.4 64.4±1.2 68.2±1.1 

5400 52.2±0.5 63.1±0.5 69.4±0.6 71.5±0.9 75.3±1.3 

*The hyperthermia parameters, which led to a temperature profile within the secure 
TH range over the treatment time of 900-5400s. 

 

 

 

Figure 4.11: The SAR comparison of different S5 concentrations under exposure 
to five varied AMF strengths. The stronger AMF strengths and lower particles 

concentrations result in higher SAR values  
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4.3.7 In-Vitro Hyperthermia Test on HepG2 Cells 

The temperature profiles of the cell media containing 100 μg.ml-¹ S5 and the control 

groups under the exposure of different AMF strengths are illustrated in Figure 4.12. The 

initial temperatures were set at 36±1°C corresponded to the physiological temperature. 

The medium temperature raised to 42.1±0.3 °C and 44.5±0.5 °C within the TH range 

during the AMF exposure of 31.49 and 47.24 kA.m-¹ over 900 s. However, the minimal 

magnetic strength that could not only reach to TH range but also retain the temperature in 

the TH range over 5400 s was 31.49 kA.m-1. 

The inhibitory effect of S5 against HepG2 cell lines was investigated through 

MTT assay under hyperthermia condition. As hyperthermia tests were run, the MTT assay 

was instantaneously performed on the control groups and S5 samples in order to avoid the 

external factors effects. The viability HepG2 cells 24 h after treatment with S5 are 

compared with the control groups in Figure 4.13. Despite the magnetic strength variation, 

the control group exposed to AMF presented cell viabilities similar to the untreated 

control group, implying the safety of the AMF strengths applied in this study. Thereby, 

the cell viability of HepG2 was unaffected by S5 alone and/or AMF exposure alone, which 

was in line with previous reports (W. Li, Liu, Qian, & Yang, 2017). However, the cell 

viability of HepG2 cells treated by S5 was reduced significantly to 67±0.5% and then 

49±0.3% under the AMF exposure with strengths of 31.49 and 47.24 kA.m-¹ respectively, 

after the incubation interval of 24 h. Hence, the cytotoxic effect exerted by the heating 

effect of SPIONs under hyperthermia condition was considered as the 

principal mechanism for the cell growth inhibition. Therefore, the S5 samples comprised 

of SPIONs with particle sizes of below 20 nm could endow sufficient cytotoxic effect for 

hyperthermia treatment of cancer when the particles concentration and field strength are 

adjusted to 100 µg.ml-1 and 47.24 kA.m-¹, respectively. 
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Figure 4.12: The temperature profile of the HepG2 medium with S5 during 
exposure to varied AMF strengths. The minimal magnetic field of 31.47 kA.m-¹ 

could only render S5 with adequate heating capability to retain the desirable TH 
(the band area) 

 

 

Figure 4.13: Cytotoxicity profiles of HepG2 cells treated with S5 exposed to varied 
AMF strengths, as quantified by MTT assay
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4.4 Polycaprolactone-Coated Superparamagnetic Iron Oxide Nanoparticles 

Micelles for In-Vitro Magnetic Hyperthermia Therapy of Cancer  

 

 

4.4.1 Conformational Characteristics and Micellar Solution Properties  

Based on the concentrations, surfactant molecules often arrange in three main micellar 

configurations on the nanoparticles surface including hemi, ad, and mixed hemi-ad 

micelles (Figure 4.14). In the hemi micellar arrangement, a surfactant monolayer is 

formed on the nanoparticles surface via columbic attraction. With increase of the 

absorbed surfactant, the hydrophobic interactions between the hydrocarbon chains of the 

surfactant molecules lead to their bilayer arrangement on the nanoparticles surface and 

formation of the ad-micellar configuration. A mixed hemi-ad micelle array is also formed 

at intermediate surfactant concentrations, with both columbic and hydrophobic 

interactions (Amiri-Aref et al., 2015; Ranjbari et al., 2015). The formation of each 

configuration could be determined via ζ measurements, where the low and high ζ values 

indicate the presence of hemi and ad micelles, respectively.  

Figure 4.14 illustrates the ζ changes of iron oxide samples with addition of varied 

surfactant quantities. When CTAB was added into the synthesis solution, the positively-

charged hydrophilic heads electrostatically bonded to the hydroxyl groups of iron oxide, 

resulting in neutral charges. Therefore, the ζ value progressively raised from -30.62±2.3 

mV (for bare iron oxide at pH ~ 9, Table 4.2) to zero at CTAB quantity of 5 ml, 

confirming formation of hemi micelles around particles through electrostatic interaction. 

Notably, the hydrophobic interactions among the tail groups of the surfactant molecules 

is the primary driving force for their ad-micellar configuration in the aqueous medium. 

Therefore with increase of the CTAB quantity, free hydrophobic polar tails assemble 

together via chain-to-chain reactions and the polar heads become exposed, leading to 
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positive ζ values (Amiri-Aref et al., 2015; Ranjbari et al., 2015). This trend continued to 

reach the maximum ζ value of +16±2 mV in CTAB concentration of 15 mg, indicating 

formation of ad-micellar configuration of the CTAB molecules on the particles surface. 

Thereby, this surfactant quantity (SPC15) was considered as the critical concentration for 

ad-micellar configuration (CaMC) and the optimal amount for surface modification of 

iron oxides for further attachment of the PCL-d chains (Hedayatnasab et al., 2020a).  

When PCL-d was added into the solution, the ζ value significantly reduced to around 

-8±2 mV, implying PCL-d coating layer was formed around particles surface through 

electrostatic interactions. The presence of unreacted diol groups on the polymer changes 

probably contributed in generation of negative charges on the coated iron oxide particles. 

 

 

Figure 4.14: Different configurations of surfactant molecules around the iron oxide 
particles at varied CTAB quantities. Three main micellar structures are 

determined based on alteration of the ζ values of samples 

 

4.4.2 Morphological Analysis 

The morphological characteristics of bare iron oxides, SPC15, and PCL-SPC15 are 

illustrated in Figure 4.15 a-d. The TEM micrographs clearly showed uniform particle size 

distributions with remarkable dispersibility in all the synthesized nanoparticles. However, 
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surface modification by the cationic surfactant could slightly improve the particle 

dispersity in the aqueous medium, probably due to particle–particle interactions (Elfeky 

et al., 2017). According to Figure 4.15 c, no significant alteration in nanoparticles 

dispersity and agglomeration was observed by further coating of the SPC15 particles with 

PCL biopolymer. A typical TEM image from an individual nanoparticle with higher 

magnification is also illustrated in Figure 4.15 d, which obviously confirms formation of 

a core–shell structure comprised of iron oxide core and PCL shell. As a result of polymer 

coating, the mean diameter of nanoparticles was increased from 18±2 to 21±3 nm, 

indicating formation of a 3 nm polymer coating on the bare IONPs.  

 

 

Figure 4.15: The TEM images of a) bare iron oxide, b) SPC15, and c, d) PCL-
SPC15 with different magnifications. The core-sell structure of PCL-SPC15 is 

obviously observed 
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4.4.3 Structural and Phase Analysis 

The obtained XRD patterns on bare IONPs, SPC15, and PCL-SPC15 are illustrated in 

Figure 4.16 a-c. The XRD patterns confirmed formation of a single magnetite phase 

(JCPDS 00-001-1111) with cubic spinel and Fd3ˉm space group in all samples, implying 

the negligible effects of CTAB and PCL on the crystalline phase of iron oxides. The XRD 

diffraction peaks of all samples observed at 2θ values of 18°, 30°, 35°, 43°, 54°, 57°, 63°, 

and 74° respectively corresponded to (111), (220), (311), (400), (422), (511), (440), and 

533) family planes of magnetite (PDF 89–4319). 

 

 

Figure 4.16: The XRD patterns of a) bare iron oxide, b) SPC15, and c) PCL-SPC15. 
The peaks at 21.4° and 23.7°, which represent the crystallographic planes of PCL, 

indicated the formation of biopolymer coating on the nanoparticles surface 
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The XRD Patterns of PCL-SPC15 illustrates the presence of two crystalline polymeric 

and metallic phases. The added peaks at 2θ of 21.4 and 23.7 (Figure 4.16 c) are 

represented the crystallographic planes of (111) and (220), respectively (Ravi, Song, 

Wang, Nadimicherla, & Zhang, 2016).  

The HRTEM image in Figure 4.17 also depicts an interlayer spacing of 0.254 nm for 

Fe3O4 cores in PCL-SPC15, which is well-matched with the (311) planes of magnetite 

(PDF 89–4319) possessing an interlayer spacing of 0.251 nm.  

 

 

Figure 4.17: HRTEM images of a) bare iron oxide and b) PCL-SPC15 

 

4.4.4 Chemical Structure Analysis  

The FTIR spectra of bare Fe3O4, SPC15, pure CTAB, pure PCL biopolymer, and PCL-

SPC15 are shown in Figure 4.18 a-e. FT-IR spectra of bare Fe3O4 clearly displays 

absorption peaks of 3401.22 and 1627.56 cm-1, which were respectively characteristics 

of stretching and bending vibrations of hydroxyl functional group (H-O-H), required for 

electrostatic assembly of CTAB molecules (Cai & Wan, 2007). The peaks in the low-

frequency region from 500–800 cm-1, particularly at 583.83 cm-1 were attributed to Fe–O 

absorption bands which confirmed the presence of the magnetite. The presence of 

3017.13 cm-1 band could be attributed to the vibrations of the ammonium moiety in 
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CTAB. Additionally, the peaks at around 2848.39 and 2916.37 cm-1 were related to 

symmetric and antisymmetric C-H vibration bands of the –CH2 group which derived from 

the long aliphatic tail of CTAB. The peaks at 1461.31 and 959.90 cm-1 were associated 

with asymmetric stretching vibration of N+-CH3, besides the peak 718.36 cm-1 might be 

corresponded to Br− (Elfeky et al., 2017).  

 

 

Figure 4.18: FTIR spectra of a) bare iron oxide, b) pure CTAB, c) SPC15, d) PCL-
d, and e) PCL-SPC15 . The *, ‡, and # symbols represent the specific bonds of iron 
oxide, CTAB, and PCL-d respectively, indicated the formation of their functional 

groups on the PCL-SPC15 surface. 
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FTIR spectrum of PCL biopolymer possessed a strong band at 1719.73 cm-1 that could 

be assigned to carbonyl stretching (C=O groups). In addition, the bands at 2941.44 and 

2863.81 cm-1 were related to asymmetric and symmetric stretching vibration of aliphatic 

C–H groups, while absorption bands at 1238.09 and 1159.51 cm-1 were belonged to 

asymmetric and symmetric stretching of C–O–C group in PCL, respectively (Khoee, 

Bagheri, & Hashemi, 2015). The recorded spectra for PCL-SPC15 (Figure 4.18 e) was 

identical to that of pure PCL and exhibited the same characteristic vibration bands of 

Fe3O4 with slightly lower intensities owing to the presence of active components.  

 

Figure 4.19 a depicts the low-resolution XPS survey spectra of PCL-SPC15
 while high-

resolution C 1s, O 1s, and Fe 2p XPS spectra of the PCL-SPC15
 are shown in Figure 4.19 

b-d. The Fe 2p spectrum (Figure 4.19 d) comprised the doublet Fe 2p1/2 and Fe 2p3/2 

possessed the binding energy values of 723.72 eV and 710.44 eV, respectively which 

were considered as the common peaks for magnetite. The peaks from such spectra were 

probably deconvoluted into two components correlated with Fe3+ and Fe2 ions. These 

results implied that the composition of the Fe3O4 core was unaffected by surfactant and 

polymer modifications. The O 1s spectrum (Figure 4.19 c) could be also deconvoluted 

into four peaks ascribed to the oxygen atoms from Fe-O, OH (Fe2O3), C-O/C=O, and 

COOH located at 529.82, 530.29, 531.46 and 532.38 eV, respectively (Wilson & Langell, 

2014). The C 1s spectrum (Figure 4.19 b) included the contribution of four components 

peaks situated at 284.58, 285.49, 286.65 and 288.53 eV were respectively corresponded 

to carbon atoms of C-C, C-O, C=O and COOH from PCL which were well-matched to 

previous other report (Manakhov et al., 2019). Both XRD and XPS studies confirmed that 

PCL biopolymer was successfully coated on the surface of SPC15.  
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Figure 4.19: The XPS spectra of PCL-SPC15. a) Low-resolution survey spectrum, 
b) High-resolution C 1s XPS spectrum c) High-resolution O 1s XPS spectrum, and 

d) High-resolution Fe 2p XPS spectrum  

 

4.4.5 Thermal Analysis 

DSC technique was performed to evaluate the phase transition behaviour of pure PCL 

and PCL-SPC15 samples. As shown in Figure 4.20 a, the peak temperature of endothermic 

phase transition for pure PCL is observed at 52.1±2 °C (Correlo et al., 2005). However, 

the onset temperature of this phase transition was initiated at 45.4±2 °C, implying that the 

melting point of PCL biopolymer with molecular weight of 2000 Da was within the upper 

hyperthermia range (45 to 52 °C). The DSC thermograms of the PCL-SPC15 is also 

elucidated insignificant alterations of the onset and peak temperatures of endothermic 

phase transition of PCL after coating on the metallic core. This range of phase transition 

temperature in the PCL-SPC15 particles confirmed their appropriacy for cancer therapy 

under hyperthermia condition. 
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Figure 4.20:  The thermal behaviour of (a) DSC thermograms of pure PCL and 
PCL-SPC15, and (b) TGA curves of pure PCL, SPC15 and PCL-SPC15 

 

TGA analysis was also carried out to determine the quantities of CTAB and PCL in 

the core-shell nanostructure. As shown in Figure 4.20 b, the curve of SPC15 depicts a 

small weight loss of around 3%, which could be attributed to the evaporation of CTAB. 

On the contrary, the TGA measurement of PCL-SPC15 exhibited a mass loss of 

approximately 12% in two phases. The first phase of weight loss correlated with CTAB 

evaporation at temperatures below 300 °C, while an additional weight loss of 

approximately 9% at 300-400 °C in the second phase attributed to degradation of PCL to 

CO2, CO, and H2O (Zhong et al., 2015). The obtained PCL quantity was comparable with 

the value obtainable from the TEM images (9%), based on the theoretical densities of 

Fe3O4 and PCL.  
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4.4.6 Magnetic Analysis 

The obtained magnetic properties of bare Fe3O4, SPC15, and PCL-SPC15 are tabulated 

in Table 4.6. The symmetry and reversibility of the hysteresis curves are depicted in 

Figure 4.21 which are indicative their SPM behaviour with extremely low Hc, nearly zero 

Mr, and Mr/Ms. These findings were consistent with the TEM results, which indicated 

the potential SPM behaviour of these particles due to their average particle sizes of below 

20-30 nm and single-domain large magnetic moments (Weidner et al., 2015).  

 

Table 4.6: The comparison of the magnetic properties among bare SPIONs, 
CTAB-stabilized SPIONs and PCL-SPC15 

Samples Ms (emu.g-1) Mr (emu.g-1) Hc (G) Mr/Ms 

Bare SPIONs 72±3 2±0.2 10±0.3 0.0248 
SPC15 69±5 1±0.1 5±0.2 0.0278 
PCL-SPC15 64±4 1±0.2 5±0.2 0.0135 
 

 

Further, two distinct features were perceived from the magnetic properties. Firstly, the 

Ms value descended after both stabilization and polymer coating, probably due to the 

nonmagnetic natures of both CTAB and PCL. Due to a low amount of surfactant, an 

insignificantly reduction in the Ms value from 72±3 emu.g-1 to 69±5 emu.g-1 was 

observed after surface modification of SPIONs. The Ms value was further decreased to 

64±4 emu.g-1 when PCL was coated on the SPC15 cores. However, this alteration was also 

statistically negligible, possibly due to the semi-crystalline structure of PCL biopolymer 

which may lead to more oriented magnetic moments. 

Secondly, the Hc of bare SPIONs was almost twice of SPC15 and PCL-SPC15 because 

of relatively higher particle agglomeration and friction relaxation loss. Besides, the 

interparticle interactions could also elucidate this effect through high surface-area-to-

volume of bare SPIONs that increase the exchange interactions between individual 

particles and consequently enhanced surface energy, effective magnetic volume, and Hc 
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(Von der Lü e, Weidner, Dutz, & Schacher, 2017). Meanwhile, surface modification 

could weaken the interparticle interactions by increasing the distance among the 

individual particles, giving rise to the coercivity reduction.  

 

 

Figure 4.21: The magnetization graphs of bare SPIONs, SPC15, and PCL-SPC15 

 

4.4.7 Cytotoxicity Assay 

The cell metabolic activity of PCL-SPC15 at a series of varied concentrations up to 100 

μg.ml-¹ were assessed against HepG2 carcinoma cells through an MTT assay. The 

observation of morphological changes in cells indicated that PCL-SPC15 concentrations 

of up to 100 μg.ml-¹ dispossessed antiproliferative activity against HepG2 cells in 

incubation intervals of 24 and 48 h. Therefore, PCL-SPC15 induced no distinct 

cytotoxicity towards HepG2 cells with possessing a cell viability above 95±0.01% at the 

highest concentration (shown in Figure 4.22). Moreover, this value was significantly 

greater as compared to that of bare SPIONs (90.37±0.03%) observed in previous part 

(section 4.3.5) with a similar concentration, conforming the positive influence of PCL 

biopolymer coating on the cytocompatibility of SPIONs. This finding was also in 

consonance a previous study which reported an enhanced cytocompatibility when 

chitosan cores were coated by PCL biopolymer shells (Alemi et al., 2019). 
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Figure 4.22: Cell viability profiles of HepG2 cells treated with different 
concentrations of PCL-SPC15 for 24 and 48 h 

 

4.4.8 Magnetic Hyperthermia Studies 

In an attempt to correlate the magnetic and structural properties of PCL-SPC15 with 

the hyperthermia performance, the heating capability of these nanoparticles was 

examined through measuring the temperature rise upon applying external AMF with 

different strengths. The temperature profiles of the aqueous solutions containing 1 mg.ml-

¹ of PCL-SPC15 exposed to varied AMF strengths are presented in Figure 4.23. Analogous 

heating behaviours at varied magnetic strengths were observed, where an abrupt 

temperature rise till heating intervals of approximately 120 s (stage I), followed by 

moderate temperature rise till heating intervals of approximately 900 s (stage II). The 

medium temperature continued to increase till approximately 1500 s (stage III) and then, 

no significant temperature rise was observed in the aqueous medium (stage IV). The most 

influential effect of field strength was in the stage I, where the slopes of temperature rise 

(dt/dt) at this stage was almost doubled with increase of the AMF strength from 15.47 

kA.m-¹ to 62.99 kA.m-¹. Therefore, the dT/dt values at stage I were determined for SAR 

values measurement at each magnetic strength. Accordingly, the calculated SAR values 
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were respectively 99.17±1.1, 152.65±1.2, 201.21±0.7, and 255.12±0.8 W.g-¹ for AMF 

strengths of 15.74, 31.49, 47.24, and 62.99 kA.m-¹.  

The hyperthermia treatment is recommended to be carried out in time intervals of 

below 900 s to minimize potential disorders on the human body. This is due to the inner 

temperature of SPIONs is approximately twice that of the aqueous medium, hence longer 

residence of stealth SPIONs may enhance protein absorption on the SPIONs surfaces, 

leading to higher agglomeration and reduced colloidal stability (Périgo et al., 2015). 

Moreover, longer time exposure to AMF may incur irreversible damage to the 

surrounding tissues (Hedayatnasab et al., 2020a). Therefore, treatment repetition in 

shorter time intervals is not only avoid the side effects but even boost the hyperthermia 

efficiency by completing tumour regression (Laurent et al., 2011). The obtained 

temperatures after exposure to AMF strengths of 15.74, 31.49, 47.2, and 62.99 kA.m-¹ 

over 900 s were 39.5±0.8, 44.5±0.5, 48.1±0.9 °C, and 53.5±0.6 °C, respectively. 

Therefore, the strength value of 31.49 kA.m-¹ and a heating interval of 900 s were 

determined as the minimum AMF parameters for generation of sufficient heat within the 

secure TH range (the band area in Figure 4.23). This strength could also initiate phase 

transition of the PCL shell (Figure 4.20) and sustain the medium temperature within TH 

range throughout the treatment time. Although the magnetic strength of 31.49 kA.m-¹ 

exceeded the recommended threshold value (H×f < 5×109 A.m-¹s-¹) for the secure clinical 

purposes, (Hergt & Dutz, 2007), lower magnetic strength e.g. 15.74 kA.m-¹ might require 

a higher concentration of ferrofluid to produce adequate heat in killing cancer cells within 

the secure TH. In addition, higher concentrations may give rise to smaller SAR values due 

to the possibility of nanoparticles aggregation. Therefore, minimized concentration of 

magnetic nanoheating agent with remarkable SAR value are necessitated to perform 

successful hyperthermia treatment and also prevent eddy currents that cause 

unpredictable disorders in patients during the clinical trials. It is also noteworthy that the 
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synthesized PCL-SPC15 presented a superior SAR value (255.12 W.g-¹) in comparison 

with other reported SPION coatings including, poly-l-lysine (Kubovcikova et al., 2019), 

carboxydextran (Shi et al., 2019), PCL mat (Zhong et al., 2015), chitosan (Shete et al., 

2014) and PEG (Dabbagh et al., 2019), which might be due to its greater capability in 

provision of well-dispersed SPIONs. Besides, the thermo-responsive nature of PCL 

biopolymer in the TH range was considered as an extra benefit in the heating power 

enhancement. 

SPIONs in single-domain state induce both Néel and Brownian relaxations under the 

AMF exposure to heat up the entire perimeter surrounding through the flipping motion of 

the magnetic moment within the crystal and the random motion of nanoparticles 

suspended in a solution, respectively. In general, when the nanoparticles diameter is 

below a critical range of 20-30 nm, the Néel relaxation time ‘τN’ becomes predominant, 

whereas the Brownian relaxation time ‘τB’ is considered as primarily heating mechanism 

for larger diameters. For particle diameters in the range of 20-30 nm, the effective 

relaxation time is defined as τeff = (τN τB )/( τN + τB) (Kafrouni & Savadogo, 2016). As a 

result, the core diameters of bare SPIONs and PCL-SPC15 synthesized in this study 

designated that the produced heat was due to Néel relaxation. Moreover, the produced 

heat through the viscous friction between the rotating nanoparticles and their surrounding 

might be raised for larger particle diameter, implying a negligible effect of the Brownian 

mechanism. The anisotropy constant and particle aggregation also contribute in the 

heating mechanism. Deatsch and Evans (Deatsch & Evans, 2014) demonstrated that the 

dominant heating loss assigned to the one with faster relaxation time. PCL-SPC15 with 

mean particle diameter of 15 nm was therefore indicated a shorter relaxation time of ~10-

7 s, meaning that τN might be occurred faster as compared to τB. However, τN was affected 

by the interparticle spacing as the energy barrier raised with enhancement of particle 

interactions. Therefore, the reduced dipolar interactions and increased interparticle 
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spacings via incorporation of surfactant and coating layers may result in hampered τN 

which is typically considered as the dominant heating loss mechanism in MHT.  

Interestingly, the SAR values of the PCL-coated SPIONs are higher as compared to 

the bare SPIONs (section 4.3.6) owing to the presence PCL biopolymer coating layer 

around the SPIONs surface (in line with other previous reports (Kubovcikova et al., 2019; 

Reyes-Ortega, Delgado, Schneider, Checa Fernández, & Iglesias, 2018)), which not only 

preventing the particles agglomeration but also providing long-term stability of the 

particles in the colloidal dispersion and allow them to maintain their SPM nature in 

aqueous medium. Therefore, the best magnetic nanoheating agents regarding 

hyperthermia treatment are precisely the biopolymer-coated SPIONs as compared to the 

bare SPIONs due to the coated SPIONs are likely to have faster relaxation processes 

resulted in higher heating efficiency. Moreover, the thermo-responsive nature of PCL 

molecules is an additional benefit seems to assist this task.  

 

 

Figure 4.23: The thermal profile of PCL-SPC15 at varied AMF strengths. The 
31.49 kA.m-1 magnetic strength could only induce heating power within the secure 

hyperthermia range (the band area) 
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4.4.9 In-Vitro Hyperthermia Test on HepG2 Cells 

Figure 4.24 illustrates the comparison between the temperature profiles of the control 

group and the cell media containing 100 μg.ml-¹ PCL-SPC15 under the exposure of 31.49 

and 47.24 kA.m-¹ magnetic strengths over 900 s, which respectively raised the medium 

temperature to 43.2 ±0.3 °C and 46.1±0.5 °C. The viability of HepG2 cells was quantified 

instantaneously by MTT assay on the control group and PCL-SPC15 samples to prevent 

external factors effects. The cell viability responses of HepG2 cells were investigated in 

incubation interval 24 h shown in Figure 4.25. In spite of exposing to different AMF 

strengths, the control groups possessed the cell viabilities above 93% in comparison with 

the control group in the absence of AMF, indicating that the AMF applied in this research 

was in the safe range. Moreover, the cell viability results implied that neither SPIONs 

alone nor AMF alone with varied strengths could inhibit the cell growth, which were in a 

good agreement with other research (Quinto et al., 2015).  

 

 

Figure 4.24: The temperature profile of HepG2 cells with PCL-SPC15 during 
exposure to varied AMF strengths. The minimal magnetic field of 31.47 kA.m-¹ 

could only render PCL-SPC15 with adequate heating capability to retain the 
desirable TH (the band area) 
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However, the cell viabilities were significantly lessened to 60.9±0.8% and 40.1±0.9% 

when the HepG2 cells were treated with PCL-SPC15 and exposed to the AMF strengths 

of 31.49 and 47.24 kA.m-¹ in incubation interval of 24 h, respectively. Thereby, the 

principal mechanism for the cell growth inhibition was the produced heat by PCL-SPC15 

nanoparticles under AMF exposure. It assumed that the produced heat possesses adequate 

capability to increase the reactive oxygen species and thus denature cell division (Mondal 

et al., 2017). Theses significant reductions in cell viability of HepG2 treated with PCL-

SPC15 through induction heating process confirmed the hypothesis that this novel 

magnetic nanoheating agent comprised of SPIONs core and PCL biopolymer shell 

demonstrated a successful hyperthermia performance.   

 

 

Figure 4.25: Cytotoxicity profiles of HepG2 cells treated with PCL-SPC15 exposed 
to varied AMF strengths, as quantified by MTT assay  Univ
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CHAPTER 5: CONCLUSION AND RECOMMENDATIONS  

 

5.1 Conclusions 

The aim of this research was to stabilize SPIONs using cationic CTAB and then 

functionalize them with a thermosensitive PCL biopolymer in order to enhance their in-

vitro hyperthermia efficiency on HepG2 carcinoma cells under AMF exposure. Within 

limitations of this study, the following conclusions were made: 

 

1. The proposed idea in this study was to produce IONPs under mild alkaline reagent 

and anaerobic condition, which resulted in nanoparticles with great stability and 

SPM behaviour without using any stabilizing agent. The obtained results indicated 

the significant contribution of alkaline reagents and synthesis environment on the 

physicochemical, morphological, and magnetic characteristics of the produced 

nanoparticles, where synthesis environment played a more significant role as 

compared to the alkaline reagent type on the particles crystallinity and magnetic 

behaviour. Overall, the use of mild NH4OH alkaline reagent provided lower rates 

of particle formation and thus, higher crystallization and improved magnetic 

behaviour. On the other hand, by incorporating the strong NaOH reagent, higher 

zeta potential values and thus slightly lower aggregation tendencies were 

achieved. However, this effect was negligible when synthesis was carried out 

under the anaerobic environment. Therefore, in order to obtain nanoparticles with 

higher crystallinity and enhanced magnetic behaviour, as well as sufficient 

stability in aqueous medium, the synthesis process is recommended to be carried 

out using NH4OH as the precipitating reagent under anaerobic environment. 
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2. Superparamagnetic iron oxide nanoparticles are commonly synthesized via co-

precipitation of ferrous and ferric ions in an alkaline solution; however, reducing 

the amount of applied chemicals could lessen toxicity risks for cancer treatment 

purposes. Thereby, based on the high oxidation vulnerability of ferrous ions, the 

synthesis and optimization of SPIONs via a single-iron precursor route under 

four varied oxidative conditions were investigated. It was demonstrated that the 

physicochemical as well as magnetic properties of SPIONs may be purposefully 

tuned through alteration of oxidative conditions. The optimized SPIONs were 

produced when the O2:N2 flow ratio adjusted to 5:5 in synthesis environment. 

Thus, the SPIONs exhibited the highest crystallinity and superior magnetic 

behaviour with sufficient colloidal stability along with excellent cytocompatibility 

on HepG2 carcinoma cells. Induction heating experiments revealed a remarkable 

heating capability of the optimized SPIONs in a specific range of AMF strengths. 

Although the optimized SPIONs showed no cytotoxic effects, a 

potent cytotoxicity was induced by these particles on HepG2 cells under 

hyperthermia condition. Hence, these magnetic nanoheating agents could be 

considered as a promising candidate for cancer therapy purposes.  

  

3. Magnetic hyperthermia therapy of cancer is a promising alternative for the 

current chemotherapy and radiation options, due to its targeting capability and 

lower systemic toxicity. However, agglomeration vulnerability of the nanoheating 

agents in biological media, low control over the heat generation and dissipation at 

the target region, and eschewed clearance by the renal and RES have been 

remained as the main challenges for clinical translation of this approach. Hence, 

the development of ad-micellar stabilized magnetic nanoheating agents with PCL 

biopolymer coating for in-vitro hyperthermia application was examined. The in-
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vitro investigations indicated a negligible influence of the biopolymer-coated 

SPIONs on cell viability of HepG2 cells at a maximum concentration. However, 

the significant hyperthermia efficiency of PCL-coated SPIONs was due to their 

intrinsic SPM property, stabilizing effect of CTAB ad-micelles, combined with 

the thermo-responsive nature of PCL biopolymer. The data presented here 

demonstrated the significant heating capability of PCL-coated SPIONs, which 

incurred a potent cytotoxic effect on HepG2 carcinoma cells under 

AMF exposures with appropriate strengths. 
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5.2 Recommendations 

Based on the finding of this research, further exploration of the following 

recommendations can be fruitful in extending magnetic hyperthermia therapy of cancer 

to medically relevant scenarios: 

 

1. The development of magnetic drug delivery systems with active targeting of the 

carcinoma cells. In this approach, the thermosensitive performance of PCL 

coating could endow the magnetically thermal-triggered drug-releasing ability 

under AMF exposure. In fact, the cytotoxic effect of this magnetic 

nanoheating agent would be enhanced through the synergistic effects of 

hyperthermia as well as chemotherapy that induced by PCL-coated SPIONs and 

drugs, respectively. This will involve the use of both magnetic nanoparticles and 

drugs which can indeed consider as a promising cancer-therapeutic alternative 

modality to address the crucial issues of current chemotherapy. 

2. Due to the direct interaction of the nanoparticles with the blood cells immediately 

after administration into biological medium, it is essential to determine 

hemocompatibility of biopolymer-coated SPIONs. 

3. The stability tests as well as in-vivo comparative studies at both magnetic 

hyperthermia treatment alone and thermal-triggered drug-releasing must be 

performed to evaluate the in-vivo efficacy of the newly synthesized thermo-

responsive product. 

4. To perform a successful hyperthermia therapy, applying the AMF strength within 

the clinical safety limit is necessitate; hence, the substitution of SPIONs with 

Gadolinium and/or Zinc as a single core or even multi cores that possess Curie 

temperatures lower than Iron would be effective approach to conduct the self-

controlled magnetic hyperthermia treatment. 
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