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ABSTRACT 
 

 Iron oxide magnetic nanoparticles generate heat upon application of high 

frequency magnetic field that can be harnessed to treat cancer by achieving a 

temperature rise of > 43 oC. This study investigates and optimizes parameters such as 

magnetic field strength and frequency, solution viscosity, nanoparticle size, composition, 

and magnetic properties to maximize the heat generation in iron oxide magnetic 

nanoparticles (MNPs). Data were normalized to calculate SAR (specific absorption rate, 

W/g Fe) to determine the most effective parameters for magnetic heating, resulting in 

values as high as 1001 W/g Fe for the MNPs. Calculations based on the linear response 

theory and the Stoner-Wohlfarth theory were used to estimate nanoparticle SAR, and 

yielded results in agreement with the experiments.  

 Efforts were made to determine nano-scale temperatures in the core of polymeric 

micelles, which are imbedded with a temperature sensitive fluorescent dye and magnetic 

nanoparticles. Experimental and computational macro-scale tumor models were 

investigated to observe the bulk temperature rise (>43 oC), and determine the applicability 

of the MNPs investigated for magnetic hyperthermia. It was determined that although 

there was minimal local temperature rise in the core of magnetic micelles, a temperature 

rise sufficient to reach hyperthermia conditions was observed in bulk tumor models 

measuring at least 0.8 mm in diameter. Additionally, bulk heating of Chinese Hamster 
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Ovary (CHO) cells using MNPs demonstrated that hyperthermia led to cell death in the 

temperature range of 43 oC to 46 oC, while causing minimal toxicity concerns.  

 A separate investigation (Chapter 9) was undertaken to validate single-use cell 

culture bags by developing a methodology to measure the toxicity caused by a leachate 

found to release from these bags, which are finding greater acceptance in the 

biopharmaceutical industry. CHO cells were used to investigate the dependence of 

leachate toxicity on cell culture type, mixing, culture volume, and the duration of cell 

exposure to the leachate.  It was determined that the leachates posed a higher toxicity to 

suspended CHO-K1 cells compared to adherent cells, while use of constant mixing and 

long term exposure of cells to leachates led to considerable cell death.  
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CHAPTER 1 

INTRODUCTION 

Cancer is a major cause of death throughout the world and the United States, and 

there is a high probability of developing cancer during a person’s lifetime in developed 

countries where there is a long life expectancy. In 2014, 14.5 million Americans were 

suffering from cancer, and this number is projected to increase to 19 million by 2024 [1]. 

At present rate, cancer is the second leading cause of death in the United States, 

marginally trailing the heart diseases, according to the Centers for Disease Control 

(Figure 1.1) [2]. For males in the United States, there is a 43.31 % lifetime risk of 

developing cancer, whereas 37.81% of females face the same risk [3]. Research focused 

on developing an understanding of the mechanism of cancer and the treatments used for 

curing it effectively has gained momentum in recent decades to improve the life of cancer 

patients.  
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Figure 1.1: Leading causes of death in the United States, 2012 [2] 

Cancer is a general name given to a combination of several diseases leading to 

uncontrolled cell growth, and each type of cancer is classified based on its location or 

tissue of origin. Cancerous growth usually occurs when the DNA is damaged and does 

not undergo the standard repair procedure, which interferes with the cell growth cycle and 

naturally occurring cell death. Cancerous growth can occur in any part of the human body, 

but the tumors originating in several delicate organs can be particularly hard to treat as 

surgery procedures may be impossible or extremely challenging. Pancreatic cancer and 

lung cancer are some of the deadliest types of cancer as they have relatively low survival 

rates. Pancreatic cancer has been reported to have one of the lowest survival rates, 

where only 2% of diagnosed patients survive past 5 years after diagnosis [4]. Cancer 

poses an additional threat to the patient as it not only affects the organ where it originates, 

but it also has the capability to metastasize from its origin to other parts of human body. 

The tumor can then spread throughout the body of the patient if not diagnosed or treated 

in a timely manner.  
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Due to the invasive nature of cancerous tumors, there is an increasing need for a 

treatment that can effectively target cancer cells throughout the human body and kill them 

to prevent re-occurrence of cancer. Usually multiple treatments are administered 

simultaneously to improve the effectiveness of cancer therapy, such that minimal damage 

occurs to healthy body cells. Surgery is the primary method used to treat cancer and 

works best for isolated tumors that can be completely removed from the human body 

before metastasis occurs. Chemotherapy and radiation therapy are other prominent 

cancer treatments that involve subjecting the patient to drugs or ionizing radiation, which 

are toxic to cancer cells and damage cellular DNA to inhibit the rapid replication of 

cancerous cells. Surgery is usually supplemented by chemotherapy or radiation to 

improve the chances of patient’s survival by killing the majority of cancer cells that may 

be not be removed by surgical procedures. Chemotherapy and radiation also serve as 

primary treatments for cancer when surgery may not be possible.  

Chemotherapy and radiation have been successful at curing cancer, but they pose 

severe side effects to cancer patients and their effectiveness is dependent on a timely 

diagnosis. Chemotherapy and radiation function by inhibiting cell growth and division, and 

as a result they can also kill and inhibit the growth of healthy body cells. Cancer patients 

often face severe side effects and prolonged periods of suffering while undergoing cancer 

treatment. Nausea, vomiting, hair loss, anemia, and fatigue are common side effects 

faced by cancer patients undergoing chemotherapy and radiation. Chemotherapy and 

radiation adversely affect the patient’s immune system that plays an essential role in 

fighting cancer, and the patient may develop secondary diseases due to their 

immunosuppressed condition [5]. In addition to this, current cancer treatments are mostly 
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successful when the cancer is diagnosed and treated at an early stage (Table 1.1). For 

example, the chances of patient’s survival from breast cancer can be increased to 99 % 

if the cancer is detected at an early stage, when it is mainly confined to its location of 

origin, as opposed to 23 % survival rate for late detection when the cancer may undergo 

metastasis (Table 1.1) [6]. Thus, there is an increased need for a cancer treatment that 

minimizes patient’s suffering, and aids in early detection of the cancerous tumor. One 

such field of study involves use of magnetic nanoparticles for cancer treatment and 

diagnosis, where nanotechnology has been applied to cancer threanostics and 

development of the nanoparticle based hyperthermia treatments.  

Table 1.1: Survival percentage for early and late stage cancer detection 

Cancer Early Stage* Late Stage* 

Breast 99% 23% 

Prostate 100% 29% 

Cervical 91% 19% 

Colorectal 90% 12% 

*Survival % obtained from National Cancer Institute, Seer Stat Fact Sheets, 2011 [6] 

In addition to the established techniques of chemotherapy and radiation, 

hyperthermia can serve as an effective cancer therapy due to its ability to kill cancer cells 

effectively at elevated temperatures while causing minimal side effects [7]. Hyperthermia 

was traditionally used in India for Ayurveda medicine about 3000 years ago, and was 

found to be effective against the initial stages of cancer in Rome during the period of 25 

BC to 50 AD [8]. Modern day research based on hyperthermia as a cancer treatment was 

initiated in the 1970s when an international meeting on hyperthermic oncology was held 

in Washington [8]. Hyperthermia was originally developed as a treatment where the 

patient’s complete body was subjected to elevated temperatures up to 45 oC to kill the 

cancer tumor due to temperature rise [9]. Cancer tumors are found to be more susceptible 
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to higher temperature as they cannot easily dissipate heat due to the under-developed 

vascular network associated with the rapid tissue growth in a tumor [9]. At elevated 

temperature, the proteins in the cancer cells coagulate and the vasculature network 

around the tumor is damaged, leading to cell apoptosis and tumor regression [10-14]. 

Hyperthermia treatment has also been documented to increase the effectiveness of 

radiation therapy by dilating the blood vessels and increasing the supply of oxygen, which 

acts as a radio-sensitizer in the tumor area [15, 16]. Contrary to the outcome of 

chemotherapy and radiation, whole-body hyperthermia can increase the immune 

response of the human body to surgical stresses [17]. Despite the benefits of 

hyperthermia, there have been significant challenges to its progress because of the side 

effects ranging from minor discomfort due to blood clotting and skin blistering, to major 

problems such as cardiac and vascular disorders when the whole body is exposed to the 

elevated temperature for extended time periods [9, 15, 18, 19]. Recent investigations 

have been focused on applying hyperthermia to a confined area such that most of the 

large scale side effects can be avoided.  

Hyperthermia therapy is classified into three major types – whole-body, regional, 

and localized- based on the area of application [9, 15, 18]. Whole-body hyperthermia is 

the more traditional form of hyperthermia and is applied to the patient’s complete body. 

As mentioned previously, this treatment poses several threats to a patient’s well-being, 

and has led to the increased use of regional hyperthermia that would be applied only to 

a specific location or an organ in the human body. Since the temperature rise during 

regional hyperthermia is confined to a smaller area as compared to whole-body 

hyperthermia, fewer healthy tissues are impacted by elevated temperature, while 
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reducing major side effects. But regional hyperthermia has been known to cause minor 

side effects such as redness, swelling, and blistering of skin and muscle tissues in the 

region where the treatment is applied. Additionally, regional and whole-body hyperthermia 

face major challenges as heat is not targeted directly to the cancer tumor, and the 

maximum temperature range for these treatments does not usually exceed 42 – 43 oC to 

avoid damage to healthy body tissues. To ensure treatment effectiveness with a moderate 

temperature rise, these treatments need to be used in combination with either 

chemotherapy or radiation, which cause major side-effects to cancer patients. Localized 

hyperthermia is a treatment which is applied specifically to the cancer tissue, and uses 

higher temperature in the range of 43 – 46 oC to increase the effectiveness over 

conventional hyperthermia treatments.  

Localized hyperthermia can serve as an independent form of cancer treatment, 

and its effectiveness can be greatly improved by the use of nanotechnology. Localized 

hyperthermia was traditionally applied by inserting a thin needle or a probe inside the 

patient’s body and heating it using high energy waves aimed at the tumor. 

Radiofrequency ablation is a form of local hyperthermia technique, where high frequency 

radio waves are used to produce heat in needle-like probe inserted in the human body 

[20]. However radiofrequency ablation is somewhat invasive due to use of needles, and 

targeting deeply-situated or multiple tumor sites can be quite challenging. Recent 

progress in nanotechnology, combined with the knowledge of radiofrequency ablation 

techniques, have opened up new avenues for development of nanoparticle-based 

localized hyperthermia treatment [21-25]. 
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Magnetic fluid hyperthermia (MFH) is a novel form of the localized hyperthermia 

treatment that kills cancer cells through the temperature rise in magnetic nanoparticles 

induced by a high frequency AC magnetic field. The frequency of AC magnetic field used 

for hyperthermia is usually below radio frequency (to avoid interference with radio 

signals), and the magnetic field serves as an external stimulus that causes heat 

generation in the magnetic particles localized in the cancer tumor. This treatment involves 

three important steps: 1) delivery of nanoparticles to the tumor, 2) application of a high 

frequency magnetic field, and 3) heat generation in the nanoparticles and tumor 

regression due to temperature rise (Figure 1.2). Despite continued research in the field 

of magnetic hyperthermia since 1957, when Gilchrist et al. first investigated nanoparticles 

for heat production at 1.2 MHz frequency [26, 27], the treatment still needs optimization 

for ensuring effective nanoparticle delivery and maximizing heat generation for causing 

high tumor regression rates. Issues regarding the use of appropriate magnetic field 

strength and frequency, the type of nanoparticles that generate maximum heat, and 

adequate concentration of magnetic nanoparticles for efficient heat generation need 

further investigation.  
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Figure 1.2: Nanoparticle delivery and magnetic field application for nanoparticle based 
localized hyperthermia [28] 

 

MFH has shown promise and is being used clinically by some, but there remain 

questions and challenges that need to be addressed. MFH system needs to be optimized 

such that minimum dose of nanoparticles can be administered in the human body to 

generate maximum possible amount of heat. Favorable nanoparticle properties, and 

mechanisms that lead to heat generation in MNPs need to be better understood, and 

validated using experimental and theoretical models to ensure progress in MFH at a 

clinical scale. 
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CHAPTER 2 
 

BACKGROUND 

2.1 Nanoparticle based hyperthermia as a cancer treatment 

Nanoparticle-based hyperthermia treatments are usually administered in either of 

the two different forms that include the laser based treatment or magnetic hyperthermia 

treatment. Both of these approaches successfully overcome the invasiveness of localized 

hyperthermia treatment such as radiofrequency ablation that involves continuous use of 

a needle-like probe inserted in tumor to subject it to high energy waves for the treatment 

duration. For the nanoparticle based hyperthermia treatments, the heat generation in 

nanoparticles can be triggered externally by a laser or a magnetic field and the treatment 

is minimally invasive [21-25, 29-31].  

Laser and magnetic hyperthermia have been shown to produce the elevated 

temperatures necessary to treat cancer, but there is a major disadvantage to laser based 

hyperthermia systems as the near-infrared light cannot penetrate deep inside the human 

body [32]. Magnetic hyperthermia uses high frequency magnetic field that can penetrate 

deep inside the human body, as routinely observed during a MRI scan [33]. Precise 

temperature control and avoiding overheating of tissues during laser hyperthermia to 

prevent tissue necrosis is an additional challenge that’s needs to be overcome [29]. In 

contrast, temperature rise during magnetic hyperthermia can be easily manipulated by 

tuning the magnetic field parameters and nanoparticle properties. Iron oxide 

nanoparticles that are commonly used to administer MFH can be custom synthesized 
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with desired propertied by manipulation in the synthesis procedures and pose minimal 

toxicity concerns in vivo.  

 

 

2.2 Benefits of iron oxide magnetic nanoparticles 

MFH can serve as an effective cancer therapy if administered using iron oxide 

nanoparticles (magnetite Fe3O4 and maghemite γ-Fe2O3) that: (1) possess favorable 

magnetic properties, (2) are approved by government for use in human body, and (3) can 

be easily localized in the cancerous tumor.  

Although magnetic elements such as cobalt and nickel possess favorable 

magnetic properties as compared to iron oxides, they are usually not preferred for MFH 

as they pose toxicity concerns. For example, nanoparticles composed of cobalt ferrite and 

nickel ferrite have been reported to possess desirable magnetic properties for MFH 

application due to their high saturation magnetization as compared to iron oxides [34, 35]. 

Although, these particles help to maximize the amount of heat produced by application of 

an AC magnetic field, they have been reported to be toxic to mammalian cells at 

concentrations needed for magnetic hyperthermia treatment [34, 35]. On the other hand, 

iron oxide nanoparticles have been approved by the US Food and Drug Administration 

(FDA) and the European Medicines Agency (EMA) to be safe for medical use in vivo [23].  

Iron oxide nanoparticles are studied extensively for use in magnetic hyperthermia 

and MRI imaging as they are well tolerated in the human body, and possess magnetic 

properties required to produce high temperatures for the cancer treatment [36-39]. In 

addition, iron oxide nanoparticles have been reported to have good colloidal stability, and 
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their surfaces can be easily modified to attach targeting moieties that can aid their 

localization inside the cancerous tumor [36, 40]. Iron oxide nanoparticles have long been 

used in MRI imagining, which adds an extra benefit of providing tumor imaging 

capabilities along with their use in the cancer therapeutics [41]. As such iron oxide 

nanoparticles achieve the optimum between achieving feasibility of use for cancer 

treatment and posing minimal toxicity issues.  

Iron oxide nanoparticles can be passively and actively targeted to cancerous 

tumors due to ease of tailoring their size and magnetic properties, and feasibility of 

modifying their surface. An important consideration for application of MFH is to design 

nanoparticles with appropriate size and surface properties to ensure their delivery and 

retention in the cancer tumor. Localization can be accomplished through either passive 

or active targeting (or a combination of both). Nanoparticles are passively targeted to 

tumors due to the enhanced permeation and retention (EPR) effect, which occurs when 

nanoparticles accumulate in the vicinity of a tumor due to presence of leaky vasculature 

found in growing tumors [42]. The naturally occurring localization process can be 

improved by use of active tumor targeting by use of permanent magnets that can draw 

the nanoparticles (such as iron oxides) into the affected area due to the attractive 

magnetic forces. Alternately, nanoparticles can be decorated with targeting molecules 

that bind to receptors on individual cancer cells ensuring that most of the nanoparticles 

are selectively localized in the tumor region. For example, Muthiah et al. [40] have 

demonstrated that iron oxide nanoparticles can be easily bound to carbohydrates, 

peptides, and antibodies to improve their stability, biocompatibility, and targeting 

capabilities in vivo. Passively and actively targeted nanoparticle systems have been 
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studied extensively using animal models to demonstrate their targeting efficiency, as well 

as validate their potential as a viable cancer therapy.  

 

 
2.3. Essential aspects for nanoparticle design and studies demonstrating effectiveness of 

magnetic hyperthermia 

 For providing an effective hyperthermia treatment, MNPs should meet the size 

specification for retention in the human body. Nanoparticles that are smaller than 10-15 

nm in size are immediately removed by the kidney, whereas MNPs larger than 200 nm 

are filtered through the liver and spleen in a short period of time [23, 43, 44]. For example, 

globular proteins that are 3 nm in size (below the threshold size of 10 – 15 nm) undergo 

complete renal filtration with blood half-life of just 9 min, but iron oxide MNPs in the 

desirable size range have a blood half-life of 24 – 36 h [45-47]. MNPs in the range of 10 

– 100 nm have the longest blood circulation time as they undergo a slow process of 

phagocytosis by liver cells to be cleared from the human body [23, 43, 44].  

 Effective surface coating can increase the MNP circulation time in human body. 

Iron oxide nanoparticles are often coated with surface coatings such as poly (ethylene 

glycol) or Pluronic (a copolymer surfactant) to not only increase their circulation time in 

vivo, but also to prevent the proteins from adhering to the nanoparticle surface 

(opsonization) that would lead to their quick removal from the blood stream when 

administered intravenously. For example, a study demonstrated that 75 % of 193 nm iron 

oxide nanoparticles were localized in liver after injecting them in rats, but this number 

decreased to 55% when the MNPs were coated with Pluronic and oleic acid to prevent 

opsonization [46, 48].   
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Iron oxide MNP size also plays crucial role when magnetic targeting is used for 

MNP localization, and temperature rise in hyperthermia range (43 – 46 oC) is essential in 

vivo. The magnetic force acting on a nanoparticle decreases greatly with a reduction in 

MNP size, and it has been reported that magnetite MNPs below 20 nm can no longer can 

be separated using a high-gradient magnetic separation column due to lack of magnetic 

attraction [43, 44]. In addition, nanoparticle size impacts magnetic properties, including 

the heating efficiency for use in magnetic hyperthermia applications (as discussed later). 

MNPs with an appropriate size can be utilized to allow for the use of lower magnetic field 

strengths and frequencies, such that the product of field strength and frequency does not 

exceed 4.85*108 A/m-s to minimize patient discomfort [49].  

Selection of MNPs with an appropriate size and surface coating provides optimal 

performance in regards to blood circulation, nanoparticle localization, and heating rates. 

These parameters require consideration before the application of MFH for cancer 

treatment, and even while conducting pre-clinical and animal studies to ensure MNP 

retention in tumors and achieving desired temperature rise.     

Most studies investigating magnetic hyperthermia as a cancer treatment have 

been conducted on animal models, but there are a few studies that have demonstrated 

the potential of MFH in humans. The first in vivo study using magnetically targeted drug 

delivery vehicle was conducted in rats in 1979 by Widder et al. [50]. The drug delivery 

device were constructed of serum albumin microspheres (~1 µm in diameter) that were 

loaded with doxorubicin, and embedded with magnetite particles to localize them in 

desired area in the rat body using a magnetic field. Since this initial in vivo study in rats 

using magnetic targeting, several research groups have advanced the development of 
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nanoparticle-based magnetic hyperthermia as a cancer treatment, reaching human 

clinical trials in 2003 [51-56] 

Several animal studies have led to the conclusion that cancerous tumors can be 

successfully regressed when magnetic hyperthermia is applied using nanoparticles that 

produce a high heating rate at an appropriate treatment concentration [52, 54, 55]. For 

example, a 12.6 kA/m magnetic field applied at a frequency of 100 kHz inhibited the 

growth of orthotopic prostate tumor in rats by 44-51%, when compared to a control group 

that was not exposed to a magnetic field [51]. This study emphasized the benefits of using 

MNPs with an appropriate size for in vivo treatment, as the 15 nm iron oxide nanoparticles 

were largely localized in the tumor up to 20 days post injection, allowing for application of 

multiple follow-up doses of the hyperthermia treatment [52].  

Clinical studies for the use of magnetic hyperthermia as a cancer treatment were 

initiated in 2003, and most of the clinical studies since then have demonstrated the 

potential of this treatment to reach desired hyperthermia temperatures and achieve 

effective MNP localization [57]. A clinical study conducted on humans has acknowledged 

the success of magnetic hyperthermia as a cancer treatment combined with radiotherapy, 

where the survival period after the initial recurrence of glioblastoma increased from 6.2 

months to 13.4 months after application of magnetic hyperthermia [56]. Much of the 

success demonstrated in animal models and clinical trials for magnetic hyperthermia has 

been credited to the application of MFH treatment using appropriate magnetic field 

parameters to provide an adequate thermal dose to the cancerous tumor. To optimize 

this system for efficient heat delivery using least possible MNP dosage and increase its 
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therapeutic effectiveness, it is essential to understand the principles of electromagnetic 

induction and heat generation in magnetic nanoparticles.  

 

 

2.4. AC magnetic field generation 

Electromagnetic induction occurs whenever an electric current flows through a 

conductor and produces a magnetic field as described by Faraday’s law of induction. A 

simplified inductor-capacitor (LC) circuit can be used to produce a magnetic field and 

demonstrate its application for magnetic hyperthermia treatment. In a simplified  LC 

circuit, the capacitor (C) stores the electric current (i) that can flow across the voltage (V) 

through the inductor (L), to produce a magnetic field in the inductor (Figure 2.1).  

 

Figure 2.1: Simplified LC circuit used for producing an AC magnetic field [58] 

When the capacitor is completely discharged, the inductor causes a current flow in the 

opposite direction that re-charges the capacitor with an opposite polarity. This process 

causes the capacitor to undergo a continuous and high speed charge-discharge cycle, 

which leads to the production of an AC magnetic field. The simplified LC circuit can be 

modified to accept an AC electric current and allow for settings that can be changed to 
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produce magnetic fields with variable field strength and frequency. In addition to the circuit 

design and components responsible for the production of the magnetic field, the strength 

of the magnetic field also depends on the structure of the coil. The inductance (L, µH) 

produced in a coil is described as (Figure 2.2, Equation 2.4.1) [59, 60]:  

L = 
𝑑2𝑛2

(𝑙+0.45∗𝑑)
                                  (2.4.1) 

 

Figure 2.2: A schematic representation of a magnetic hyperthermia copper coil [59] 

Here, the diameter of the coil (d, m), the length of the coil (l, m), and the number of turns 

in the coil (n) can be changed to maximize the inductance generated. The experiments 

described in this dissertation were conducted using magnetic coils that were designed to 

be capable of generating high frequency AC magnetic fields required for heat generation 

in MNPs. 

 

 

2.5. Theory of heat generation in the magnetic nanoparticles 

 When iron oxide MNPs are subjected to high frequency magnetic field they 

undergo either complete rotation or switching of their magnetic moments leading to heat 
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generation. This section will describe the fundamentals of heat generation in iron oxide 

nanoparticles in the size range of just few nanometers to 100s of nanometers.  

 When magnetic nanoparticles are exposed to an alternating current magnetic field, 

heat can be generated due to the re-orientation of magnetic nanoparticles. Because 

magnetic nanoparticles are nano-sized magnets that possess properties of a typical 

magnetic dipole, they tend to orient in a particular direction to minimize the energy of the 

system. The energy of the system (E) is at a minimum when the MNPs are oriented along 

the easy axis, which is the preferred direction for MNP orientation depending on the 

values of effective anisotropy (Keff) and MNP volume (V), as described by Equation 2.5.1 

[57, 61]:  

𝐸(𝜃) = 𝐾𝑒𝑓𝑓𝑉𝑠𝑖𝑛2𝜃                              (2.5.1) 

To switch between the two energy minima of a typical MNP system, the nanoparticles 

need to overcome the anisotropy energy barrier (𝐾𝑒𝑓𝑓𝑉) and undergo a magnetic reversal 

process to the other minimum energy state along the easy axis. Upon application of a 

magnetic field, MNPs often produce a magnetic field of their own (known as an induced 

magnetic field) and gain sufficient energy to overcome the anisotropy barrier to perform 

the magnetic reversal process. Upon magnetic reversal, the excess energy is dissipated 

as thermal energy that can be harnessed for magnetic hyperthermia applications. There 

are various theories and models that describe process of heat generation in MNPs, while 

considering MNP reorientation depending on the magnetic field parameters and 

nanoparticle properties chosen for MFH.  

 An important factor affecting the validity of magnetic hyperthermia theories is the 

type of magnetism that nanoparticles display based on MNP size. When the nanoparticle 
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size is extremely small, the domain walls are absent and the entire MNP has a single 

magnetic moment (Figure 2.3). These single-domain magnetic nanoparticles behave as 

independent magnets with minimal MNP interactions, and display a type of magnetism 

categorized as superparamagnetism. When the nanoparticle size increases, they 

transition from superparamagnetic MNPs to single-domain ferromagnetic MNPs that have 

permanent magnetic properties and a high coercivity (Figure 2.3). The ferromagnetic 

MNPs also display increased interactions in a MNP dispersion as they retain 

magnetization, even in the absence of an external magnetic field. When the single-

domain ferromagnetic nanoparticles grow larger they develop multiple magnetic domains 

and the coercivity drops due to a decrease in system energy (Figure 2.3).  

 
Figure 2.3: Change in magnetic properties of MNPs with increase in nanoparticle 

diameter [62] 

 

There has been a debate on the size range that separates smaller single-domain 

superparamagnetic nanoparticles from the larger ferromagnetic nanoparticles. The 

critical MNP size range separating the superparamagnetic and ferromagnetic regimes, 

varies based on structure and composition of the MNPs. In case of the iron oxide MNPs, 

which are frequently used for MFH applications, the transition size between these two 

magnetic regimes has been known to depend strongly on the iron oxide chemical 
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composition: 1) magnetite (Fe3O4) and 2) maghemite (γ-Fe2O3) (the only two chemical 

compositions of iron oxide that can be used for MFH), which have been reported to have 

a similar crystal structure, except the vacancies in maghemite for Fe positions [63]. In a 

study by Bakoglidis et al. [64] conducted using MNPs that were a mixture of maghemite 

and magnetite and determined that particles beyond 13 nm in size lie in the ferromagnetic 

domain, whereas smaller particles lie in the superparamagnetic domain. Krishnan et al. 

[65] have determined by mathematical modeling that the maximum size for a particle to 

be single domain and superparamagnetic is around 35 nm for maghemite and 25 nm for 

magnetite. Vergés et al. [66] surveyed the results of other researchers and reported that 

the transition range from single domain to multi domain is around 50 nm for magnetite 

MNPs. Even with the discrepancy over exactly what MNP size constitutes a transition 

from superparamagnetism to ferromagnetism, smaller superparamagnetic MNPs do not 

possess a permanent magnetization, which enables them to form stable dispersions that 

are favorable for the magnetic heating applications.  

Despite the benefits of using superparamagnetic MNPs for magnetic heating 

applications, there are conflicting views whether larger MNPs produce more heat due to 

a change in the magnetic reversal mechanism. As discussed earlier, superparamagnetic 

iron oxide nanoparticles have been approved by the FDA and are widely used for in vivo 

studies due to their enhanced stability, bioavailability, and heating efficiency [67-74], but 

the idea of using larger ferromagnetic iron oxide MNPs for MFH has not been completely 

harnessed. Recently, a few researchers have provided evidence that larger ferromagnetic 

MNPs can generate greater amounts of heat as compared to the smaller 

superparamagnetic MNPs [75].  Ma et al. [38] have provided experimental verification of 
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this viewpoint by conducting magnetic heating on magnetite MNPs covering a wide range 

of sizes (from 7.5 nm to 416 nm), where the mid-range size MNPs (46 nm) generated the 

most heat when exposed to a 32.5 kA/m field at 80 kHz. Li et al. [76] have demonstrated 

a similar size optimum in magnetite MNPs where they found that 24 nm particles had the 

highest heating efficiency when subjected to magnetic fields of 9.6 to 23.9 kA/m at 100 

kHz (when compared to particles ranging in size from 8 nm to 103 nm). They attributed 

the heating of the 24 nm particles to a combination of nanoparticle reorientation 

processes [76], which makes it essential to investigate the difference in magnetic reversal 

processes occurring at variable MNP sizes and the type of magnetism 

(superparamagnetism and ferromagnetism).  

Based on the magnetic properties and type of magnetism displayed by the MNPs, 

the nanoparticle reorientation can occur either due to (1) the energy provided by the 

magnetic field energy, (2) an increase in thermal fluctuations of the system, (3) the 

Brownian motion in the MNPs (4) or a combination of these three mechanisms in the 

nanoparticle system. The different magnetic reversal mechanisms and the process of 

heat generation in MNPs are explained by widely accepted theories of magnetism at the 

nano-scale, such as the Linear Response Theory and the Stoner-Wohlfarth Theory.  

 

 

2.5.1. Linear Response Theory 

 The linear response theory (LRT) is the most commonly-used theory to explain the 

phenomena of superparamagnetism in nanoparticles, when MNP magnetization 



 

21 
 

increases linearly with applied magnetic field [77, 78]. LRT is valid in the regime where ξ 

< 1 (Equation 2.5.1.1), and 𝜇 0𝐻𝑚𝑎𝑥 ≪ 𝜇 0𝐻𝑘 [78, 79] where: 

ξ = 
𝜇 0𝑀𝑑𝐻𝑉𝑚

𝑘𝐵𝑇
                                (2.5.1.1) 

Here, ξ is the Langevin parameter, μo is the permeability of free space (4π*10-7 T-m/A), 

Md is domain magnetization of a magnetic material (equal to saturation magnetization Ms 

in single domain MNPs), H is the maximum applied field strength, Vm is the magnetic 

volume (core iron oxide volume) of nanoparticles, kB is the Boltzmann constant, T is the 

absolute temperature, and Hk is the anisotropy field. According to LRT, the magnetization 

occurring in a nanoparticle (M) is directly proportional to the applied magnetic field (H) by 

a factor of complex susceptibility of the material (χ) (Equation 2.5.1.2, Figure 2.4), 

𝑀 =  𝜒𝐻                                         (2.5.1.2) 

 
Figure 2.4: The red box on the M against H curve denotes the area where the MNP 

magnetization (M) follows a linear response to applied magnetic field (H). 

 

The LRT attributes the phenomenon of heat generation in MNPs to a combination 

of Néel and Brownian relaxation processes, which contribute to the effective relaxation 
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time of the system. In a MNP dispersion, the effective relaxation time of the system is the 

time period between two consecutive magnetic relaxation processes. According to the 

LRT, the effective relaxation time depends on magnetic reversal due to whole MNP 

rotation as well as the reversal of the magnetic moment inside magnetic nanoparticles. 

The process that leads to whole MNP rotation due to Brownian motion in the MNPs is 

termed Brownian relaxation (Figure 2.5 a). MNP relaxation due reversal of magnetic 

moment in the MNPs when the thermal fluctuations in the MNPs overcome the anisotropy 

barrier of the MNPs, is known as Néel relaxation (Figure 2.5 b) [70, 77, 80, 81]. The 

effective relaxation time of MNPs in LRT (𝜏) is a function of Brownian relaxation time (𝜏𝐵) 

and Néel relaxation time (𝜏𝑁) (Equation 2.5.1.3).  

  1

𝜏
=  

1

𝜏𝑁
+

1

𝜏𝐵
                                  (2.5.1.3) 

 

 
Figure 2.5: (a) Brownian and (b) Néel relaxation process that lead to heat generation in 

single-domain superparamagnetic nanoparticles [81]  

 

The Brownian relaxation process in MNPs contributes to magnetic heating, but its 

magnitude is greatly affected by the MNP dispersion viscosity. Brownian relaxation time 

(𝜏𝐵) depends on several factors such as the viscosity (η) of the medium, hydrodynamic 

volume of MNPs (VH), absolute temperature (T), and the Boltzmann constant (kB) 

(Equation 2.5.1.4): 
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   𝜏𝐵 =  
3𝜂𝑉𝐻

𝑘𝐵𝑇
                                           (2.5.1.4) 

A smaller relaxation time (𝜏) corresponds to a faster magnetic relaxation process in the 

MNPs, implying that the smaller effective relaxation time lead to a higher heat dissipation 

rate (Equation 2.5.1.3). An increase in the viscosity of the medium surrounding the MNPs 

can increase the Brownian relaxation time (Equation 2.5.1.4), and reduce its contribution 

to magnetic heating. The reduction in magnetic heating efficiency must be considered for 

in vivo applications as the viscosity of protein-containing interstitial fluids, or the rigidity of 

materials surrounding the MNPs inside a drug delivery vehicle can significantly reduce 

the temperature rise which can be achieved by application of an AC magnetic field. 

Experimental validation of this situation has been conducted by researchers, where the 

SAR of iron oxide MNPs was reduced to 47% of the original value when the MNPs 

originally dispersed in water were transferred to a rigid silicone polymer [82]. In addition 

to the viscosity of the medium, the effective relaxation time and the magnetic heating 

efficiency of the MNPs strongly depends on their magnetic properties as described by the 

Néel relaxation process.  

Néel relaxation contributes to heat generation in nanoparticles, but its magnitude 

is greatly influenced by MNP anisotropy and size. The Néel relaxation time (𝜏𝑁) in MNPs 

depends on characteristic relaxation time (𝜏𝑜, in the range of 10-9 – 10-11 s [83]), effective 

anisotropy constant (K), absolute temperature (T), and magnetic volume of MNPs (Vm) 

(Equation 2.5.1.5) [84]: 

  𝜏𝑁 =  
√𝜋

2
  𝜏𝑜exp (

𝐾𝑉𝑚

𝑘𝐵𝑇
) √

𝐾𝑉𝑚

𝑘𝐵𝑇
                          (2.5.1.5) 

It is essential to note that MNP anisotropy is a function of MNP size and shape, and a 

change in the anisotropy or size of MNPs has an impact on the Néel relaxation time 
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(Equation 2.5.1.5) and heating efficiency of the MNPs. Lee et al. [85] have presented by 

calculations based on LRT than varying nanoparticle anisotropy (and indirectly the Néel 

relaxation time) not only has an effect on magnitude of heat generated by MNPs, but also 

the MNP size that is suitable for MFH.  

 Rosensweig’s equation predicts the power generation in MNPs based on the 

contribution of (1) the Brownian and Néel relaxation processes, (2) the magnetic 

properties of MNPs, and (3) the magnetic field parameters. If MNPs are designed to fit 

the linear response theory, Rosensweig [77] developed an equation to relate power 

generation (P), and thus heat generation, to various field and material parameters 

(Equation 2.5.1.6)      

𝑃 =  𝜋𝜇𝑜𝜒𝑜𝐻2𝑓
2𝜋𝑓𝜏

1+(2𝜋𝑓𝜏)2                              (2.5.1.6) 

Where, 𝜒𝑜 =  𝜒𝑖
3

𝜉
(coth 𝜉 −

1

𝜉
)                       (2.5.1.7) 

And,    𝜒𝑖 =  
𝜇 0𝛷𝑀𝑑

2𝑉𝑚

3𝑘𝑇
                  (2.5.1.8) 

Here, 𝜒𝑜 is the magnetic susceptibility of the particles and a Langevin function of ξ 

(Equation 2.5.1.1), H is the field strength of the applied magnetic field, f is magnetic field 

frequency, and 𝜏 is the effective relaxation time for reorientation of magnetic moments in 

MNPs (Equation 2.5.1.3). 𝜒𝑖 is the initial susceptibility of MNPs, Md is the domain 

magnetization, Vm is the magnetic volume of the MNPs , 𝛷 is the volume fraction of the 

MNPs, T is the absolute temperature, and k is the Boltzmann constant (Equations 2.5.1.1, 

2.5.1.3 – 2.5.1.8) [77]. As discussed previously, the relative contribution of Néel and 

Brownian relaxation processes changes based on MNP size, shape, and 

composition/crystal structure used for MFH, and there are size ranges where either Néel 
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or Brownian relaxation can be a dominant process causing heat generation in MNPs. The 

Néel relaxation time for MNPs (Equation 2.5.1.5), and magnetic susceptibility of the MNPs 

(Equations 2.5.1.7, 2.5.1.8) depend on magnetic properties and the size of the magnetic 

core of MNPs, while the Brownian relaxation time depends on the physical properties of 

the surrounding medium and hydrodynamic diameter of MNPs (Equation 2.5.1.4). As a 

result, the MNP size, magnetic properties, and physical properties influence the power 

generation in MNPs need to be considered for design of experiments. Finally, 

Rosensweig’s equation suggests that the power generation in MNPs is a complex 

function of applied magnetic field frequency (f) and depends on the square of the applied 

field strength (H2). As such, the LRT implies that a change in the magnitude and frequency 

of the applied magnetic field influences the rate of heat generation in the MNPs.   

Although the LRT describes the phenomenon of magnetic heating in smaller 

superparamagnetic MNPs, it is not valid for larger ferromagnetic MNPs. The criteria for 

validity of the LRT (ξ < 1, Equation 2.5.1.1) is not fulfilled when the MNP size and 

magnetization increases such that the response of MNPs to applied field strength does 

not follow a linear trend [78]. In such situations, the Stoner-Wohlfarth theory provides an 

alternative model for understanding MNP behavior and calculating their heating 

efficiency.  

 

 

2.5.2. Stoner-Wohlfarth Theory 

 The Stoner-Wohlfarth (SW) theory is one of the most fundamental theories of 

ferromagnetism at a scale where each ferromagnetic MNP is a single-domained magnet 
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that behaves as an independent magnetic moment. SW theory neglects MNP relaxation 

due to Brownian motion that is an important consideration of the LRT, and the 

reorientation of non-interacting ferromagnetic MNPs is attributed to the energy provided 

by the magnetic field [86]. According to the SW theory, re-orientation of magnetic 

nanoparticles can occur between two minimum energy positions when the magnetic field 

provides sufficient energy for the MNPs to overcome their anisotropy barrier. This causes 

hysteresis in the MNP system, which is evident when the magnitude of induced magnetic 

field (M) is plotted against the magnitude of the applied magnetic field (H) (Figure 2.6).  

 
Figure 2.6: Hysteresis loop formed when magnetization of MNPs (M) follows a cyclic 

path in response to the applied magnetic field (H) [87]. 

 

A hysteresis loop highlights the magnetic properties of MNPs that are essential for 

efficient heat generation, and the area enclosed in the hysteresis loop in directly 

proportional to power generation or energy dissipated by the MNPs during MFH. (Figure 

2.6). Saturation magnetization of the MNPs (Ms) is defined as the maximum 

magnetization achieved by a system at an applied magnetic field strength (H). 

Theoretically, MNPs with a higher saturation magnetization can be subjected to higher 

magnetic field strengths, before the MNP magnetization reaches its peak value. 
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Remanence (Mr) is defined as the magnetization retained by a material after the magnetic 

field is no longer applied, while coercivity (Hc) is the minimum magnitude of magnetic field 

required to induce magnetization (H) in a material (or system). Higher saturation 

magnetization and coercivity of the MNPs are favorable MNP properties as they define 

the area inside the hysteresis loop, which is proportional to the power generated in the 

MNPs or the heat dissipated during MFH. Several researchers have harnessed the 

capability to tune the MNP coercivity and saturation magnetization to maximize power 

generation during MFH by constructing MNPs with variable shapes, sizes, and chemical 

composition, but it’s often not possible to maximize both these quantities at the same time 

[61, 85].  

 There are several models based on SW theory that can predict power generation 

in MNPs by estimating the area of the hysteresis loop for single-domain, randomly 

oriented ferromagnetic MNPs. SW theory is valid when 𝜇 0𝐻𝑚𝑎𝑥 > 2𝜇 0𝐻𝑐, where Hc is the 

coercivity of the MNPs determined from a magnetic hysteresis loop. The SW theory 

suggests that power generation in single-domain MNPs (P), is equivalent to the product 

of area of the area of the hysteresis loop (A) and the applied magnetic field frequency (f) 

(Equation 2.5.2.1): 

𝑃 =  𝐴𝑓                                      (2.5.2.1) 

There are SW-based models (SWMs) that can be used to calculate the area of the 

hysteresis loop, once the anisotropy (K), coercivity (Hc), and saturation magnetization 

(Ms) of the MNPs are known at the applied magnetic field frequency and bulk solution 

temperature (Equation 2.5.2.2).  

𝐴(𝑇) = 4𝛼𝜇 0𝐻𝑐(𝑇, 𝑓)𝑀𝑠               (2.5.2.2) 



 

28 
 

Here, α = 0.39 accounts for the reduced squareness of the hysteresis loop for an 

optimized magnetic hyperthermia system with randomly oriented MNP easy axes. The 

coercivity, Hc (T,f), is a function of experimental temperature and magnetic field frequency 

and can be obtained once (1) the MNP effective anisotropy and (2) the coercivity at testing 

conditions, Hc (298 K, fm), are obtained from the hysteresis curve. The effective anisotropy 

of these nanoparticles can be calculated by simultaneously solving equations 2.5.2.3 and 

2.5.2.4, as described by Shokuhfar et al. [79],  

2 𝜇 0𝐻𝑐(𝑇=0𝐾)𝑀𝑠 > 1.92 𝐾𝑒𝑓𝑓                         (2.5.2.3)  

 
𝐻𝑐 (𝑇=0𝐾)

𝐻𝑐(𝑇=298𝐾)
=

1−(
𝑘𝑏𝑇1

𝐾𝑒𝑓𝑓𝑉
)∗(ln(

1

𝑓𝑚𝜏0
))3/4

1−(
𝑘𝑏𝑇2

𝐾𝑒𝑓𝑓𝑉
)∗(ln(

1

𝑓𝑚𝜏0
))3/4

                     (2.5.2.4) 

Where T1 = 0 K, T2 = 298 K, Keff is the effective anisotropy of MNPs, 𝜏𝑜= 10-10 sec, and fm 

is the measurement frequency assumed to be 5.5*10-4 Hz [79]. The coercivity, Hc(T,f), 

can be determined as a function of the experiment temperature and the frequency of the 

applied magnetic field using the equations developed by Garcia-Otero et al. (Equation 

2.5.2.5) and modified by Usov et al. (Equations 2.5.2.6, 2.5.2.7), using the value of 

anisotropy field (Hk, Equation 2.5.2.8) for the MNPs [78, 79, 88-91]. The values of 

coercivity, Hc (T,f) and saturation magnetization, Ms, can then be used to determine the 

area of hysteresis and power generation in magnetic nanoparticles (Equations 2.5.2.1, 

2.5.2.2). 

𝜇 0 𝐻𝑐 (𝑇,𝑓)= 0.48𝜇 0𝐻𝑘[1 − (
𝑘𝑏𝑇1

𝐾𝑒𝑓𝑓𝑉
) ∗ (ln (

1

𝑓𝜏0
))3/4]           (2.5.2.5) 

𝜇 0 𝐻𝑐 (𝑇,𝑓) =  0.48𝜇 0 𝐻𝑘(𝑏 −  𝑘𝑛)                              (2.5.2.6) 

(Here b = 0.9 and n = 1 as found by Usov et al. [89]) 
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Where 𝑘 =  
𝑘𝑏𝑇

𝐾𝑒𝑓𝑓𝑉
∗ ln (

𝑘𝑏𝑇

4𝜇0𝐻𝑚𝑎𝑥𝑀𝑠𝑓𝜏0
)                    (2.5.2.7) 

𝐻𝑘 =
2𝐾

𝑀𝑠
                                          (2.5.2.8) 

The area of the hysteresis loop and power generated by MNPs can be successfully 

predicted by SWM when the LRT is no longer found to be valid (ξ > 1, Figure 2.7). Several 

researchers have successfully utilized these models to predict power generation in 

magnetic MNPs, and the results have agreed with experimental studies [78, 79, 89-91]. 

It is important to note that SWMs are not valid in the regime where incoherent reversal 

occurs during the transition of single-domain ferromagnetic MNPs to multi-domain MNPs, 

where Rayleigh loops can be used to develop an understanding of their magnetic 

behavior (Figure 2.7). SWMs are also not accurate for predicting power generation when 

there are dipole-dipole interactions and exchange coupling interactions between larger-

sized ferromagnetic MNPs. Although power generation predicted by the LRT and SWMs 

may not be accurate due to the assumptions made in the theories, they serve as valuable 

tools to predicting optimal MNP properties and field parameters for magnetic heating 

applications. More complex methods such as Monte Carlo simulations can account for 

most of the MNP interactions and help predict the heating efficiency of magnetic 

nanoparticles [79].  
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Figure 2.7: Domain of validity for (1) Linear response theory (2) Stoner-Wohlfarth 

models used to predict MNP heating efficiency as MNP size increases (left to right) [78] 

  

 

 

 

2.6. SAR for magnetic heating 

The specific absorption rate (SAR, W/g MNP or Fe) is used to normalize the heat 

generation in MNPs per mass or iron content in iron oxide MNPs. MNPs are placed in the 

magnetic field and the temperature rise is measured over time to obtain the initial slope 

of the temperature rise vs. time graph (Figure 2.8).  
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Figure 2.8: Temperature rise vs. time graph for magnetic heating of MNPs, where the 

slope is used to determine MNP SAR 

The heating efficiency of MNPs is then normalized by calculating SAR as follows 

(Equation 2.6.1): 

𝑆𝐴𝑅 (𝑊/𝑔) =  
𝑚𝑠∗𝑐𝑝

𝑚𝑛𝑝
∗ (∆𝑇

∆𝑡
)                         (2.6.1) 

Here ms is the mass of solution, mnp is the mass of MNPs, cp is the heat capacity of the 

solution, and (∆T/∆t) is the initial slope of temperature rise vs. time curve for MNP heating 

(Figure 2.8). The SAR value serves as guidance for comparing the heating rates of MNPs 

with different compositions and concentrations. SAR values for commercial and custom-

synthesized superparamagnetic MNPs have been reported covering a range from lower 

than 10 W/g Fe to higher than 2000 W/g Fe [38, 67-72, 74-76, 80, 92]. Some of the highest 

reported SAR values of 2452 W/g Fe for cubic iron oxide MNPs and 1650 W/g MNP for 

spherical iron oxide MNPs were obtained by Guardia et al. [74] and Fortin et al. [68], 

respectively .  

SAR values serve as an effective tool for measuring MNP heating efficiency, but 

comparing SAR values from various sources can be challenging as MNPs of different 
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compositions, sizes, and size distributions generate variable amounts of heat when 

subjected to field strengths and frequencies that are often determined by coil design and 

hyperthermia equipment. A lack of accuracy in MNP characterization, inadequate 

insulation, and in-accurate temperature measurement techniques can also lead to error 

in the reported SAR values. In addition, reported values of SAR can be normalized by 

either the MNP mass or the mass of Fe in the MNPs, but this is often not clearly reported 

due to difficulties in distinguishing the oxidation state of Fe in the MNPs (magnetite, Fe3O4 

vs. maghemite, γ-Fe2O3). This variability make it difficult to reach definitive conclusions 

about optimal MNP structures and magnetic field parameters to achieve effective heating. 

Standardizing the parameters used to obtain accurate SAR values would assist in fully 

understanding the optimal material and equipment designs for magnetic heating.  

 

 

2.7. Intrinsic power loss in magnetic nanoparticles 

The concept of intrinsic power loss (ILP, nHm2/kg) was developed to normalize the 

heat produced in MNPs by accounting for the variability in the applied field strength and 

frequency. ILP is obtained by normalizing SAR values by the product of the square of the 

applied field strength and frequency (f) as follows (Equation 2.7.1): 

𝐼𝐿𝑃 =  
𝑆𝐴𝑅

𝐻2𝑓
                                         (2.7.1) 

Most ILP values reported in the literature are in the range of 2 – 4 nHm2/kg, but ILP values 

as high as 23.4 nHm2/kg have been reported for 30 nm naturally synthesized bacterial 

magnetosomes [72, 80, 93]. ILP values may not always be proportional to the SAR of 

MNPs (as they assume that power generation is proportional to product of frequency and 
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square of magnetic field strength), and depend on the heating efficiency of nanoparticles 

at an applied field strength and frequency. For example, an ILP value of 11.7 nHm2/kg 

has been reported in the literature for the MNPs with a SAR equal to 600 W/g at the 

magnetic field strength and frequency of 11.2 kA/m and 410 kHz [38, 66, 72]. But it is 

interesting to note that the ILP value decreases to 3.8 nHm2/kg at the field strength and 

frequency of 24.8 kA/m and 700 kHz [38, 66, 72], even though the MNPs have a SAR of 

1650 W/g at this higher field and frequency. The discrepancy between SAR and ILP 

values demonstrate that a higher heating rate in the MNPs (described by high MNP SAR) 

may not always correspond to the most efficient heat generation process in MNPs.  

Despite the benefits of using ILP values to determine the heating efficiency of the MNPs 

irrespective of the field strength and frequency utilized, the ILP values may not be useful 

to predict the maximum possible power generation for a specific MNP dispersion. For 

example, a lower field strength and frequency may generate higher ILP values when 

these settings are optimal for magnetic hyperthermia, but they may not yield the 

necessary temperature rise needed to reach hyperthermia conditions (at least 42 - 43 oC) 

in cancerous tumors. As such, it is essential to judge the efficacy of MNPs for magnetic 

heating using both SAR and ILP values, which may be obtained experimentally or 

theoretically.  

 

 

2.8. Parameters that affect heating efficiency in iron oxide nanoparticles 

 The equations describing the power generation in MNPs based on the LRT and 

SWM (All equations in sections 2.5.1 and 2.5.2) can be used to determine the essential 
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parameters that impact the heating efficiency of a given system (Table 2.1). While 

theoretical models have helped identify parameters to improve the treatment efficiency of 

magnetic hyperthermia, few studies have provided experimental verification of their 

impact on the MNP SAR [36, 38, 39, 65, 67-70, 75, 76, 80, 94, 95].  

 

Table 2.1: Properties that affect magnetic heating efficiency of nanoparticles 

Parameter Affecting MNP Heating 
Efficiency 

Investigated Properties/Quantities 

1. Nanoparticle size, shape, and size 
distribution 

Nanoparticle diameter (D), standard deviation 
of diameter (σ), and effective MNP anisotropy 

(Keff) 

2. Nanoparticle magnetic properties 
Nanoparticle chemical composition, effective 

anisotropy (Keff), saturation magnetization (Ms), 
and coercivity (Hc) 

3. Magnetic field properties Magnetic field strength (H), and frequency (f) 

4. Properties of solvents used to 
make MNP dispersion 

Solvent viscosity (η), and specific heat 
capacity (cp) 

5. MNP dispersion concentration 
Nanoparticle concentration, weight of surface 

coatings, and iron content in nanoparticles 

6. Interaction between magnetic 
nanoparticles 

Hydrodynamic diameter, SAR with respect to 
nanoparticle concentration 

 

 

 

2.8.1. Effect of MNP size, size distribution, and magnetic properties on SAR 

 The determination of optimal MNP size for use in magnetic heating applications is 

complex and depends on the composition and applied field, among other parameters. Ma 

et al. [38] and Li et al. [76] have reported SAR to be maximized at a particular MNP size, 

but it is essential to note that this optimal MNP size is not a universal parameter that is 

valid for a broad range of experimental parameters. The appropriate MNP size for use in 

magnetic heating applications depends on the type of material, MNP size distribution, 
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magnetic properties of MNPs, MNP shape, and magnetic field parameters [67-71, 74, 75, 

80, 92]. 

The optimal nanoparticle size for magnetic heating using superparamagnetic 

MNPs depends strongly on the chemical composition of MNPs. Habib et al. [96] 

presented results based on theoretical calculations, which suggest that the MNP size 

where the SAR maxima occurs varies based on MNP composition (Figure 2.9). To 

illustrate, maghemite MNPs are reported to produce a maximum power of 1*109 W/m3 for 

nanospheres with a 23 nm diameter, whereas iron-cobalt MNPs generate power at 4*109 

W/m3 for 35 nm diameter particles (Figure 2.9). When using iron oxide MNPs for magnetic 

hyperthermia, it is essential to determine whether the MNPs are composed of magnetite 

or maghemite, as the oxidation state changes the crystal lattice of the nanoparticle, 

resulting in different rates of heating in an applied magnetic field. Because heating is 

largely dependent on the diameter of nanoparticles, MNPs with a wide size distribution 

will have a range of contributions to the heating profile.  
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Figure 2.9: Maximum power generation and optimal size for power generation based on 

MNP composition, as calculated by LRT [96]. 

 

An increase in the standard deviation of MNP size affects the maximum SAR 

produced by the system. Khandhar et al. [97] have suggested that an increase in the 

average standard deviation of magnetite MNP sizes from 0.175 nm to 0.266 nm 

decreased the SAR values which could be achieved (Figure 2.10). The authors reported 

a decrease in maximum SAR from ~140 W/g magnetite to ~100 W/g magnetite as the 

standard deviation of the magnetite MNP size increased at a constant field strength and 

frequency (Figure 2.10). But it is essential to note that MNPs with the larger standard 

deviation value produced a higher SAR at smaller sizes (below 13 nm, as the MNP size 

was not optimal for magnetic heating), although this result was not statistically significant. 

The possibility that an increased variability in MNP sizes could lead to higher heating 
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efficiency in poly-disperse samples as compared to monodisperse MNPs needs further 

investigation.  

 
Figure 2.10: Experimental determination of the maximum SAR value based on size and 

size-distribution of magnetite MNPs at 376 kHz and 13.4 kA/m [98] 

 

Theoretical calculations can aid in investigating the effect of size distribution on 

MNP heating efficiency by integrating the power generated by monodisperse MNPs over 

the size range of MNPs. To account for the size distribution of MNPs during magnetic 

heating, the power generation in MNPs (P) is normalized using a log-normal fit to the 

MNP size distribution data (Equation 2.5.1.6) [77].  The log normal MNP size distribution 

function, g(R), and power generated by poly-disperse MNP sample, P̅, are defined as 

(Equations 2.8.1.1, 2.8.1.2): 

g(R) =
1

√2πσR
exp [

−ln (R/R0)2

2σ2 ]                     (2.8.1.1) 

P̅ = ∫ Pg(R)dR
∞

0
                               (2.8.1.2) 

Here, R is the MNP radius covering the size range in a dispersion, ln (R0) is the median 

of ln (R), σ is the standard deviation of ln (R), and P is the power generated by mono-
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disperse MNPs. Calculating the power generation of a nanoparticle dispersion consisting 

of MNPs with variable sizes (P̅) can be used to account for the effect of MNP size 

distribution on SAR, improving the theoretical estimates of SAR values to more accurately 

predict heat generation in real systems. In addition to this, theoretical calculations can aid 

in predicting optimal MNP size based on the choice of experimental parameters. 

 Based on experiments and theoretical calculations it has been verified that SAR 

decreases with increase in polydispersity when the MNP sizes are optimal for magnetic 

heating, but SAR increases with polydispersity when the MNP sizes lie on the extreme 

ends of optimal MNP size [68, 97, 98]. For example, LRT models predicts that MNPs with 

polydispersity index, σ = 0 (monodisperse MNPs) have maximum SAR at 13 nm diameter 

for a modeled magnetite ferrofluid at field strength of 0.06 Tesla and frequency of 300 

kHz, but the same ferrofluid has a lower SAR at 10 nm diameter as compared to a 

ferrofluid with polydispersity index, σ = 0.25 [77].  

 The optimal MNP size for maximizing SAR varies based on experimental 

parameters and MNP magnetic properties. Carrey et al. [78] developed a theoretical 

model of heat generation in MNPs according to which the optimal MNP volume for 

magnetic heating (Vopt) depends on absolute temperature (T), effective MNP anisotropy 

(Keff), saturation magnetization (Ms), magnetic field strength (H), and field frequency (f) 

(Equation 2.8.1.3): 

Vopt =  
−kBTln(πfτ0)

Keff(1−
1.69μ0HMs

2Keff
)

4
3

                                    (2.8.1.3) 

Experimental parameters such as magnetic field strength and frequency can be adjusted 

using the hyperthermia equipment by altering the electric current and coil properties, but 

magnetic properties such as MNP anisotropy cannot be easily manipulated as it is a 
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complex function of MNP size, composition, and shape. In addition, the chemical 

synthesis procedure utilized for producing MNPs often affect the effective MNP anisotropy 

and saturation magnetization as MNPs may have variable crystal structure, shape, size, 

and uniformity in magnetic properties [57]. Producing MNPs with a narrow size distribution 

in the optimal size range, with identical magnetic properties can maximize the SAR of the 

system. As such optimal iron oxide MNP size for hyperthermia is not a universal 

parameter, and needs to be investigated judiciously considering the nanoparticle 

magnetic properties and magnetic field parameters used for MFH.  

2.8.2 Effect of magnetic field strength and frequency on MNP heating efficiency 

 Magnetic heating efficiency in nanoparticles is largely dependent on the magnitude 

of field and frequency used for heat generation in MNPs. In most published studies, 

hyperthermia frequencies are applied in the range of 80 to 700 kHz, while the field 

strength usually lies between 1 and 50 kA/m [39, 67-70, 72, 74, 75, 80, 96]. Despite the 

wide range of field frequencies and field strengths at which hyperthermia experiments 

have been conducted, most studies do not investigate the independent effect of these 

parameters on SAR due to equipment limitations. Although some experimental studies 

have demonstrated an increase in MNP SAR with magnetic field strength, few of them 

have investigated the effect of field frequency on MNP SAR at a constant field strength 

[39, 67-70, 74, 92, 96] 

Theoretical models have helped develop the relationship between MNP SAR and 

magnetic field strength and frequency. The LRT states that power generation in 

superparamagnetic MNPs is directly proportional to the square of the applied field 

strength (Equation 2.5.1.6) [39, 77]. Although there is a direct relationship between 
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magnetic field strength and MNP SAR, the power generation in SAR is a complex function 

of the magnetic field frequency (Equation 2.5.1.6). The relationship between frequency 

and MNP SAR is influenced by the MNP properties and MNP relaxation time. To illustrate,  

Deatsch et al. [94] have performed calculations to determine the optimal frequency for 

magnetic heating based on MNP size, while assuming an anisotropy of 25 kJ/m3, solution 

viscosity of 8.9*10-4 Pa-s, and temperature of 310 K (Figure 2.11). These calculations 

based on the Rosensweig model suggest that magnetic heating is optimized (depicted by 

the minima of the contours which the area between the transition from greed to red, Figure 

2.11) when the product of angular frequency (ω = 2*π*f) and relaxation time (τ) is one 

[94]. At frequencies below this threshold for a particular sized MNP, SAR would increase 

with an increase in frequency (green area in figure 2.11). But when the value of 𝜔τ is 

greater than 1, SAR becomes independent of applied magnetic field frequency (red area 

in figure 2.11). In addition, calculations imply that the magnetic heating in larger MNPs is 

optimized at a lower frequency, depicted by the shift of contour minima to lower 

frequencies for larger particle diameters (shift of green area to towards larger MNP sizes 

at lower frequency, Figure 2.11). Thus, modulating the frequency can optimize heating, 

but the complex relationship between power and frequency makes tuning frequency 

challenging for optimizing magnetic heating. 
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Figure 2.11: Effect of particle diameter and applied magnetic field frequency, ω = 2*π*f , 
on MNP SAR (represented by contour, where each contour represents a twofold 

increase in SAR) [94]. 

 

 

 

2.8.3. Effect of solvent properties on MNP SAR 

 Nanoparticle SAR depends on the viscosity of the surrounding material used to 

form the MNP dispersion. As discussed previously, the viscosity of the medium affects 

the Brownian relaxation time of MNPs that can alter the maximum SAR attainable. 

Rosensweig [77] has predicted (Equation 2.5.1.6) that the heating rate of MNPs increases 

with a rise in solution viscosity, and then drops in magnitude when viscosity increases 

further (in the range of 0.0001 – 0.0005 kg/m-s) (Figure 2.12). Since fluids such as water 

used for dispersing MNPs have a viscosity greater than 0.001 kg/m-s at room temperature 

SAR 

increases with 

f 

SAR 

independent 

of f 
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[99], the SAR is expected to decrease with any further increase in solution viscosity. Chen 

et al. [82] have demonstrated a similar trend where the SAR for magnetite MNPs 

subjected to magnetic heating at field strength of 3.8 kA/m and frequency of 215 kHz 

reduced by 53% when the MNPs were transferred from water to a silicone polymer. When 

considering biological applications, such as magnetic fluid hyperthermia, the viscosity of 

interstitial fluids or the intracellular cytoplasm can cause a significant drop in the 

effectiveness of heating, which has important implications for the potential applicability of 

magnetic heating in vivo. 

 
Figure 2.12: Theoretical calculations predicting the effect of change in solution viscosity 

on heating rate of nanoparticles [77]. 

 

 

 

 

2.8.4. Effect of nanoparticle interactions and concentration on heating 

Interactions occurring between individual MNPs may either increase or decrease 

the MNP SAR depending on the MNP concentration and nanoparticle properties. When 

MNP solutions are concentrated, the average distance between two nanoparticles greatly 
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decreases while increasing the dipole-dipole interactions between two MNPs. In spherical 

MNPs with randomly oriented anisotropy axes, these interactions lower the energy barrier 

between two steady states, decreasing the SAR with increasing MNP concentration [64, 

71, 74, 100-102]. When the effective MNP anisotropy is large, the MNP orientation is 

defined by the MNP anisotropy that determines the minimum energy position. However, 

when the magnitude of anisotropy decreases, the strength of dipole-dipole interactions 

increase and the system can switch between two minimum energy states when influenced 

by an applied magnetic field; the system may now behave in a more complex manner 

where its SAR can either increase or decrease based on the MNP size [101, 102]. In 

addition, SAR has been reported to increase due to a chain (or necklace) formation 

process in the MNPs caused by magnetic attractive forces [101-103].  

There are several challenges to interpreting the effect of MNP interactions on SAR. 

MNP interactions play an important role in increasing or decreasing the SAR of a 

dispersion, but these factors are not accounted for by the LRT and SW models [77-79]. 

The calculations for power generation in MNPs are often made assuming that MNPs are 

non-interacting and computational modeling techniques are needed to predict accurate 

SAR values. Most of the interactions occurring in an MNP system can be avoided at dilute 

MNP concentrations, but dilute MNP dispersions may not be capable of generating 

sufficient heat for MNP hyperthermia.  
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2.8.5. Optimal choice of parameters for effective cancer hyperthermia 

 The effectiveness of cancer hyperthermia depends on use of high SAR MNPs, and 

optimal magnetic heating parameters. Using MNPs with high SAR can ensure that a low 

MNP dosage can be used to generate sufficient heat such that there are minimal toxicity 

concerns due to the injected MNP dispersion. High MNP SAR is essential to deliver 

adequate thermal dose in vivo, where blood perfusion may lead to significant heat loss 

from the cancerous region.  

Since MNP properties, magnetic field parameters, and MNP concentrations (or 

dosage) that have an effect on MNP SAR may be dependent on each other, an optimal 

balance of these quantities is essential for producing an efficient hyperthermia system 

(Figure 2.13). The parameters that affect the MNP SAR need to be investigated 

experimentally and theoretically to determine the most effective set of parameters for the 

system under consideration.    

 

Figure 2.13: Interdependent parameters that affect MFH system efficiency [63] 
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2.9. Nano-scale drug delivery devices 

While MNP hyperthermia can serve as an effective treatment when optimized, 

alternative therapies have harnessed the magnetic heating capability of MNPs to produce 

magnetically-triggered drug delivery devices that can provide dual treatment in terms of 

chemotherapy and hyperthermia. 

 Research on the use of nano-scale drug delivery vehicles initiated in the mid-1970s 

and gained momentum in the early 1980s due to discovery of key drug delivery concepts. 

The concept of conjugating drugs to poly (ethylene glycol), and the discovery of enhanced 

permeation and retention effect during this era promoted nano-scale drug delivery 

research [104]. Experimentation on active and passive targeting techniques during this 

time period further promoted the use of nanoscale drug delivery vehicles [104].  

 

 

2.9.1. Currently used nanoscale drug delivery vehicles 

 In the last few decades, several nanoscale vehicles have been considered for drug 

delivery applications. Nano-scale drug delivery vehicles are broadly classified into 

polymer-drug conjugates, dendrimers, micelles, and liposomes based on their size, 

materials, and structural properties [105]. Dendrimers and polymer drug conjugates are 

some of the smallest drug delivery devices (2 - 10 nm) that can pass through tight 

junctions and penetrate the interstitial fluids in tissues allowing a greater concentration of 

drug delivery vehicles in the tumor. Additionally, the smaller size of these vehicles also 

allows their internalization in the cells through pinocytosis. Despite these benefits, these 

vehicles carry minimal amount of drugs, and have low circulation time in the human body 



 

46 
 

as they are easily filtered through the kidney (~10 – 100 nm [48, 105]). Drug delivery 

vehicles such as micelles and liposomes are made by the self-assembly of amphiphilic 

molecules, which contain hydrophilic and a hydrophobic moieties within a single polymer 

chain or lipid.  Polymeric micelles used for drug delivery applications range from 10 - 100 

nm and consist of amphiphilic polymer chains that self-assemble in the water while 

trapping drug molecules in the hydrophobic micelle core [105]. When the outer shell is 

composed of stealth polymers such as poly (ethylene glycol) these micelles circulate in 

the body for longer duration (as discussed previously in section 2.3). Liposomes are 

generally the largest nano-sized vehicles (100 – 200 nm) that are typically made up of 

amphiphilic phospholipids (containing hydrophilic phospholipid heads and hydrophobic 

hydrocarbon chains), which self-assemble due to minimization of thermodynamic 

energies while carrying large amount of drug either in their core or the lipid bilayer 

membrane [105]. As opposed to phospholipid liposomes, polymersomes and polymeric 

micelles that are generally constructed with poly (ethylene glycol) block polymers allow 

control over their membrane properties, drug loading capacity, and drug release 

characteristics [106].  

While few nano-carriers are in clinical and pre-clinical phase for use as drug 

delivery devices, some of them have been approved for medical use in the human body, 

with many of these focused on cancer therapy [107].  One such liposome formulation, 

DOXILTM, which contains anti-cancer drug doxorubicin was approved by the FDA in 1995  

[107, 108]. DOXILTM has been successfully used to counter diseases such as ovarian 

cancer, AIDS-related Kaposi’s sarcoma, and multiple myeloma [109]. Paclitaxel-loaded 

polymer micelles (Genexol-PM) have been approved in South Korea since 2007 for use 
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against breast cancer and non-small cell lung cancer, while it is in the clinical trial phase 

in the United States [107-110]. 

Recently, nano-scale polymeric vehicles have been embedded with MNPs to 

provide enhanced cancer treatment due to simultaneous administration of chemotherapy 

and hyperthermia. Ideally, MNP-loaded drug delivery vehicles that have poly (ethylene 

glycol) shell have long circulation time in the human body and they can be bound to 

targeting ligands to localize them in the desired tissues. The hydrophobic block in the 

polymer usually carries drugs and nanoparticles, which generate heat upon application 

of a high frequency magnetic field triggering the release of drug due to melting of polymer 

crystals in the hydrophobic core. The synergistic effect of chemotherapy and 

hyperthermia, arising due to temperature rise accompanying drug release, has been 

reported to be effective at causing death in tumor cells. Several studies have 

demonstrated the enhanced therapeutic efficiency of this combination therapy on 

cancerous cells. For example, Petryk et al. [111] used a 35.8 kA/m magnetic field at a 

frequency of 165 kHz to cause drug release from 110 nm hydroxyethyl starch-coated 

MNPs while maintaining a 43 oC temperature over a 60 minute duration. The combined 

hyperthermia and chemotherapy treatment on murine mammary adenocarcinoma model, 

provided using MNPs and anti-cancer agent (cisplatin) was 1.7 times more effective than 

the sole use of hyperthermia, and 1.4 times more effective than chemotherapy 

administered by itself [111].  

 

 

 



 

48 
 

2.9.2. Polymer micelles as drug delivery devices 

 Polymer micelles composed of amphiphilic block copolymers have several benefits 

for drug delivery applications. Such block copolymers usually consist of a hydrophobic 

block composed of polymers such as poly (propylene oxide), polycaprolactone, or poly 

(lactic acid), while the hydrophilic block is typically composed of poly (ethylene glycol), 

poly (vinyl-2-pyrrolidone), poly [N-(2-hydroxypropyl) methacrylamide], or poly (N-

isopropylacrylamide) [112]. The hydrophobicity of the micelle core is particularly 

advantageous for cancer treatment as they can carry high concentrations of hydrophobic 

cancer drugs that are held in micelle core due to hydrophobic interactions [113, 114]. This 

is particularly beneficial for delivering most commonly used hydrophobic anti-cancer 

drugs such as doxorubicin and paclitaxel, in a hydrophilic environment in vivo. The micelle 

shell is often made using stealth polymers such as poly (ethylene glycol) that hinder the 

proteins from adsorbing on the micelle surface. This minimizes their probability of being 

detected by the body’s immune system, which would lead to their removal from the human 

body [46]. This stable outer poly (ethylene glycol) shell gives the micelles an enhanced 

stability and long circulation times in vivo that increases their probability of localizing in 

the tumorous region instead of being filtered out of the bloodstream when administered 

intravenously. As a result, micelles can administer a therapeutic concentration of drugs 

in the desired area while causing minimal side-effects that are encountered in traditional 

chemotherapy treatment. In addition, micelles can be designed to serve as vehicles to 

deliver RNA, genes, and MNPs to desired locations in vivo for advanced cancer therapies 

[113, 114].  
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 The capability of micelles to hold MNPs in the core has been harnessed for 

magnetically triggered drug release applications. MNPs coated with hydrophobic 

molecules are trapped in the hydrophobic micelle core along with the cancer drugs during 

self-assembly. Application of a high frequency magnetic field causes the MNPs to 

generate heat that can melt the crystalline micelle core and release the drugs stored in it. 

One such thermally-triggered drug delivery system under investigation is poly (ethylene 

glycol-b-caprolactone), PEG-PCL, micelles that could release drugs when the semi-

crystalline PCL core of micelle melts around 40 – 45 oC [36]. Several researchers have 

demonstrated that micelles can release greater amounts of drug when MNPs are used to 

trigger the melting process by a modest temperature rise that matches the range needed 

for hyperthermia therapy. In a study by Kim et al. [115] polymeric micelles containing 

doxorubicin caused 78% cell death (in A549 human adinocarcinoma cells) after drug 

release was triggered by application of a 1.5 kA/m magnetic field at a frequency of 200 

kHz for 1 hr. Cell death caused by simultaneous application of magnetic hyperthermia 

and chemotherapy was significantly higher than the cell death caused by either treatment 

applied individually [115].   

 

 

2.10. Nano-scale temperature measurement 

The micelle technology developed in our research lab [36] is used for a novel 

purpose in this dissertation. Drug release experiments conducted in our lab have laid the 

basis for loading polymeric micelles with a hydrophobic fluorescent dye and MNPs in the 

micelle core for measuring local temperature rise. 
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It is essential to accurately measure local MNP temperature for various nano-scale 

applications, such as drug release from nano-scale delivery vehicles, which may have 

enhanced potential upon large increase in local MNP temperature. Experimental 

evidence suggests that during MFH, the temperature near a MNP surface is much higher 

than bulk solution temperature. Furthermore, hyperthermia experiments conducted on 

mammalian cells have indicated that cells can be killed by application of MFH without 

substantial rise in bulk fluid temperature [116, 117]. For this reason, it was speculated 

that the local temperature rise (within a few nanometers of the MNP surface) would be 

much higher than the temperature rise seen on a larger scale. Nano-scale drug delivery 

systems have been designed to harness this potential of magnetic heating and use it to 

trigger drug release through phase transitions in lower critical solution temperature 

(LCST) polymers, melting of semi-crystalline polymers, or thermal breakage of azo bonds 

connecting drugs to the surface of MNPs [118, 119]. In the first two types of systems, the 

concentration of MNPs in or near the polymer must be high enough to cause a substantial 

temperature rise in the vicinity of the polymer chains, if not throughout the entire bulk 

dispersion. This gives an impetus to discern the local MNP temperature and understand 

the principles that are responsible for the noted success of magnetic hyperthermia 

treatment.  

 

 

2.10.1. Conventional nano-scale measurement techniques 

Techniques involving the use of atomic force microscopy, nanolithography, nano-

scale thermocouples, carbon nanotubes, quantum dots, and fluorescent dyes have been 
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commonly used to probe the local temperature of nanoscale objects, but these techniques 

are not optimized for measuring local MNP temperature [120-124]. Techniques involving 

the use of atomic force microscopy, nanolithography, and nano-scale thermocouples do 

not possess the capability to isolate and measure the temperature of a single MNP inside 

the magnetic coils as they need surface contact for temperature measurement. In 

addition, the presence of metals in these instruments makes it impossible to use them in 

vicinity of a high frequency AC magnetic field that would induce heat generation in the 

metallic parts of the instruments. Most of these techniques have a low spatial resolution 

that is not adequate to measure local MNP temperature [124]. Techniques involving the 

use of quantum dots for local MNP temperature measurement have been successful at 

measuring local MNP temperature in some scenarios [122, 124], but there are limitations 

to this approach. A study by Gupta et al. [122] reported negligible difference in bulk and 

local MNP temperatures (in the range of 600 – 800 kHz) when the quantum dots were 

covalently attached to the MNPs at a distance of 3.6 nm away from the MNP surface. 

These results highlight one of the shortcomings of using quantum dots for temperature 

measurement as it may not be possible to place quantum dots within nanometers of MNP 

surface, whereas recent studies have indicated that temperature drops rapidly just few 

nm away (~0.5 nm [118]) from MNP surfaces during application of high frequency 

magnetic fields [118, 119, 125, 126]. Because the temperature changes over single 

nanometer distances from the surfaces of MNPs, quantum dots, which are ~2 - 5 nm in 

diameter are too large to pinpoint (accurately measure) temperatures near the surface of 

MNPs [124, 127, 128]. Fluorescent dyes possess the capability to measure the 

temperature near MNP surfaces, but in a simple mixture within a MNP dispersion their 
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fluorescence is largely influenced by bulk dispersion temperature. As such, innovative 

and customized techniques are needed to measure the localized temperature rise that 

can be achieved using MFH.   

 

 

2.10.2. Current research for measuring local MNP temperature 

More recent approaches have attempted to measure local MNP temperature 

through indirect local temperature measurement, when MNPs are subjected to high 

frequency magnetic field [118, 119, 125, 126]. Jacobson et al. [126] have reported local 

MNP temperature at a fixed distance from the MNP surface by observing thermally-

activated denaturation of double stranded DNA. But this technique only provided the 

temperature rise at a fixed location from the MNP surface, and the profile of temperature 

change with distance cannot be measured. Dias et al. [125] have overcome this issue by 

using a similar approach to study local MNP temperature using double stranded DNA of 

different lengths, which denature at variable temperatures. In this study, the temperature 

5.6 nm away from 12 nm iron oxide MNP surfaces was found to be 12 oC higher than the 

bulk solution temperature upon application of magnetic field at field strength of 25 kA/m 

and frequency of 835 kHz. Polo-Corrales et al. [119] have measured iron oxide MNP 

temperature change using a thermo-sensitive polymer coating containing a fluorescent 

dye, poly (N-isopropylacrylamide-fluorescent modified acrylamide),  that changes its 

fluorescence based on the phase-transition of the thermo-sensitive polymer from 

hydrophilic to hydrophobic that can be measured during magnetic heating; But this study 
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can only report the time-point when the temperature exceeded the phase transition of the 

polymer that was 35 oC.  

In a successful study, Riedinger et al. [118] has demonstrated that use of small 

linker molecules, use of precise temperature measurement techniques, and achieving 

high temperature rise next to MNP surface is essential for local MNP temperature 

measurement. The authors constructed a system where fluorophores were attached to 

MNP surface using thermally-labile azo bonds with spacers that has length of ~0.5 nm. 

The thermally-labile azo bonds led to detachment of fluorophores when the local MNP 

temperature exceeded a threshold value, and the local temperature within 0.5 nm of the 

surface of iron oxide MNPs was found to be much higher (ΔT > 45 oC) than the 

temperature of the bulk fluid during application of a 334.5 kHz magnetic field with 

magnitudes ranging from 7 to 13.5 kA/m. Since the spacer molecules were extremely 

small in size, and their length could be easily manipulated, the study by Riedinger et al. 

[118] has been successful at not only at measuring the temperature gradient away from 

the MNP surface, but it can also measure the temperature with a high spatial resolution 

of 0.5 nm from the MNP surface.  

Despite the progress in elucidating the temperatures in close proximity (< 0.5 - 6 

nm) to MNPs during magnetic heating, there are certain shortcomings with the current 

temperature measurement techniques. Many of the techniques used to measure the local 

MNP temperature only provide a temperature at a particular distance away from the MNP 

surface [125, 126]. Although some researchers have overcome this drawback by 

designing systems to measure the temperature gradient [118, 125], the temperature rise 

causes irreversible conformational changes in these nano-scale probes making the 
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temperature measurement process unidirectional and irreversible in most cases (systems 

can only measure low to high temperature once). In addition to this, most of the current 

local MNP temperature measurement techniques cannot be used in real time while 

performing a hyperthermia experiment. To our knowledge, no attempts have been made 

to measure local temperature rise in the core of drug delivery vehicles loaded with MNPs, 

to study the mechanism of drug release from polymeric micelles.  

 

 

2.10.3. Magnetic micelles as a local temperature measurement system 

In our study rhodamine B (RhB) bound to polycaprolactone (PCL) was used as a 

hydrophobic temperature probe that could self-assemble next to MNPs in the micelle 

core. The fluorescence of RhB-PCL decreases with an increase in temperature; therefore 

fluorimetry can be used to probe temperature at the nano-scale. Chen et al. [129] have 

studied the change in the fluorescent intensity of RhB soaked in a cotton thread using a 

confocal microscope. The authors have reported that the fluorescence of the dye dropped 

by 3.4 % with 1 oC increase in the temperature [129]. These results highlight the possibility 

of using RhB as an effective probe to sensitively measure change in temperature, when 

it is co-localized in the micelle core along with the MNPs. Upon application of the magnetic 

field the change in fluorescent intensity of RhB can help elucidate the temperature inside 

the polymeric micelle core.  

MNP-loaded micelles can function as a system to measure temperature rise near 

the surfaces of MNPs housed in the core of micelles, and be used to better understand 

the process of drug release from thermally-triggered nano-scale vehicles. Poly (ethylene 
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glycol-b-caprolactone) (PEG-PCL) micelles that hold drugs and release them at a faster 

rate when semi-crystalline PCL core of micelle melts around 40 – 45 oC (as compared to 

release rate at 37 oC) have been successfully synthesized by Glover et al. [36] 

Temperature measurement in micelle core would help develop a better understanding of 

the mechanism of drug release from nano-scale micelles, and whether such a nano-scale 

drug-loaded vehicle can cause drug release without a measurable bulk temperature rise 

(arising from the contribution of multiple MNPs). This dissertation discusses the possibility 

of measuring local temperature in the core of such micelles using a hydrophobic 

fluorescent rhodamine B-PCL (RhB-PCL) dye imbedded in vicinity of the MNPs inside 

PEG-PCL micelles (Figure 2.14). In addition to measuring the local temperature rise in 

the micelle core, this technique can provide real time temperature measurement and the 

process would be irreversible if the micelle core does not undergo conformational 

changes.  
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Figure 2.14: MNPs and fluorescent dye co-localized in a micelle core for local 

temperature measurement 

 

 

 

2.10.4. Bulk dispersion vs. local MNP temperature 

 Temperature rise in MFH systems can be observed at a local scale due to heat 

generated by MNPs, and at a bulk scale due to heat dissipated from the MNP surface. 

Heating is caused by the temperature rise at MNP surfaces upon application of high 

frequency AC magnetic field, which creates a temperature gradient between MNP 

surfaces and the bulk fluid that eventually leads to a temperature rise in the entire system 

subjected to magnetic heating when: (1) the MNPs have high SAR and are concentrated 

enough, (2) the MNPs cover a significant volume such that they generate sufficient heat 

to raise the internal energy of surrounding materials, and (3) the magnetic field is applied 

for a sufficient duration and intensity. Contributions due to local as well as bulk 

temperature rise can have important implications for clinical use of MFH. For example, 
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the local temperature in the magnetic micelles may be sufficient to melt the polymer 

crystals causing drug release with minimal bulk temperature rise; but while performing 

traditional hyperthermia in a millimeter sized tumor, bulk temperature rise in entire tumor 

volume may be necessary to reach the threshold temperature of 42 – 43 oC.   

The recent findings suggesting that upon application of a magnetic field the local 

MNP temperature is much higher than the bulk fluid temperature, suggested that local 

heating may be sufficient to cause hyperthermia, resulting in an important breakthrough 

in cancer therapy as collateral damage to healthy tissue could be further minimized 

compared to current radiation and chemotherapy treatments. For example, Riedinger et 

al. [118] used fluorescent molecules directly attached to MNP surfaces through thermally 

labile azo linkages to show that magnetic heating generated a local temperature 0.5 nm 

away from iron oxide MNPs that was 45 oC higher than bulk solution temperature. Yu et 

al. [130] used the denaturation of double stranded DNA bound to iron oxide MNP surfaces 

to show the difference between local and bulk temperatures during magnetic heating 

could be as high as 57.8 oC.  

Investigations made in this study to measure temperature rise in nano-scale 

systems would help determine the importance of bulk and local temperature rise in MFH 

applications. While the two studies by Reidinger et al. [118] and Yu et al. [130] have given 

some credibility to nano-scale heating using MNPs, the temperatures reached near the 

surfaces of MNPs remains largely unclear- due to both the challenge of measuring 

temperature at such small distances and the fleeting nature of heat generation and 

dissipation at the nano-scale. If localized heating can be confirmed, this opens up 

possibilities to develop new strategies for intracellular hyperthermia, where targeting is 



 

58 
 

focused on specific organelles, temperature-triggered drug delivery systems, and could 

explain some of the results seen by others [116, 117] where cell death was observed 

without bulk heating. 

 

 

2.11. Validation of magnetic hyperthermia effectiveness 

 The effectiveness of magnetic heating is commonly validated in a lab setting using 

(1) in vitro experiments to measure MNP SAR, (2) simulations based on Pennes’ bio-heat 

transfer equation to test treatment efficiency in vivo, and (3) validation of hyperthermia 

using mammalian cells. As the techniques used to measure MNP heating SAR have been 

discussed earlier, this section will focus on measuring temperature rise due to magnetic 

heating in a model tumor embedded with MNPs and validation of hyperthermia on 

mammalian cells.  

 

 

2.11.1. Temperature rise in a model tumor due to magnetic heating 

 The effectiveness of hyperthermia depends on the temperature rise due on the 

amount of heat generated in the tumor during MFH, and the amount of heat lost to the 

surrounding tissues and body fluids. Additionally, the amount of MNPs localized within a 

confined tumor volume, and the MNP SAR as well as concentration play an essential role 

in determining whether the tumor under consideration would achieve temperature beyond 

43 oC. The importance of these parameters on causing desired temperature rise in tumors 
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during MFH can be evaluated using mathematical and computational simulations, or 

using simplified experimental systems before conducting animal studies.  

 Pennes’ bio-heat transfer equation serves as an important tool for calculating the 

unsteady state temperature profile in a tumor during MFH [131, 132]. Heat diffusion in 

biological tissues was investigated by Pennes in 1948, and the mathematical expression 

that describes this relationship is termed as the bio-heat equation. This equation 

(Equation 2.11.1.1) calculates the heat diffusion during MFH by considering heat 

generation due to metabolism (Qm) and magnetic heating of MNPs (Qgen), while 

accounting for heat transfer due to conduction (𝑘𝛻2𝑇) and convection (𝑊𝑏𝑐𝑏(𝑇𝑏 − 𝑇)) 

[131]: 

𝜌𝑐
𝜕𝑇

𝜕𝑡
= 𝑘𝑡𝛻2𝑇 + 𝑊𝑏𝑐𝑏(𝑇𝑏 − 𝑇) + 𝑄𝑚 + 𝑄𝑔𝑒𝑛             (2.11.1.1) 

Here, ρ is the cancerous tissue density, c is the heat capacity of the cancerous tissue, T 

is the cancerous tissue temperature as a function of position and time, 𝑊𝑏 is the blood 

perfusion rate through the tissue, 𝑐𝑏 is the heat capacity of blood, Tb is the arterial blood 

temperature, and kt is the conductivity of the cancerous tissue. When applied to calculate 

the temperature rise in tumors, the term 𝜌𝑐
𝜕𝑇

𝜕𝑡
 represents the heat absorbed by the tumor. 

While applying Pennes’ bio-heat equation for calculating temperature rise due to 

magnetic heat generation in a tumor, the model is often simplified by assuming that 

conduction of heat between cancerous tissue and healthy surrounding tissue is the 

dominant heat transfer mechanism, and metabolic heating rate of body organs is 

negligible as compared to power generation of MNPs. Since the MNP SAR for use in 

hyperthermia is usually above 100 W/g Fe, it is much higher than 0.021 W/g metaboloc 

rate for some of the most active organs such as heart and kidney [133]. Although, tumors 
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do not have major blood vessels passing through them neglecting the effect of blood 

perfusion may not always lead to accurate estimates. In a study by Waterman et al. [134] 

on squamous cell head or neck carcinoma (50 – 150 cm3 volume) during local 

hyperthermia using 915 MHz microwave applicators, the rate of heat removed by 

conduction ranged from 20 – 150 % of heat removed by perfusion. However, large tumors 

have an underdeveloped vasculature system and the blood perfusion can be assumed to 

cause a smaller percentage of heat transfer as compared to heat conduction in the 

cancerous tumor. Despite of the loss in accuracy while neglecting blood perfusion, a 

simplistic model can be used to predict temperature rise profiles in tumors with variable 

volume that are embedded with MNPs with a known concentration and SAR.  

Simulations using Pennes’ bio-heat equation have been conducted to evaluate the 

importance of SAR values, MNP concentration, tumor size or volume, as well as the 

needed magnetic field strength, frequency and duration to achieve temperatures needed 

for effective hyperthermia. Advancement in computer technology has allowed 

researchers to performed simulations that mimic minute details of processes occurring 

human body such as angiogenesis, and temperature depended blood perfusion. [135, 

136]. While the simplified model serves to evaluate parameters for the development and 

deployment of MNPs for heating, and determine the limitations of MFH for generating bulk 

temperatures to meet hyperthermia conditions, more advanced models that take into 

consideration both the convection and multi-dimensional heat transfer, as well as the non-

isotropic nature of tissues when considering heat transfer at the nanoscale. Despite of 

the level of complexity of the models, all simulations based on Pennes’ bio-heat equation 

led to a general consensus that there is a minimum tumor volume required to generate 
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sufficient temperature rise during hyperthermia, and MNPs with high SAR are essential 

for effective hyperthermia therapy [131, 132, 135, 137]. This suggests that MFH can’t be 

used for individual cancer cells if bulk heating is needed to generate a sufficient 

temperature rise.  

Our study investigates heat generation in a simplified tumor model using 

computational and experimental methods (neglecting perfusion) to verify the trends in 

bulk temperature rise with change in tumor size. In addition to this, the simplified tumor 

model contrasts the temperature rise occurring during MFH in nano-scale micelles to the 

more conventional form of whole tumor MFH treatment. 

 

 

2.11.2. Cell experiments to validate hyperthermia 

Mammalian cells are used to evaluate the effectiveness of magnetic fluid 

hyperthermia and toxicity of materials prior to performing the animal studies. Several 

researchers have tested the effectiveness of MFH on cancer cells and emphasized its 

success at causing cell death in vitro due to observance of large percentage of cell death 

after a short duration of magnetic hyperthermia [116, 117, 138, 139]. In addition to 

evaluating MFH as an effective tool to kill cancer cells, in vitro studies can be used for 

initial screening of MNPs, coating materials, and components of a drug delivery system 

to evaluate cytotoxicity prior to moving forward with preclinical trials. 

The effectiveness of traditional hyperthermia (mimicked using a water bath) on 

different cell lines has highlighted the effect of several parameters that have an influence 

on treatment effectiveness such as: (1) the temperature used for hyperthermia, (2) the 
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time period for which the treatment is applied, and (3) the time after which cell viability is 

measured (as hyperthermia does not cause immediate cell death, this final parameter 

can vary across the literature and makes comparisons between research groups 

challenging at best). The specific temperature used in the hyperthermia range (43 oC to 

46 oC) has an effect on the treatment effectiveness as well as the time required to cause 

cell death. Saparato et al. [140, 141] have stated that continuous exposure to 42.5 oC 

using WBH caused 90% cell death in CHO (Chinese Hamster Ovary) cells after 200 

minutes, while the same level of cell death occurred in a shorter duration of 40 minutes 

when the temperature was increased to 44.5 oC.  Finally, cells may not die immediately 

after exposure to elevated temperature, and cell viability needs to be measured at a fixed 

time post hyperthermia exposure. For example, Theriault et al. [142] have reported that 

MDA-MB-231 cells express heat shock proteins when exposed to elevated temperature 

in the hyperthermia range, and this can arrest the cell cycle that can eventually cause cell 

death at a later time point (up to 5 days later). As a result, cell viability needs to be 

monitored immediately after the application of treatment, and also at fixed time points 

after the treatment is applied.  

Several studies have claimed that magnetic fluid hyperthermia (MFH) is more 

effective at causing cell death than bulk temperature rise obtained by submerging 

samples in a water bath (known as water bath hyperthermia, WBH). Sadhukha et al. [138] 

have reported that MFH using 12 nm iron oxide MNPs was more effective at killing A549 

and MDA-MB-231 cancer stem cells as compared to WBH treatment that reached the 

same bulk temperature. This would seem to indicate that there is some additional benefit 

to cancer therapy using MNPs; the authors ascribed the higher death rates to the 
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capability of MFH to induce acute necrosis and formation of reactive oxygen species in 

cancer cells.  

Some researchers have reported that effectiveness of MFH can be further 

improved by MNP internalization in cells, where it can induce cell death without 

perceivable rise in bulk solution temperature. Domenech et al. [117], have presented 

results where enhanced cell death (as opposed to non-targeted hyperthermia) is 

observed in MNPs targeted to epidermal growth factor receptor in MDA-MB-468 cells 

when magnetic field of 42 kA/m, 233 kHz magnetic field is applied for a period of 2 h due 

to the capability of MFH system to cause damage to lysosomal cell membrane by 

rotational motion of MNPs or high temperature rise next to MNP surface. These studies 

give credence to further development of MFH as a cancer therapy, but the specific 

mechanism(s) leading to greater cell death have not been resolved.  

In addition to testing the effectiveness of hyperthermia, the toxicity of MNPs and 

polymers used for hyperthermia and drug delivery can be evaluated using mammalian 

cells. Iron oxide MNPs used in MFH and polymers used for producing micelles have been 

found to be toxic to cells in certain scenarios, although majority of papers report that iron 

oxide MNPs and polymers cause minimal toxicity to mammalian cells [116, 117, 143, 

144]. For example, in a study by Domenech et al. [117] and Creixell et al. [116] iron oxide 

MNPs incubated for 2  - 10 h at a concentration of 0.3 mg/mL and 5 mg/mL respectively 

posed minimal toxicity to MDA-MB-231 and MDA-MB-468 cells. However, Kim et al. [139] 

have demonstrated that iron oxide MNPs coated with silica had an IC50 value of 4 mg/mL 

on A549 cells. Ferro-fluids at 4 mg/mL and higher concentrations are routinely used for 

lab-based MFH studies, and it is expected that to achieve effective hyperthermia 
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temperatures, concentrations of at least 4 mg/mL will be needed. Thus, it is essential 

develop other iron oxide MNPs and optimize coatings to minimize their potential toxicity. 

Low molecular weight polymers such as tetraethylene glycol and poly (ethylene glycol) 

with an average molecular weight of 200 g/mol have been found to induce chromosome 

aberrations in Chinese hamster epithelial liver cells at 10 nM concentrations after 16 h 

exposure, although PEG with larger number of repeat units (that are commonly used for 

micelle synthesis) have been found to cause minimal toxicity [144]. It should be noted 

that various cell lines have different sensitivities to MNPs and polymers, and toxicological 

studies need to be performed after considering the type of materials and cells used during 

which the hyperthermia treatment would be administered.   

Although researchers have conducted studies to test the effectiveness of 

hyperthermia on mammalian cells, there are no reports of a comprehensive study 

incorporating various factors that influence hyperthermia effectiveness. An investigation 

carried out for optimizing and testing MFH using an identical set of MNPs, hyperthermia 

equipment, and cells would allow for direct comparison of parameters that are essential 

for providing an effective hyperthermia treatment. 
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CHAPTER 3 

MOTIVATION 

 The goal of this study was to design experiments that bridge the gaps in the current 

MFH studies, provide a fundamental understanding of concepts that lead to the heat 

generation in MNPs, and investigate the magnetic heating and heat dissipation in MNPs 

using experimental and computational models of tumors and cells.  

 This research extends literature reports of MFH to investigate the effect of 

individual material and magnetic field parameters with the goal of optimizing magnetic 

heating of MNPs for use in hyperthermia and triggered drug delivery applications. 

Experiments were designed to isolate the magnetic field strength and frequency to 

investigate each property individually, which has not been reported by other researchers. 

Additionally, it is challenging to manipulate MNP size and magnetic properties, and 

correlate specific absorption rate (SAR, W/g MNP used to determine MNP heating 

efficiency) to determine a favorable set of MNP properties. In addition to the (often fixed) 

magnetic field strengths and frequencies used across numerous research papers, a 

significant challenge faced in comparing literature data is that the MNPs used for 

magnetic heating are not the same size, shape, and possess variable distribution of sizes. 

Even when SAR is reported for a well-characterized MNP system, the normalization can 

vary between papers, as SAR is variously reported as W/g MNP when the iron oxide 

crystal structure is unknown or W/g Fe when the structure is known. Although intrinsic 
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loss power (ILP) values used to determine the heating potential of MNPs are found to be 

independent of field strength and frequency, they are only comparable when the MNP 

magnetization presents a linear response to applied magnetic field (as MNP heating is 

not always proportional to square of applied magnetic field strength and frequency). Our 

study overcomes this drawback by using well characterized MNPs with variable size, 

composition, and magnetic properties whose SAR is measured at variable field strengths 

and frequencies.  

 Several studies supplement experimental findings with SAR calculations, but many 

of these studies base their calculations solely on LRT. This can lead to erroneous SAR 

predictions, as LRT is valid in a very narrow regime and the accuracy of LRT is highly 

compromised at the boundary of the regime, where nanoparticles transition from the 

superparamagnetic MNPs to the ferromagnetic MNPs. Our study employs the use of both 

LRT and SW theories to predict SAR and draw conclusions on validity of these theories.  

 Few efforts have been made to determine temperature in vicinity of an MNP 

surface, and there is yet to be a consensus on the magnitude of temperature rise that 

occurs during magnetic heating. To our knowledge, there have been no studies that have 

investigated temperature rise inside a nano-scale drug release system to determine if 

large temperature rise is observable inside the core of such devices, or if triggering can 

be achieved by local or bulk temperature rise. We investigated the local temperature of 

MNPs imbedded in the core of polymeric micelles by measuring the intensity change of 

a fluorescent dye co-localized with these MNPs.  

 Researchers have presented an in-depth view of the magnetic heat generation in 

MNPs, but they often lack the transition steps required to advance the technology from 
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lab experiments to animal models or clinical studies. Computational and experimental 

MFH tumor models, as well as cell-based MFH studies have been presented in literature 

but there is often a disconnect between optimization of MNP heat generation properties 

and the testing of these optimized MNPs on models. We developed a system where MNP 

SAR was optimized and then tested on experimental and cellular models to judge the 

effectiveness of MFH in a lab setting.     
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CHAPTER 4 

OBJECTIVES 

The current study accomplishes the following goals to develop an optimized 

hyperthermia system, develop a fundamental understanding of principles responsible for 

the heat generation in MNPs, and demonstrate the therapeutic potential of MFH: 

1. Test effect of following parameters on magnetic heating to optimize MNP SAR, 

independently of each other: 

a. Magnetic field strength, 

b. Magnetic field frequency, 

c. MNP size, 

d. MNP composition/crystal structure, 

e. MNP magnetic properties, and 

f. Solution viscosity, 

2. Use LRT and SW models to predict MNP SAR based on MNP properties and 

develop an understanding of processes that lead to heat generation in MNPs, 

3. Measure temperature rise at the nm level in a polymeric micelle, as well as the  

mm scale in an agarose gel tumor model, 

4. Present computational simulations to predict the temperature rise in a theoretical 

tumor using MNPs with a particular SAR,  
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5. Validate the effectiveness of hyperthermia in a cell-based assay and bridge the 

gap between fundamental heat optimization studies and clinical hyperthermia 

models 

6. Test the toxicity of iron oxide MNPs and polymers used for magnetic heating, and 

synthesizing polymeric micelles on mammalian cells, and 

7. Develop a set of guidelines that could be used to optimize MNP properties and 

magnetic field parameters that would lead to improvements in magnetic 

hyperthermia therapy. 
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CHAPTER 5 

MATERIALS AND METHODS 

5.1. Materials 

 Following sections discuss the materials used for MNP and micelle synthesis, as 

well as the commercially purchased MNPs investigated in this study for magnetic heating. 

 

 

5.1.1. Commercial MNPs and reagents for MNP synthesis 

All chemicals stated in this section were purchased at reagent grade or better from 

the Sigma-Aldrich company (St. Louis, MO), unless otherwise noted. Commercial Iron 

(III) oxide nanopowder, less than 50 nm in size, was examined for hyperthermia 

applications, primarily as a low-cost, abundant nanomaterial. Commercial fluidMAG® D 

nanoparticle dispersion with starch coating, and fluidMAG® PAD with a polyacrylamide 

coating were purchased from chemicell GmbH (Berlin, Germany), with a reported 

concentration of 100 mg/mL (which included the weight of the polymer coating), and 

hydrodynamic radius of 50 nm. Note that there is no additional procedure needed to 

disperse fluidMAG D and PAD MNPs as they are provided as stable dispersions (at 

theoretical concentration of 100 mg/mL) and require simple dilution procedure with water 

to produce the desired concentration. 
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In-house iron oxide MNPs dispersed in hexane and toluene were synthesized as 

described below, using iron(III) acetylacetonate 97%, 1,2-hexadecanediol 90%, oleic acid 

90%, oleylamine 70%, benzyl ether 99% (Acros Organics, Fair Lawn, NJ), hexane, 

toluene, and ethyl alcohol.  

 

 

5.1.2. Materials for micelle synthesis 

All chemicals stated in this section were purchased at reagent grade or better from 

the Sigma-Aldrich company (St. Louis, MO), unless otherwise noted. 

Tetrahydrofuran (THF), used for micelle synthesis, was filtered before use using a 0.2 

μm syringe filter, and Rhodamine B was obtained from ICN Biomedicals, Inc. (Irvine, CA).  

Poly (ethylene glycol) (PEG), and ε-caprolactone were purified before use in 

experiments. ε-Caprolactone was freshly distilled from calcium hydride and stored over 4 

Å molecular sieves, Poly (ethylene glycol) monomethyl ether (Mn = 2000), was dried at 

60 oC in a vacuum oven overnight and the dried polymer was stored in a desiccator.. Poly 

(ethylene glycol-b-caprolactone) diblock copolymer (PEG42-PCL19) was prepared by the 

tin-catalyzed ring-opening polymerization of ε-caprolactone from the alcohol terminus of 

poly(ethylene glycol) monomethyl ether, (Mn = 2,000).  

The fluorescent dye, Rhodamine B (RhB), was used as received and conjugated to 

PCL to produce Rhodamine-PCL (RhB-PCL) conjugate that imparted a hydrophobic 

nature to the RhB dye and was used in experiments to probe local temperature inside the 

core of micelles.  
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To prepare RhB-PCL, a 25 mL round bottom flask was dried at 110 °C and provided 

with magnetic stirring, an oil bath for heating, and a dry nitrogen atmosphere. RhB (0.4913 

g, 1.03 mmol), ε-caprolactone (2.4051 g, 21.1 mmol) and 2 drops of tin(II) 2-

ethylhexanoate (a polymerization catalyst) were added to the reaction flask. The flask 

was heated to 120 °C with the oil bath and stirred at 120 °C for 48 hours under nitrogen. 

After 48 hours, the reaction mixture was a viscous, deep purple liquid. The oil bath was 

removed and the reaction mixture slowly cooled to room temperature. Tetrahydrofuran 

(12 mL) was added to the flask and the mixture was stirred overnight after which the 

polymer was dissolved. Hexane (~ 9 mL, a non-solvent) was added to the point of 

imminent precipitation. The solution was placed in the freezer at -30 oC overnight. The 

next day the product was isolated by suction filtration and rinsed with 90 mL hexane. It 

was allowed to dry on the vacuum filter under ambient conditions to give a purple, semi-

crystalline solid RhB-PCL. 

 

 

5.1.3. Materials for making viscous alginate gels 

Alginic acid, sodium salt (Acros Organics, Fair Lawn, NJ) rated at 485 mPa-s for a 1% 

solution at 20 oC) was used to modify the viscosity of aqueous MNP dispersions. Calcium 

chloride was purchased from Fisher Scientific (Fair Lawn, NJ) to cross-link alginic acid 

solutions.  

Agarose gel in pure powder form (Acros organics, Fair Lawn, NJ) was used to make 

1.5 % (w/v) viscous agarose gels to test the effect of viscosity on MNP heating rate and 

construct the agarose gel tumor model.  
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5.2. Magnetic MNP synthesis and dispersion procedures 

 This section describes the procedures used by Todd Davis and Abigail Paulson 

from or collaborator, Dr. David Nikles, group to synthesize TDMNP MNPs with sizes of 8 

nm, 11 nm, 13 nm, and 18 nm, and AP003 MNPs with 7 nm size.  

 

 

5.2.1. TDMNP nanoparticle synthesis 

The MNPs listed in this section were synthesized by Todd Davis, a graduate student 

in Dr. David Nikles’ group. Iron oxide TDMNP particles of 8 nm were synthesized from 

iron (III) acetylacetonate and 1, 2 – hexadecanediol, in the presence of oleylamine and 

oleic acid using the thermal decomposition method described by Sun et al. [145].  

Particle sizes and distributions for TDMNP particles were controlled by variations in 

the reaction conditions such that the sizes could be varied in the range of 8 nm to 18 nm.  

Slowly approaching but not exceeding the 200 oC nucleation temperature produced 

particles with narrow size distributions.  Refluxing gently at ~300 oC produced larger 

particle sizes of around 11 nm. Still larger particles were produced using the seed growth 

method described by Sun et al. [145].  Using 11 nm particles as the seeds and employing 

the same nucleation and reflux conditions as above, 13 nm particles were produced.  

Larger particles of around 18 nm were produced by increasing the nucleation temperature 

to 210 oC for 5 minutes, then cooling the mixture to 200 oC for the remainder of the 

nucleation period.   
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5.2.2. AP003 MNP synthesis 

AP003 iron oxide MNPs were synthesized by Abigail Paulson, an undergraduate 

student in Dr. Nikles’ lab using a modified thermal decomposition method developed by 

Hyeon et al. [146]. The AP003 MNPs were dispersed in toluene/THF using oleic acid as 

a surfactant.  

 

 

5.3. Maghemite nanopowder dispersion and viscous solutions/gels 

Maghemite nanopowder was received in the dry form and had no surface coating, and 

the method to disperse this MNP in water was developed in our laboratory. 

 

 

5.3.1. Maghemite nanopowder dispersions 

To make aqueous maghemite nanopowder dispersions, iron (III) oxide nanopowder 

was mixed vigorously using a vortex mixer in DI water at 25 mg/mL and sonicated for 30 

minutes. The maghemite nanopowder dispersion was allowed to settle undisturbed for 2 

days after the sonication process. The supernatant, which consisted of a stable 

dispersion, was collected with a Pasteur pipette and used for magnetic heating 

experiments. The concentration of particles in the dispersion was determined by atomic 

absorption spectroscopy, as discussed later. Alternatively, 3 mL of magnetite 

nanopowder was vacuum dried for at least 2 days, and was weighed to determine the 

weight of nanoparticles contained in 3 mL of dispersed solution.   
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Since maghemite nanopowder was obtained in two different batches, purchased at a 

span of >5 years, they had significantly different properties. These dispersions were 

termed as maghemite nanopowder batch 1 (Lot# 10918JH) and batch 2 (Lot# 

MKBR1549V) throughout this dissertation.  

 

 

5.3.2. Preparation of viscous alginate MNP solutions  

The methods used to form viscous MNP dispersions and gels to study the effect of 

viscosity on MNP SAR are discussed here.  

To determine the effect of viscosity on SAR, 2.0 % (w/v) and 4.0 % (w/v) alginate 

solutions were prepared by adding measured quantities of sodium alginate to aqueous 

MNP dispersions. The mixtures were mixed using a spatula and allowed to form a viscous 

solution after leaving it overnight. A cross-linked alginate gel containing dispersed MNPs 

was made by adding 0.5 mL of 2% (w/v) calcium chloride in water to the 4 % (w/v) 

alginate-NP solution. For each of these solutions, care was taken not to vary the net MNP 

concentration. 

 The viscosities of the 2 % (w/v) and 4 % (w/v) alginate solutions were measured using 

a Zahn cup-style Boekel viscosimeter (Philadelphia, PA). 

 

 

5.3.3. Making agarose gel based tumor model 

 Agarose gel model that contained maghemite nanopowder batch 2 was used to 

study the effectiveness of MFH in mm scale tumor models.  
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Agarose gel-based tumor models were formed using a disc of MNP-loaded agarose 

in the center (mimicking a tumor loaded with MNPs) surrounded by a concentric disc of 

plain agarose gel (mimicking healthy tissues) inside a 3.5 cm Petri dish (Figure 5.1). The 

nanopowder loaded agarose gel was synthesized by mixing 1.5 % (w/v) agarose powder 

in 5 mL of pre-made 4 mg/mL solution of maghemite nanopowder batch 2 dispersion in 

DI water. This mixture was heated on a hot plate, and maintaining slightly below 80 oC. 

Simultaneously, a plain 1.5 % (w/v) agarose gel powder was mixed and heated in 5 mL 

DI water over a hot plate, and the required amount was poured over a disc-shaped mold 

placed inside a 3.5 cm Petri dish (Figure 1). Three different diameter (0.8 cm, 1.3 cm, and 

1.6 cm) molds, each with a depth of 0.16 mm, were used to produce gels with 

cavities/wells to insert the nanopowder/agarose discs to simulate different tumor 

dimensions. When the plain agarose gel solidified over the mold, it was separated and 

flipped over to expose the well in its center. The freshly-made nanopowder-loaded 

agarose dispersion was then poured (while still hot) into this well to construct a model of 

a MNP-targeted tumor in the center of healthy body tissues or organs. Magnetic heating 

was conducted on these gels for a time period of 10 min, and the temperature profile 

across the diameter of the gels was measured at 0, 5, and 10 min intervals using an 

infrared camera with a resolution of less than 0.5 mm. 
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Figure 5.1: Constructing agarose gel based tumor model: A) Pour plain agarose 

dissolved in water over mold, B) flip the solidified plain agarose gel, C) pour MNP-
containing agarose into the well. 

 
 
 
 

5.4. MNP characterization 

 Since MNP properties have a tremendous impact on SAR, the nanoparticles need 

to be well characterized to determine the favorable set of properties for use in MFH. The 

following techniques were performed to characterize the synthesized MNPs: 

1. X-ray photoelectron spectroscopy (XPS): Iron oxide composition/crystal structure 

(magnetite or maghemite). Performed by our collaborator Dr. David Nikles, and his 

graduate student Todd Davis.  

2. Transmission electron microscopy (TEM): Iron oxide core diameter. Performed by 

our collaborator Dr. David Nikles, and his graduate students Todd Davis, and 

Amanda Glover. 

3. Dynamic light scattering (DLS): Hydrodynamic diameter 

4. Vibrating sample magnetometry (VSM): Saturation magnetization, magnetic 

susceptibility, coercivity (when applicable), type of magnetism possessed by the 

MNPs. Performed by our collaborator Dr. David Nikles 
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5. AAS: Iron oxide concentration of MNPs in the dispersion, discounting the weight 

of the surface coating. Performed by Todd Davis.  

 

5.4.1. X-ray photoelectron spectroscopy 

 X-ray photoelectron spectroscopy (XPS) by collaborator Dr. David Nikles was used 

to determine the oxidation state of the iron oxide MNPs.  Here, samples of iron oxide 

MNPs were washed with acetone to remove the surface coating of oleic acid and 

oleylamine, followed by placing them under vacuum in a vacuum oven set to ambient 

temperature until they dried for 24 h.  The samples were handed over to our collaborators 

and then deposited onto copper tape for XPS analysis, which was carried out on a Kratos 

AXIS 165 Multitechnique Electron Spectrometer (Manchester, UK) using a 

monochromatic aluminum source set to 10 mA, 12 kV.  High resolution scans were 

performed with the analyzer pass energy set to 20 mA and the dwell time set to 2000 µs.  

Two sweeps were performed for each scan.  Because it has been shown that the C 1s 

peak is unsuitable for use as a reference for charge correction on iron oxide samples 

[147], the O 1s peak at 530.0 eV binding energy was used for this purpose.   

High resolution scans of the Fe 2p region of iron oxides have been previously shown 

to be useful for qualitative studies of the ionic and oxidation states of iron, and the 

presence or absence of a satellite peak between the Fe 2p1/2 and Fe 2p3/2 has been used 

to differentiate between magnetite and maghemite [147], as only maghemite samples 

produce a satellite peak attributed to Fe 2p3/2.  The position of the Fe 2p3/2 peak is typically 

711 eV, with the satellite peak located approximately 8 eV higher [147]. 
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5.4.2. Transmission electron microscopy 

TEM performed by collaborator Dr. David Nikles using FEI Technai F-20 instrument 

(Hillsboro, OR) was used to determine the size and size distribution of iron oxide MNPs, 

discounting the size contribution of surface coating of the MNPs, which is not visible under 

TEM without using a staining procedure. Image J analysis was performed on TEM images 

to generate size histograms and calculate mean MNP sizes.  

 

 

5.4.3. Dynamic light scattering 

DLS performed using a Malvern ZEN3600 instrument (Malvern, Worcestershire, UK) 

was used to determine the hydrodynamic diameter of maghemite nanopowder MNPs 

dispersed in water.  

For DLS, the refractive index of the MNPs was assumed to be 2.4 with an absorption 

index of 0.01, while the refractive index of the solution was considered to be the same as 

water (selected from instrument options to be 1.33) [148]. Since the concentration of 

MNPs in water was small, the viscosity of the solutions was assumed to be that of water 

(0.888 mPa*s). Size measurements were performed in disposable polystyrene cuvettes 

at 25 oC.   

The refractive index of PEG-PCL micelles (not loaded with MNPs) was assumed to 

be 1.45 with an absorption of 0.01. 
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5.4.4. Vibrating sample magnetometry  

Magnetization curves were acquired by collaborator Dr. David Nikles using a Digital 

Measurement Systems VSM. The magnetometer was calibrated using a high purity nickel 

standard. Powder samples were carefully weighed on an analytical balance. The samples 

were placed on Scotch® tape and the tape folded over to make a sandwich with the 

particles trapped inside the tape. The excess Scotch® tape was trimmed off with scissors. 

The samples were affixed to a quartz sample holder using silicon vacuum grease. 

Samples of fluidMAG D and PAD, maghemite nanopowder (when provided as 

dispersion), TDMNPs, and AP003 MNPs were dried from aqueous solution to give free-

standing films. The films were weighed on an analytical balance and then affixed to the 

quartz sample holder. Full hysteresis curves were obtained with a saturating field of 

10,000 Oe. The step size was 10 Oe in the range from +1,000 to -1,000 Oe. 

 

 

5.5. Magnetic Heating of MNPs 

Magnetic heating was performed using all of the commercial and in-house synthesized 

MNPs to determine their heating rate and SAR. It was ensured that there was minimal 

heat convection occurring during the process by running control experiments to measure 

the temperature of solvents in the magnetic field using a specially designed sample holder 

(Figure 5.2), for a fixed duration of time.  
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Figure 5.2: Specially designed 3D printed sample holder to minimize heat convection 

during magnetic heating 

 

 

 

 

5.5.1 Setup for magnetic heating equipment 

Magnetic heating experiments were performed using a custom-designed 

hyperthermia coil (Induction Atmospheres, Rochester, NY) (Figure 5.3). A 5 kW power 

supply (Ameritherm, Model Novastar 5kW, Scottsville, NY) was connected to a heat 

station to which the coils are attached. The hollow coils are designed to allow circulating 

chilled water to pass through to minimize heating of the coils themselves. A circulating 

chiller bath (Koolant Koolers Model JT1000, Kalamazoo, MI) was set to circulate water 

through the coils at 18 oC.  A 4 cm inner diameter coil with two turns in a distance of 1.2 

cm was separated from two identical turns by a gap of 2 cm. This 4-turn coil was used for 

all heating experiments, as it had a sufficiently wide coil diameter to allow insulation to fit 

between the coil and samples to minimize non-specific heating of samples due to the 

heating of the coil surfaces. An additional 6-turn coil (4 cm inner diameter) could be placed 

in series with the magnetic heating coil, and was used to modulate the frequency applied 

to the MNP dispersions (frequency modulator coil shown on left side in Figure 5.3). A 

copper bar can be placed across any number of the coils to allow a total of seven testing 
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frequencies at each voltage setting (including one with the frequency modulator 

removed).  

 
Figure 5.3: Hyperthermia equipment set-up [39] 

 

 

 

5.5.2 Temperature measurement during magnetic hyperthermia  

Since mercury thermometers and most thermocouples (type T-thermocouple could 

not be used near our magnetic coils) could not be used in vicinity of high frequency 

magnetic fields (as the metals would generate heat), an infrared camera (FLIR systems, 

North Billerica, MA) was used to record the temperatures of samples contained in the 
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micro-centrifuge tube. The FLIR camera was capable of measuring temperatures with a 

resolution of 0.1 oC.  

 

 

5.5.3. Measurement of magnetic field strength and frequency 

The magnetic field strengths generated by the hyperthermia coil were measured using 

a magnetic field probe (AMF Life Systems, Auburn Hills, MI) connected to an oscilloscope 

(Tektronix 2246, Beaverton, OR) . The axial and radial components of the AC magnetic 

field were measured as a function of position within the coil for several input voltages and 

coil configurations to calculate the root mean square value of magnetic field strength (all 

magnetic field strength values reported in this study are root mean square values). For 

magnetic heating experiments, samples were placed in the axial and radial center of the 

coils, where the field strength was found to be highest. 

The magnetic field frequency at corresponding field strengths was recorded from the 

display on the magnetic hyperthermia station, as the machine accounted for the field 

strength and coil configuration while presenting the effective magnetic field frequency.  

 

 

5.5.4. Sample preparation and field parameter setup for magnetic heating 

Each MNP dispersion was taken at a measured volume of 1.2 mL and filled in a plastic 

micro-centrifuge tube, which was positioned in the axial and radial center of the top two 

turns of the coil and surrounded by a specially designed sample holder. The magnetic 

field strength was adjusted by altering the voltage setting in the heating station circuitry, 
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which in turn changed the current supplied to the coil. The frequency was modified by 

placing the frequency modulating coil in series with the hyperthermia coil and adjusting 

the copper bar so that the circuit would bypass from zero to all six loops.  

To determine the effect of magnetic field strength and frequency of MNP SAR one 

of these parameters was held constant. For experiments to determine the effect of field 

strength on magnetic heating, the frequency was maintained at a constant value by using 

a fixed coil setup and adjusting the voltage supplied to the coil. In experiments to 

investigate the effect of field frequency on heating, the voltage was appropriately changed 

so that the field strength remained constant while the frequency was changed due to 

addition of the frequency modulator coil. Field strength settings ranging from 15.1 to 47.7 

kA/m were used for experiments, while the frequency was varied from 123 to 430 kHz.  

Several variations of field strength and frequency combinations was obtained using 

the hyperthermia station (Table 5.1). To test the effect of magnetic field strength on MNP 

heating, four different field strength settings of 15.1 kA/m, 22.8 kA/m, 35.8 kA/m, and 47.7 

kA/m were obtained at a set frequency of 194 kHz by changing the voltage applied to 

produce the magnetic field. Additional field strengths of 32.9 kA/m and 27.2 kA/m were 

obtained at the maximum applied voltage when the frequency was reduced to 143 kHz 

and 123 kHz, respectively, by addition of the frequency modulator coil. To study the effect 

of frequency on hyperthermia, field strengths were set at 38.2 kA/m and tested at four 

different frequencies: 123, 143, 194 and 430 kHz. Several combinations of these 

magnetic field parameters were tested on commercial fluidMAG D particles, whereas 

selected parameters were used to test the heating of other magnetic particles listed 

previously (Table 5.1). 
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While changing the frequency from 194 kHz to 430 kHz it was essential to switch 

the capacitor and chance the capacitance from 1.25 to 0.25 µF. After decreasing the 

capacitance of the system to 0.25 µF, the voltage should be set to 750 V to achieve the 

highest field strength of 38.2 kA/m. Frequencies in the range of 194 to 430 kHz (although 

not tested in our study) can then be achieved by using the frequency modulator coil in 

series with the main coil (the four turn Petri dish coil in this case).  

 

Table 5.1: Field strengths and frequencies investigated for magnetic heating 

Field Strength, H     (kA/m) Frequency, f (kHz) 

15.1 

194 

22.8 

35.8 

38.2 

47.7 

38.2 

123 

143 

194 

430 

15.1 
22.8 
35.8 
38.2 

430 

 
 

 

 

5.5.5. Preparing viscous samples for magnetic heating  

MNP-containing agarose gels were formed by mixing 1.5% (w/v) agarose with 5 mL 

of 4 mg/mL maghemite nanopowder dispersion, and heating it to slightly below 80 oC to 
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form a homogenous agarose-nanopowder dispersion. 1.2 mL of this liquid dispersion was 

poured into a micro-centrifuge tube and allowed to solidify.  

The 2 % (w/v) and 4% (w/v) alginate solutions were mixed with dry maghemite 

nanopowder and collected in micro-centrifuge tubes at 1.2 mL volume, and eventually 

crosslinked by adding a drop of calcium chloride solution in water inside the tube.  

For measuring the SAR of MNPs embedded in alginate solutions and agarose gels, 

1.2 mL of viscous solutions or gels were placed in the magnetic coil (instead of 1.2 mL 

liquid MNP dispersions at the same concentration). These samples were treated similar 

to a fluid dispersion, with temperature recorded using the infrared camera.  

For performing magnetic heating on the agarose gel tumor model in a 3.5 cm Petri 

dish, the entire dish was placed in the center of the 4 cm diameter magnetic coil.  

 

 

 

5.6. Data collection while magnetic heating 

Heating experiments for SAR calculation were performed over a range of 1.5 min to 

10 min (although experiments were conducted for a time longer than 10 mins for other 

studies described later), depending on the magnitude of temperature rise, by placing the 

micro-centrifuge tube in the center of the coil and applying the selected magnetic field 

parameters. Experiments were performed in triplicate, starting at room temperature. All 

samples were well-insulated using a specially designed sample holder that minimized 

heat convection while magnetic heating. 
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Solvents used to disperse MNPs were subjected to magnetic heating at a frequency 

of 430 kHz and the field strength of 38.2 kA/m to ensure that they showed minimal heating 

during the first 90 seconds (the time period where data were used to calculate SAR) of 

MFH. Heat generated in the MNP solutions during this time frame was attributed to the 

sole effect of magnetic heating of the MNPs.  

 

 

5.7. SAR calculation 

SAR was calculated as described earlier (Equation 2.6.1) as W/g MNP using the iron 

oxide weight of MNPs to normalize data, and W/g Fe using the Fe content of MNPs based 

on the concentration determined by AAS and crystal structure determined by XPS. Since 

the volume fraction of MNPs was negligible compared to that of the solvent in terms of 

internal energy change due to heating, the heat capacity of each MNP dispersion was 

assumed to be the same as that of the pure solvent (water = 4.18 J/g*oC, hexane = 2.2 

J/g*oC, and toluene = 1.7 J/g*oC). A similar approach was used when calculating SAR for 

viscous solutions, as the addition of 1.5% (w/v) to 4% (w/v) of polymers was determined 

to have a minimal effect on the heat capacity of the MNP dispersions in the presence of 

alginate or agarose, so the heat capacity of water was used to calculate SAR for these 

dispersions.    
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5.8. Measurement of local temperature inside the core of RhB-PCL magnetic micelles 

Magnetic micelles loaded with RhB-PCL were synthesized to test the local 

temperature rise near the MNP surfaces. The fluorescent intensity of RhB-PCL magnetic 

micelles was measured to predict the local temperature inside the micelle core, and 

compared to bulk temperature rise. 

 

 

5.8.1. Making MNP and RhB-PCL loaded micelles  

To synthesize RhB-PCL loaded magnetic micelles, 50 mg PEG42-PCL19 polymer and 

5 mg RhB-PCL were dissolved in 1 mL of filtered THF (using a 0.22 μM syringe filter), 

while 50 mg AP003 MNPs were dispersed in 2 mL filtered THF with 80 μL oleic acid in a 

second vial. The MNPs in THF were washed with 1 mL ethanol to remove excess oleic 

acid, and re-dispersed in 1 mL filtered THF. The contents of these two vials were mixed 

vigorously by shaking and added drop-wise to 10 mL of ultrapure water (resistivity of 18.2 

MΩ∙cm) with probe sonication, followed by evaporation of THF overnight. After 24 h, this 

solution was diluted back to the original 10 mL volume to account for any water that may 

have evaporated along with THF. Aggregates of MNP-polymer were removed from the 

micelle solution by centrifuging it at 3000 rpm for 1 h and decanting the supernatant. 

These micelles were then dialyzed for 72 h using a dialysis membrane with a 50 kDa 

MWCO (Spectrum Laboratories, Rancho Dominguez, CA) to remove free RhB-PCL, and 

water was added to adjust the volume back to 10 mL. Finally, the micelles were filtered 

through a 0.45 μm syringe filter to obtain an optically clear micelle solution. A balance 
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between the MNP loading and RhB-PCL loading in the micelles was necessary to obtain 

a clear reading for RhB fluorescent intensity 

 

 

5.8.2. Local and bulk temperature measurement 

During magnetic heating, bulk fluid temperatures were measured by Optotemp 2000 

fiber optic probe (Micromaterials, Tampa, FL) for RhB-PCL magnetic micelle dispersions. 

Local temperatures in the micelle core were determined by measuring the fluorescent 

intensity of RhB during water bath or magnetic heating. 

An Ocean Optics (Model USB 650 Red Tide, Dunedin, FL) portable spectrometer was 

used to measure the fluorescence spectra of micelles. The fluorescence spectrum was 

collected with a fiber optic probe (Thorlabs, Newton, NJ). The fiber optic probe had a 

zirconium ferrule at its terminus which allowed it to be placed near the magnetic field (a 

metal ferrule would heat during magnetic field heating experiments). To calibrate the 

fluorescent intensity over a range of temperatures, aqueous solutions of RhB-PCL 

magnetic micelles were placed in a cuvette with a flow-through heating jacket connected 

to a circulating water bath (NESLAB RTE-111, Thermo Scientific, Newington, HN). The 

temperature was adjusted in the range of 20 oC to 45 oC with fluorescence measurements 

made every 5 oC to obtain a calibration curve relating RhB-PCL fluorescent intensity at 

~600 nm to temperature.  A green LED light bulb (~516 nm wavelength) was used to 

excite RhB-PCL in the micelle cores, resulting in an emission peak at 588 nm (Figures 

5.4, 5.5). The Optotemp probe was inserted from the top opening of the cuvette to 

simultaneously collect bulk temperature data (Figure 5.5).  For direct comparison of data, 
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the same batch of magnetic micelles was used for both water bath heating and magnetic 

heating.   

 
Figure 5.4: Emission spectra for RhB-PCL inside magnetic micelle core 

 
Figure 5.5: Setup for measuring fluorescence of RhB-PCL loaded magnetic micelles 
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5.8.3. Magnetic heating setup for magnetic micelles 

Magnetic micelles were heated at a field strength of 38.2 kA/m and frequency of 430 

kHz. Temperature and fluorescence were measured simultaneously during magnetic 

heating. Inside the magnetic field, the fluorescence signal was obtained at 5, 10, and 15 

minute time points, which were used to determine the corresponding local micelle core 

temperatures. After the micelle dispersion reached a temperature rise of 6.4 oC above 

room temperature after 15 minutes of exposure to the magnetic field, the rate of magnetic 

heating dropped significantly and no further data were collected. The local temperature 

calculated from the change in fluorescent intensity of RhB-PCL micelles was compared 

to the bulk solution temperature, measured by the Optotemp probe. 

 

 

5.9. Magnetic hyperthermia in cells 

Magnetic hyperthermia was conducted on Chinese Hamster Ovary (CHO) cells to 

determine the effectiveness of MFH at causing cell death based on parameters such as 

1) temperature used for hyperthermia (43 oC or 46 oC), 2) duration of treatment (1 h and 

6 h), 3) mode of MFH application (water bath or magnetic hyperthermia), and 4) 

effectiveness of hyperthermia in the presence of a toxic chemical (to model the effect of 

a cancer drug). The toxicity of MNPs and PEG-PCL micelles was tested on CHO cells to 

ensure that they posed minimal toxicity concerns at the tested concentration.  
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5.9.1. Preparing CHO cells experimental and control samples 

DG44 CHO cells were obtained from Dr. Liu’s lab at the University of Alabama in 

the exponential growth phase at ~106 cells/mL cell density. For conducting the MFH 

experiments on CHO cells, a positive control (1% Triton X) and a negative control 

(autoclaved DI water) were used. Since 10% (v/v) of 100 mg/mL fluidMAG D MNPs (10 

mg/mL effective concentration) dispersed in water were used to provide magnetic 

hyperthermia to cells, an identical volume of DI water was added to the negative control 

to account for the cell death caused by addition of 10% (v/v) of water. In addition to the 

positive and negative control groups, a magnetic field control was used to ensure that 

magnetic field by itself was not toxic to the cells.  

For conducting magnetic hyperthermia, 1.2 mL of CHO cells with 10% (v/v) MNPs 

or DI water were collected in a micro-centrifuge tube (using a method identical to 

preparation of MNP dispersions) and subjected to magnetic heating at a field strength of 

47.7 kA/m and a frequency of 194 kHz.  

For conducting experiments to test the toxicity of polymers and MNPs, 180 μL of 

cell suspension was placed into a 96 well plate and mixed with 20 μL of MNP or micelle 

solution and incubated up to 48 hrs.    
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5.9.2. Experimental groups for CHO cell studies 

The following experimental groups were investigated for studying the effect of MFH on 

CHO cells: 

1. Water-Bath Hyperthermia (WBH) treatment group: The effect of elevated 

temperatures (43 oC and 46 oC) on cell viability was tested using a water-bath set to either 

43 or 46 C. The cells were prepared as described and immersed directly in water bath 

set at 43 oC or 46 oC to test the effect of hyperthermia exposure for 1 hour and continuous 

exposure to hyperthermia for 6 hrs. The cell viability was measured using a Trypan blue 

assay at 1, 2 , 3 , 4, 5, and 6 h time points after the initiation of hyperthermia treatment.  

2. Magnetic-Field Hyperthermia (MFH) treatment group: For this treatment, the 

temperature of 43 oC and 46 oC was obtained using MNPs (10 mg/mL fluidMAG D in cell 

media) instead of a water bath. Since fluidMAG D MNPs generated heat at a rapid rate 

at a field strength of 47.7 kA/m and frequency of 194 kHz, there was minimal lag between 

application of magnetic field and observance of 43 oC and 46 oC exposure temperatures. 

Once the appropriate temperature (43 oC or 46 oC) was reached inside the coils, it was 

held constant by altering the voltage applied to the copper coil, and the MFH treatment 

was applied for a period of 1 hr. Cell counts were performed right after the treatment (at 

a 1 h time-point) up to 5 h time-point post-treatment (totaling 6 h since the application of 

MFH) using an identical procedure to that described for WBH. 

3. Toxicological study group: The toxicity of MNPs and PEG-PCL polymers was 

tested by adding 20 μL of 10 mg/mL fluidMAG D and 0.1 mg/mL polymer to 180 μL of cell 

media. The results were normalized using a control that was supplemented with 20 μL of 

autoclaved DI water instead of MNPs or polymers. The cells were incubated at 37 oC after 
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supplementing them with the stated solutions, and the cell viability was measured in a 

range of 2 to 48 h after starting the incubation process. 

4. Simultaneous application of chemotherapy and hyperthermia: Three CHO cell 

samples were prepared: 1) supplemented with 20 μL of 100 μM dibucaine, 2) 

supplemented with 20 μL of 10 mg/mL fluidMAG D, and 3) supplemented with 20 μL of 

100 μM dibucaine dissolved in fluidMAG D dispersion (to ensure identical total volume). 

The cells were incubated at 37 oC after supplementing them with the stated solutions, and 

the cell viability was measured in a range of 2 to 48 h after start of the incubation process. 

The samples with MNPs were exposed to MFH at 43 oC for a period of 1 h, and all the 

samples were incubated at 37 oC for 48 h The cells were incubated at 37 oC after 

supplementing them with the stated solutions, and the cell viability was measured in a 

range of 2 to 48 h after start of the incubation process. 

5. Localization of maghemite nanopowder on CHO cell membrane: 1.2 mL CHO 

cells were incubated with 5 mg dry maghemite nanopowder batch 2 for a period of 2 to 4 

h. Magnetic hyperthermia was applied to 1.2 mL of this CHO cell suspension at a field 

strength of 38.2 kA/m and frequency of 430 kHz for a period of 45 minutes, such that the 

bulk solution temperature was maintained at 43 oC. Cell viability was measured 

immediately after the application of magnetic field and 12 h post-exposure after the cells 

were incubated at 43 oC.  
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5.9.3. Live/dead assay 

To perform cell viability tests, trypan blue live dead staining was used. 50 μL of 

cells were mixed with 10 μL of trypan blue solution, and a cell count was performed using 

a hemocytometer, ensuring that at least 100 cells were counted.   

 

 

5.9.4. Calculating cell viability and statistical comparison of results  

The % viability of cells was calculated as: 

% Cell Viability =  
Live Cells

Total Number of Cells
∗ 100                     (5.9.4.1)                                                                            

The results were then normalized as follows: 

% Normalized Viability =  
Viability in Experimental Sample

Viability in Negative Control Sample
∗ 100        (5.9.4.2)                                               

All cell experiments were conducted in triplicate, and standard deviation was calculated 

for each experimental sample to observe the spread of cell viability data. The standard 

deviation for normalized samples was calculated as:  

dN

N
= √(

ΔC

C
)

2

+ (
ΔE

E
)

2

                                        (5.9.4.3)                                                                                                                                       

Where E = experimental sample cell viability, C = control sample cell viability, N = 

normalized cell viability, and ΔE, ΔC, ΔN are standard deviations associated with N, C, 

and E.   
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5.10. Computational model for predicting temperature rise in tumor 

A computational model was constructed in collaboration with Dr. Eric Carlson and 

Josh Moon using a Python algorithm to solve Pennes’ bio-heat equation in a 3D cubical 

grid containing 50*50*50 grid-points. The temperature at each grid point was calculated 

by the algorithm using a finite difference method to calculated temperature rise in tumor 

volume that generated heat when the MNPs were localized in the tumor core. The 

temperature rise was calculated to observed effectiveness of MFH when: 1) the diameter 

of area loaded with MNPs was increased from 40 µm (single cell) to 15 mm (entire tumor 

mass), 2) the tumor core was loaded with MNPs and the tumor boundary fixed at 37 oC, 

3) the MNP SAR was increased from 270 W/g MNP to 810 W/g MNP. The thermal 

conductivity of a single cell (breast cancer cell) was assumed to be in the range of k = 0.3  

-0.59 W/m*K, density was assumed to be ρ = 1000 kg/m3, and heat capacity at constant 

pressure was assumed to be 3000-4180 J/kg*K. Thermal conductivity of bulk tissue (heart 

tissues in this case) was assumed to be 0.56 W/m*K, density of tissue was assumed to 

be 1081 kg/m3, and heat capacity of at constant pressure was assumed to be 3686 J/kg*K 

[149]. 

 

 

5.11. Calculations for MNP SAR 

Theoretical MNP SAR values were calculated using LRT for superparamagnetic 

MNPs and SW theory for ferromagnetic MNPs (subject to validity of LRT). The calculated 

SAR values were used to verify the experimental results, as well as provide insight into 
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factors that could not be studied experimentally but were responsible for affecting MNP 

SAR.  

The calculations based on LRT and SW theory were performed using all the equations 

in section 2.5.1 and section 2.5.2 described in the background section. The MNP 

parameters such as saturation magnetization, iron oxide composition and concentration, 

thickness of surface coating, and standard deviation of MNP sizes were obtained from 

the VSM, XPS, DLS, and TEM data. Since MNP anisotropy was not directly measured in 

this study, reasonable values of MNP anisotropy were obtained from literature for iron 

oxide nanoparticles as described later. The MNP size was varied, and the calculations 

were performed for MNPs in the size range of 2 nm to 25 nm. SAR was calculated 

assuming that all of the MNPs in a particular dispersion had a size equal to mean MNP 

diameter, and also after accounting for polydispersity of the sample.  
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CHAPTER 6 

RESULTS AND DISCUSSION 

6.1. Nanoparticle dispersion, composition, and properties 

 Well characterized MNPs with variable size and size distributions, chemical 

compositions (maghemite and magnetite), surface coatings, and magnetic properties 

were subjected to hyperthermia at variable field strengths and frequencies. This allowed 

for determination of favorable MNP magnetic and field properties that would maximize 

magnetic heating in the MNPs.  

 For determining the SAR of MNPs and optimizing system parameters, various 

batches of commercially available and in-house synthesized MNPs were investigated 

(Table 6.1). The commercial MNPs consisted of fluidMAG D and PAD MNPs, and two 

batches of maghemite nanopowder purchased from the same manufacturer (which had 

different sizes and magnetic properties). The in-house TDMNP particles were 

synthesized using thermal decomposition procedures (by Sun et al. [145]), with different 

size ranges to study the effect of size on SAR. The in-house AP003 MNPs were 

synthesized using a modified thermal decomposition method by Hyeon et al. [146], and 

the magnetic heating of these MNPs was examined.  

The following sections will discuss the characterization of MNPs and MNP 

dispersions. This includes evaluation of MNP concentration, size, composition, 
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magnetization, and magnetic susceptibility obtained using techniques including AAS, 

TEM, DLS, XPS, and VSM.  

 

Table 6.1: Properties of MNPs investigated for magnetic heating 

Nanoparticles 
 

Particle ID 
 

Iron Oxide 
Concentrations 
in Dispersion 

(mg/mL) 

Solvent 
 

Iron Oxide 
Diameter 

TEM (nm)b 

Hydrodynamic 
Diameter 
DLS (nm) 

Magnetization 
at 10,000 Oe 
M (emu/g)e 

Magnetic 
Susceptibility 

𝜒𝑜
e 

Magnetite coated 
with starch 

fluidMAG D 

4.3 ± 0.1
 a

 

6.4 ± 0.1
 a

 

8.6 ± 0.1
 a

 

Water 8 ± 2 
19 ± 7c; 

60d 
72 0.12 ± 0.03 

Magnetite coated 
with polyacrylamide 

fluidMAG 
PAD 8.3 ± 0.2

 a

 Water  9 ± 2 
 29 ± 9c; 

55d 
46 0.05 ± 0.01 

Magnetite coated 
with oleic acid 

TDMNP8 
TDMNP11 
TDMNP13 
TDMNP18 

6.2 ± 0.1
 a

 

10.8 ± 0.2
a

 

6.4 ± 0.0
 a

 

8.1 ± 0.0
 a

 

Hexane 

8 ± 2 
    11 ± 2 
    13 ± 4 
    18 ± 4 

f 

f 
f 
f 

f 
34 

f 
62 

f 
0.04 

f 
0.13 

Maghemite without 
coating 
Batch 1 

Maghemite 
nanopowder 1.6 ± 0.0

 a

 Water     16 ± 9 
  35 ± 10c; 

54d 
57g 0.11g 

Maghemite without 
coating 
Batch 2 

Maghemite 
nanopowder 

4h Water  22 ± 10 
  53 ± 17c; 

90.5d 
63g f 

Predominantly 
Maghemite coated 

with oleic acid 
AP003 6h Toluene  7 ± 1 f 46 0.12 

aConcentration and standard deviation determined by AAS 
bMean diameter ± one standard deviation for analysis of more than 100 particles using 

Image J software on TEM images (e.g., see Figures 6.1 and 6.2) 
cNumber average diameter ± one standard deviation measured by DLS 

dZ-average diameter reported from DLS Zetasizer software 
eDetermined using vibrating sample magnetometry and reported as emu per g of iron 

oxide 
fSample not evaluated 

gMeasured using non-dispersed dry maghemite nanopowder  
hConcentration not confirmed by AAS 
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6.1.1. Nanoparticle concentration 

 Measurement of accurate MNP concentration was essential for calculating 

accurate SAR values, and determining the effect of MNP concentration on SAR. 

 MNP concentrations were measured by performing AAS on the dispersed MNP 

samples (Table 6.1). The fluidMAG particles were supplied as aqueous solutions at 100 

mg/mL, with this value including a 20 wt % coating of either starch (fluidMAG D) or 

polyacrylamide (fluidMAG PAD), according to the manufacturer. Performing AAS on 

these MNPs confirmed the iron concentrations in the MNP dispersions provided by the 

manufacturer. AAS was performed on the in-house synthesized TDMNP MNPs coated 

with oleic acid to discern the iron weight in the dispersed fraction of MNPs (discounting 

the weight of excess oleic acid). Similarly, the maghemite nanopowder had a fraction of 

MNPs that did not form a stable dispersion and AAS was used to confirm the amount of 

iron contained in the stable MNP dispersion.  

With the exception of maghemite nanopowder, which did not have a coating, AAS 

was needed to determine the fraction of iron in the MNPs. The fluidMAG MNPs were 

diluted from the 100 mg/mL dispersion that was supplied to make 20 mg/mL, 15 mg/mL, 

and 10 mg/mL solutions. AAS suggested that the actual iron oxide content in these 

dispersions was 8.6 mg/mL, 6.4 mg/mL, and 4.3 mg/mL due to presence of a thick surface 

coating. Our results indicate that the actual polymer coating on the fluidMAG MNPs was, 

considerably higher than the value provided by the manufacturer. The TDMNP particles 

had iron oxide concentrations in the range of 6.2 mg/mL to 10.8 mg/mL, discounting the 

weight of oleic acid used to disperse these MNPs. The maghemite nanopowder had the 

lowest concentration of 1.6 mg/mL for batch 1, and 4 mg/mL for batch 2. Since maghemite 
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nanopowder had no surface coating, the iron concentrations obtained by weighing the 

dried MNPs in the stable dispersion and AAS were identical. 

AP003 MNP concentration was not confirmed by AAS, but the dry MNPs were 

weighed before dispersing them in toluene using oleic acid. The AP003 MNPs were 

dispersed at a concentration of 6 mg/mL. 

The MNP dispersions used in this study had a concentration range of 1.6 mg/mL 

to 10.8 mg/mL, and the standard deviation in the concentration of the MNPs was obtained 

using three AAS replicates, with the largest standard deviation in concentration found to 

be 0.2 mg/mL.  

 

 

6.1.2. Nanoparticle Size 

 MNPs with variable sizes were synthesized (especially the TDMNP series) to 

determine the optimal MNP size for magnetic heating. Besides the MNP size, 

polydispersity of MNPs plays an important role on the amount of heat they can generate, 

and it was carefully determined in this study.  

 The core iron oxide size of MNPs without accounting for the thickness of surface 

coating was obtained using TEM (Table 6.1, Figures 6.1, 6.2). The mean iron oxide 

diameter for commercial fluidMAG D MNPs coated with starch was 8 nm, while that for 

fluidMAG PAD coated with polyacrylamide was 9 nm. The four batches of in-house 

TDMNP particles produced were found to have mean diameters of 8, 11, 13, and 18 nm. 

The commercial maghemite MNPs (maghemite nanopowder) were some of the largest 

MNPs tested in this study, and the size differed for the two MNP batches that were 
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purchases separately. Dispersible fraction of batch 1 of maghemite nanopowder had an 

average diameter of 16 nm, and batch 2 had a larger diameter of 22 nm when dispersed 

using identical techniques. Finally, the in-house AP003 MNPs were the smallest MNPs 

of the batch with a 7 nm average diameter.  

 
Figure 6.1: Representative TEMs of particles investigated: A) fluidMAG D MNPs, B) 

TDMNP11 MNPs, C) TDMNP18 MNPs, D) maghemite nanopowder batch 1 
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Figure 6.2: TEM images for A) AP003 MNPs and B) maghemite nanopowder batch 2 

 

 The hydrodynamic size of dispersed MNPs was obtained using DLS, and this size 

was consistently larger than core iron oxide diameter (Table 6.1, Figure 6.1, 6.2). Size 

reported by DLS is usually larger than the core iron oxide size reported by TEM, as it 

represents the hydrodynamic diameter of dispersed MNPs after accounting for the 

thickness of surface coating used to disperse the MNPs. Factors such as aggregation in 

MNPs can also lead to large DLS sizes as compared to the individual iron oxide core 

diameters measured using TEM. The number average hydrodynamic diameters of 

fluidMAG D and PAD MNPs were 19 nm and 29 nm respectively, which were smaller than 

the 50 nm hydrodynamic diameter suggested by the manufacturer for both of these 

MNPs. However, the z-average diameter for fluidMAG MNPs was in the range of 55 nm 

to 60 nm, which was closer to the value provided in the manufacturer data sheet. The 

larger hydrodynamic diameter in fluidMAG D compared to core iron oxide diameter was 

likely due to the thick hydrophilic polymer coating used to disperse these MNPs. The 

number average hydrodynamic diameter of batch 1 and batch 2 maghemite nanopowder 
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was 35 nm and 53 nm respectively. Since there was no surface coating use to disperse 

these MNPs, the larger hydrodynamic diameter of MNPs as compared to core iron oxide 

diameter was due to aggregation in the un-coated MNPs (a common occurrence in larger 

ferromagnetic MNPs). Due to instrument limitations, DLS was not performed on the in-

house synthesized MNPs that were dispersed in organic solvents.  

 
Figure 6.3: Number average DLS size distribution for A) fluidMAG D, B) fluidMAG PAD, 

C) maghemite nanopowder batch 1, D) maghemite nanopowder batch 2 

 

TEM and DLS data suggest that MNP dispersions had varying degrees of poly-

dispersity (Table 6.1, Figures 6.1, 6.2, 6.3). AP003 MNPs had the smallest standard 

deviation in core iron oxide diameter of 1 nm, while fluidMAG and TDMNP MNPs had a 

larger standard deviation ranging from 2 nm to 4 nm. Maghemite nanopowder samples 

had the largest standard deviation in the range of 9 nm to 10 nm, as the dispersion 

contained MNPs with a wide range of sizes (evident from TEM images and DLS size 

distribution data, Figures 6.1, 6.2, 6.3). The standard deviation in hydrodynamic diameter 
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was larger than the standard deviation of core iron oxide diameter, and ranged between 

7 nm to 17 nm for fluidMAG MNPs and maghemite nanopowder, respectively. This was 

likely due to varying thicknesses of surface coatings on the fluidMAG MNPs, and 

increased variability in maghemite nanopowder sizes (Figures 6.1, 6.2) that was 

accompanied by formation of aggregates larger than 100 nm in diameter (Figure 6.3).   

 

 

6.1.3. Nanoparticle chemical composition 

 MNP SAR as well as optimal MNP size depends on whether the iron oxide MNPs 

are composed of magnetite or maghemite. The crystal structure for all the MNPs in this 

study was determined by XPS.  

 The composition of MNPs was determined by observing the presence or absence 

of a satellite peak at 719 eV in the Fe 2p binding energy region of the XPS spectra [147, 

150]. The presence of satellite peak in the XPS spectra denoted the presence of 

maghemite on the MNP surface, while absence of the satellite peak denoted the presence 

of magnetite on the MNP surface. Since, XPS is a surface characterization technique 

there was a possibility that there could be a mixture of magnetite and maghemite in the 

core of the iron oxide MNPs, but MNPs were classified as magnetite or maghemite based 

on the dominant phase present on the MNP surface (Table 6.1).   
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Figure 6.4: XPS spectra for MNPs investigated for magnetic heating 

 

 

 The MNPs were classified as either magnetite or maghemite based on information 

obtained from XPS spectra, synthesis procedure used to produce the MNPs, and 

manufacturer specification for the commercial MNPs (Table 6.1, Figure 6.4). The 

presence of distinct satellite peaks in the XPS spectra for both batches of maghemite 

MNPs led to the conclusion that they were composed of maghemite, as stated by the 

manufacturer. AP003 MNPs synthesized using the Hyeon synthesis [146] displayed a 

small satellite peak that confirmed the presence of maghemite on the MNP surface. 

However, Hyeon et al. [146] have reported that iron oxide nanoparticles synthesized by 

their method display a phase composition (γ-Fe2O3)1-x(Fe3O4)x that varied with increasing 

particle diameter, from maghemite for 5 nm particles to magnetite for 22 nm particles 

[146]. The observation from the XPS that the 7 nm diameter AP003 particles were 

predominantly maghemite is consistent with the results reported by Hyeon and coworkers 
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[146]. The thermal decomposition method by Sun et al. [145] used to synthesize the 

TDMNP particles was reported to yield magnetite in the literature. This was confirmed by 

the absence of satellite peaks in XPS spectra for TDMNP11, TDMNP13, and TDMNP18 

particles. Based on the confirmation of iron oxide crystal structure for the TDMNP 

particles, the TDMNP8 MNPs were also assumed to be magnetite. The XPS spectrum 

for fluidMAG D MNPs was not clear, likely due to a thick layer of surface coating present 

on these MNPs, and the composition of fluidMAG MNPs was assumed to be magnetite 

as per the manufacturer specifications.  

 

 

6.1.4. Nanoparticle magnetic properties   

 Nanoparticle properties such as saturation magnetization, coercivity, and magnetic 

susceptibility were determined using VSM to determine their impact on MNP SAR. 

Additionally, VSM data helped characterize whether the MNPs were superparamagnetic 

or ferromagnetic, to determine the favorable type of MNPs for use in MFH. 

The saturation magnetization and the magnetic susceptibility of the investigated 

MNPs were determined by VSM to study their impact on MNP SAR (Table 6.1, Figure 

6.5). Higher saturation magnetization implies that MNPs can achieve higher magnitude 

of magnetization when exposed to magnetic field, while higher susceptibility implies that 

MNPs can be magnetized at a faster rate. MNPs tested in this study had a wide range of 

saturation magnetization values (reported as emu/g of iron oxide) based on their size, 

composition, and type of surface coatings. The fluidMAG D MNPs had the highest 

saturation magnetization of 72 emu/g, whereas fluidMAG PAD had a lower saturation 
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magnetization of 46 emu/g. The difference in saturation magnetization of two similar iron 

oxide MNPs can ascribed to the batch to batch variability from the manufacturer, or the 

difference in their surface coating. The type of MNP surface coating has been known to 

have an impact on the MNP magnetic properties due to a reduction in magnetic phase of 

MNPs caused by interactions at the interface between the iron oxide surface and the 

surface coating [151]. For the TDMNP samples synthesized by Sun et al. [145] synthesis, 

the saturation magnetization increased from 34 emu/g (lowest saturation magnetization 

observed in this study) to 62 emu/g as the MNP size increased from 11 to 18 nm. The 

two batches of maghemite nanopowder had a saturation magnetization of 57 emu/g for 

batch 1 to 63 emu/g for batch 2, while the AP003 MNPs had a saturation magnetization 

value of 46 emu/g. These values for saturation magnetization for iron oxide were found 

to be in the range of values reported in the literature for iron oxide MNPs which can be 

as low as 20.33 emu/g [152] to as large as 97.4 emu/g [153]. The magnetic susceptibility 

for the MNPs tested in this study was in the range of 0.04 to 0.13 (Table 6.1). 



 

109 
 

 
Figure 6.5: Hysteresis loops representing magnetization in emu/g of iron oxide for A) 

fluidMAG D, B) fluidMAG PAD, C) TDMNP11, D) TDMNP18, E) AP003, F) maghemite 
nanopowder batch 2, G) maghemite nanopowder batch 1 

 

 

Hysteresis curves for the MNPs were able to distinguish between the 

superparamagnetic or ferromagnetic nature of the MNPs (Figure 6.5). The hysteresis 

loops for both fluidMAG MNPs, all three of the TDMNP samples tested, and the AP003 

MNPs displayed zero remanence and no saturation when a magnetic field of 10,000 Oe 

were applied. As a result, these MNPs displayed superparamagnetic behavior and the 

saturation magnetization was reported at the maximum magnetization observed at 10,000 

Oe (Table 6.1). As opposed to this observation, the hysteresis loops for batch 1 and batch 

2 maghemite nanopowder (containing only the dispersible fraction) displayed open loops 

that are representative of hard ferromagnetic materials.  
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Amongst the investigated MNPs, the maghemite nanopowders were the only 

ferromagnetic nanoparticles that displayed remanence and coercivity. The batch 1 and 

batch 2 maghemite nanopowder had a remanence of 15 Oe and 19 Oe, and coercivity of 

150 Oe and 120 Oe respectively. The observance of coercivity and remanence in the 

hysteresis loops for maghemite MNPs were expected to have an impact on the heating 

of the MNPs that was tested using variable field strengths and frequencies.   

 

 

6.1.5. Magnetic heating of MNPs and SAR  

 Magnetic heating experiments were conducted on each of the nanoparticle types 

investigated and the heating efficiency was reported by calculating MNP SAR (Tables 

6.1, 6.2). MNP SAR was measured over a range of magnetic field frequencies from 123 

kHz to 430 kHz, and magnetic field strengths from 15.1 kA/m to 47.7 kA/m. SAR in W/g 

MNP and W/g Fe were calculated by measuring MNP dispersion temperature rise with 

time at various combinations of magnetic field strength and frequency (Table 6.2). SAR 

values reported in W/g Fe were used to normalize the energy produced during magnetic 

heating to compare the heating effectiveness of MNPs irrespective of their chemical 

composition (maghemite or magnetite) and the amount of surface coatings used to 

disperse the MNPs.  
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Table 6.2: SAR for investigated MNPs 

Nanoparticle 
Type 

Field Strength, 
H     (kA/m) 

Frequency, 
f (kHz) 

SAR 
(W/g Fe)a 

SAR 
(W/g MNP) 

fluidMAG D 
(8.6 mg/mL) 

15.1 

194 

  3.7 ± 1.2  2.7 ± 0.9 

22.8 15.3 ± 2.9 11.1 ± 2.1 

35.8 26.8 ± 2.9 19.4 ± 2.1 

38.2 29.9 ± 1.0 21.6 ± 0.7 

47.7 43.3 ± 4.4 31.3 ± 3.2 

38.2 

123 15.1 ± 2.1 10.9 ±1.5 

143 23.1 ± 2.8 16.7 ± 2.0 

194 29.9 ± 1.0 21.6 ± 0.7 

430   105.6 ± 5.0 76.4 ± 3.6 

15.1 
22.8 
35.8 
38.2 

430 

31.3 ± 3.2 
55.9 ± 3.1 
89.5 ± 2.8 

  105.6 ± 5.0 

22.5 ± 2.3 
40.3 ± 2.2 
64.5 ± 2.0 
76.4 ± 3.6 

fluidMAG PAD 47.7 194 41.7 ± 2.3 30.2 ±1.7 

TDMNP8 

22.8 

194 

  6.5 ± 1.5   4.7 ±1.1 

35.8 14.6 ± 1.5  10.6 ±1.1 

47.7 30.1 ± 2.1  21.8 ±1.5 

TDMNP11 47.7 194 33.4 ± 1.2   24.2 ± 0.9 

TDMNP13 47.7 194 52.8 ± 4.3   38.2 ± 3.1 

TDMNP18 
47.7 194 75.7 ± 2.3  54.8 ±1.7 

38.2 430 325.9 ± 16.0  235.8 ±11.6 

Maghemite NP 
(Batch 1) 

38.2 430   249.1 ± 4.7   174.2 ±3.3 

Maghemite NP 
(Batch 2) 

38.2 430  1001 ± 16.2     700 ±11.3 

AP003 38.2 430  193  ±  5.4    135 ± 3.8 
aSAR in W/g Fe was calculated using the Fe concentration measured using AAS, and 

iron oxide composition determined using XPS or manufacturer specifications. 
 

 

In each of the experimental magnetic heating trials, the heating profile for MNPs 

displayed a trend where the temperature initially increased linearly with time and 

plateaued at later time points due to increased heat loss to surroundings at higher 
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temperature. The time period where magnetic heating profiles were obtained varied from 

1.5 min to 10 min depending the magnitude of temperature rise for the tested MNP 

dispersions. For a representative heating profile for fluidMAG D obtained at the field 

strength of 47.7 kA/m and frequency of 194 kHz, the temperature rise (T-To) is the 

difference between the measured and initial temperatures of each sample, which increase 

over a period of 10 min and was equal to the amount of heat added to the sample during 

magnetic heating (Figure 6.6). Furthermore, a normalization was conducted to subtract 

nonspecific heating due to heat transfer by conventional mechanisms from the hot coil 

surfaces surrounding the samples. Here, a sample containing the same volume of solvent 

(no MNPs) was subjected to the same magnetic field profile, with the temperature rise 

observed in these experiments subtracted from the raw T-To data for each MNP system 

to show only heating related to the magnetic nanoparticles. For example, the temperature 

of the fluidMAG D dispersion (MNPs + water) rose linear for ~90 seconds, and the heating 

rate gradually decreased with time (Figure 6.6). Water used to disperse the MNPs 

displayed negligible temperature rise for ~5 min, and difference between the temperature 

rise in the fluidMAG D dispersion and MNPs was similar for initial time points. Although 

this difference increases towards the end of the temperature measurement period (10 

minutes), it had minimal effect on SAR values, which were calculated using the initial 90 

sec of the linear temperature rise data. 
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Figure 6.6: Temperature rise in 8.6 mg/mL fluidMAG D MNPs as compared to fluidMAG 

D dispersion (MNPs + water) subjected to magnetic field strength of 47.7 kA/m and 
frequency of 430 kHz 

 
 

While obtaining the temperature rise of MNPs with time it was ensured that the 

heating efficiency was calculated solely based on the heat generated by MNPs, 

discounting any temperature rise caused by the magnetic field acting on the solvents, or 

through traditional heat transfer from a hot coil surface to the samples. Although the non-

specific heating of solvents was measured at all frequencies and field strengths, it was 

maximum at the highest frequency of 430 kHz and corresponding field strength of 38.2 

kA/m. The non-specific heating of sample was greatly reduced when a specially designed 

sample holder, containing two acrylonitrile butadiene styrene (ABS) polymer layer 

separated by air, was used to insulate the sample. The magnetic heating data for water, 

hexane, and toluene subjected to a field strength of 38.2 kA/m and maximum frequency 

of 430 kHz in the specially designed sample holder, display a minimal temperature 

change of less than 0.2 oC in the initial 90 seconds (Table 6.3).  Note that some of the 
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temperature change values are negative due to the evaporation of the solvent subjected 

to MFH in open micro-centrifuge tubes (Table 6.3). These results ensure that the reported 

SAR values are minimally influenced by the heat transfer between the coil and the 

samples, and the temperature rise is attributed to the heat generated by magnetic 

induction of the MNPs. 

 

Table 6.3: Temperature rise in solvents at 430 kHz and 38.2 kA/m 

Time (sec) Temperature change 
in water, T-To, (oC) 

Temperature change 
in hexane, T-To, (oC) 

Temperature change in 
toluene, T-To, (oC) 

30 +0.06 ± 0.1 -0.3 ± 0.1 0 ± 0.2 

60 -0.06 ± 0.3 -0.4 ± 0.1 -0.1 ± 0.2 

90 -0.1 ± 0.1 -0.2 ± 0.1 0 ± 0.2 

 

The effect of field strength and frequency for magnetic heating were investigated 

independently. While most magnetic heating apparatus have a fixed magnetic field and 

frequency, our device allows investigation of a range of field strengths and frequencies 

such that one of those parameters can be changed independently of the other. To test 

the effect of frequency and field strength independently, one of those parameter was 

always held constant. For example, fluidMAG D solutions were heated using field 

strengths of 15.1 to 47.7 kA/m at a constant 194 kHz frequency, and also tested over a 

range of frequencies from 123 to 430 kHz using the frequency modulator coil while holding 

the field strength constant at 38.2 kA/m.  In addition to field strength and frequency, the 

effect MNP concentration, MNP size and composition, and MNP dispersion viscosity on 

magnetic heating were investigated independently. The effect of MNP size was tested by 

using TDMNPs, whereas the effect of MNP composition was tested by comparing 
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magnetite and maghemite MNPs of similar sizes. The effect of solution viscosity on 

magnetic heating was tested by dispersing identical MNPs in solutions with variable 

viscosity.   

 

 

6.1.6. Effect of field and MNP properties on MNP SAR 

 

 

6.1.6.1. Effect of Magnetic Field Intensity 

The effect of magnetic field strength was tested using 8 nm fluidMAG D and 

TDMNPs by subjecting them to variable field strengths at a constant frequency (f = either 

194 or 430 kHz), and it was observed that SAR for these MNPs increased with field 

strength, as expected from theory. The SAR for fluidMAG D MNPs that contained 8.6 

mg/mL Fe3O4 was tested by varying the field strength from 15.1 kA/m to 47.7 kA/m at 

constant frequencies of either 194 kHz (Table 6.2., Figure 6.7) or 430 kHz (Table 6.2). 

Thermal output increased with higher magnetic field intensities, with a nearly linear 

temperature rise over a period of 3 min for these MNPs (Figure 6.7). The SAR for 

fluidMAG D MNPs increased from 3.4 W/g Fe to 43.3 W/g Fe when the field strength was 

increased from 15.1 kA/m to 47.7 kA/m at a frequency of 194 kHz, while it increased from 

31.3 W/g Fe to 105.6 W/g Fe when the field strength was increased from 15.1 kA/m to 

38.2 kA/m at a constant frequency of 430 kHz (Table 6.2). The 8 nm TDMNPs also 

displayed an increase in SAR when the field strength was increased at a constant 
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frequency (Table 6.2) suggesting the importance of using higher field strengths to 

maximize MNP SAR (as long as the MNP magnetization does not reach saturation).  

 

 
Figure 6.7: Effect of magnetic field strength on temperature rise for fluidMAG D MNPs at 

constant frequency of 194 kHz, and concentration of 8.6 mg/mL. Note that the error 
bars represent standard deviation for three replicates that are used for all figures with 

error bars, unless specified. 
 
 

Experimental evidence and theoretical calculations have consistently suggested 

that heating rates in MNPs and SAR values increase with an increase in magnetic field 

strength, and SAR has been reported to be proportional to square of magnetic field 

strength [64, 72, 74, 80, 93, 154]. Although it is not trivial to visualize the relationship 

between increases in SAR with field strength from the obtained data (Table 6.2), the SAR 

obtained in this study followed a linear trend when plotted against the square of magnetic 

field strength (as described later in section 6.2.1, Figure 6.14). Gonzales-Weimuller et al. 
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[154] have explained using mathematical calculations and experiments that SAR for iron 

oxide MNPs of 5 nm, 10 nm, 12.8 nm, and 14 nm diameter increased proportional to the 

square of magnetic field strength, when the field strength was increased from 12.4 kA/m 

to 24.5 kA/m at a constant frequency of 400 kHz. Guardia et al. [74] have provided 

evidence that SAR for iron oxide nano-cubes that were 12 nm, 19 nm, 25 nm, and 38 nm 

in size showed an increase in heating rate when the field strength was increased, and the 

SAR displayed a linear dependence when plotted against the square of field strength that 

was varied in the range of 6 kA/m to 24 kA/m for two constant field frequencies (320 and 

700 kHz). Numerous studies reporting increase in SAR with magnetic field strength 

accompanied by theoretical verification leaves no ambiguity regarding the role that field 

strength plays in optimizing MNP SAR, and the linear relationship between SAR and 

square of field strength has also been verified.  

 

 

6.1.6.2. Effect of Magnetic Field Frequency 

The effect of frequency on maximizing SAR independent of the field intensity was 

studied using specially designed equipment. The coil was set at field strength of 38.2 

kA/m while the frequency was varied from 123 to 430 kHz for magnetic heating 

experiments (Figure 6.8). Because the frequency depends strongly on coil design 

(number of turns, diameter, etc.), the frequencies tested were set at values that could be 

obtained using the frequency modulator coil (123 kHz, 143 kHz, 194 kHz, and 430 kHz) 

while achieving the same 38.2 kA/m field strength. 
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MNP heating rates increased with an increase in frequency during magnetic 

heating of fluidMAG D at a constant field strength of 38.2 kA/m. The same fluidMAG D 

dispersions used for evaluating the effect of field intensity (8.6 mg/mL) were used for 

these experiments. The heating rate of MNP dispersions increased as the frequency 

increased, with a temperature rise of over 35 oC in five minutes at 430 kHz, the highest 

frequency setting tested. For the highest tested frequency of 430 kHz (based on 

equipment limitations) and 38.2 kA/m (Figure 6.8), the five-minute temperature rise is 

much higher than at a lower frequency of 194 kHz but higher field strength of 47.7 kA/m 

(Figure 6.7). This demonstrates the significant role that AC field frequency has in 

achieving high heating rates and SAR values, when the use of higher field strengths may 

not be feasible.  

Magnetic heating at the higher frequency of 430 kHz was consistently higher than 

MNP heating at 194 kHz. Maximum SARs for all MNPs were obtained at the maximum 

possible frequency of 430 kHz and field strength of 38.2 kA/m, as compared to any other 

settings used in the study (including the use of higher field strength of 47.7 kA/m, but this 

field strength could not be achieved at 430 kHz).  The SAR increased by 3.5 times (from 

29.9 W/g Fe to 105.6 W/g Fe at 38.2 kA/m) for fluidMAG D, when the frequency was 

increased by 2.2 times (from 194 kHz to 430 kHz), suggesting that SAR is not a linear 

function of frequency (Table 6.2). The ratio of increase in SAR with increase in frequency 

was higher for TDMNP18 MNPs as compared to fluidMAG D, where SAR increased by 

4.3 times (75.7 W/g Fe at 194 kHz and 47.7 kA/m to 325.9 W/g Fe at 430 kHz and 38.2 

kA/m) for 2.2 times increase in frequency (Table 6.2), despite the decrease in field 

strength at higher frequency.  
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Figure 6.8: Effect of magnetic field frequency on temperature rise for fluidMAG D MNPs 

at constant field strength of 47.7 kA/m, and concentration of 8.6 mg/mL. 
 
 

An increase in SAR with frequency has been reported in only a few research 

papers, with still fewer studies providing experimental evidence for a change in SAR with 

frequency at a constant field strength, largely due to equipment limitations. Guardia et al. 

[74] have reported one such study where SAR for iron oxide nano-cubes in the size range 

of 12 nm to 38 nm increased as the frequency was increased from 320 to 700 kHz at a 

constant field strength of 14 kA/m. The authors reported that the increase in SAR followed 

a linear trend with increasing frequencies, and the SAR in this study was maximized by 

using higher field strengths at moderate frequency settings, rather than using the highest 

frequency setting for maximizing SAR (due to decrease in field strength at the highest 

frequency of 700 kHz). Cervadoro et al. [32] presented results where SAR increased 2.5 

times from 6.4 W/g MNP to 16.8 W/g MNP for 5 nm iron oxide MNPs, when the frequency 

was changed from 200 kHz (at 9 kA/m) to 500 kHz (at 10 kA/m). As such, the magnitude 
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of increase in SAR with frequency has a higher magnitude in our study as compared to 

the limited instances available in the literature for comparison.  

Although there are few experimental studies that have reported the effect of 

increase in frequency on SAR at a constant field strength, the results reported in this 

dissertation are in agreement with theoretical calculations. Calculations by Deatsch et al. 

[94] have presented the criteria where SAR is proportional to the square of field frequency, 

when the product of 𝜔𝜏 (2𝜋*frequency*relaxation time) is less than one, whereas above 

this threshold SAR is independent of magnetic field frequency. In our study, at the 

frequency of 430 kHz, the angular frequency, 𝜔, (2𝜋𝑓) equals 2.7*106 s-1 whereas this 

product is 1.2*106 s-1 at 194 kHz. For fluidMAG D MNPs with 8 nm diameter, the effective 

relaxation time, 𝜏, has an order of magnitude ranging from 10-8 s to 10-9 s (calculations 

described later in sections 6.2.1 - 6.2.3) when the MNP anisotropy lies between 21 and 

50 kJ/m3, resulting in the product of angular frequency and relaxation time being much 

smaller than one. Thus, the magnetic heating of the smaller MNPs (7 nm – 14 nm) is 

conducted in the regime where the increase in SAR is proportional to square of frequency. 

When considering bigger MNPs, such as TDMNP18 (Table 1, 2), the relaxation time 

would be orders of magnitude higher (~10-4 s for monodisperse 18 nm MNPs with an 

anisotropy of 21 kJ/m3), resulting in the product of angular frequency and relaxation time 

being greater than one. Experimentally, the increase in SAR with frequency for TDMNP18 

MNPs is likely due to the poly-dispersity of the MNP sample where smaller MNPs of 14 

nm have relaxation time of ~ 10-7 s. This results in the product of effective relaxation time 

of the dispersion and angular frequency being smaller than one or just marginally higher. 



 

121 
 

As a result, the ~1.5 to 2 times increase in SAR with frequency observed in this study is 

in agreement with theoretical calculations.  

It is important to note that the equation presented by Deatsch et al. [94] does not 

apply to larger MNPs such as the maghemite nanopowder, as the mechanism for heating 

is likely due to hysteresis losses (as opposed to relaxation mechanisms described by 

LRT). As SAR is product of the area in the hysteresis loop and frequency, it follows that 

SAR would increase linearly with frequency for larger maghemite nanopowder MNPs 

investigated in this study.  

Plotting the SAR magnitude as a dependent parameter of field strength and 

frequency suggested that SAR is maximized at highest possible field strength and 

frequency setting on the MFH equipment (Figure 6.9). The graph (Figure 6.9) was 

constructed by plotting all the investigated field strengths (15.1 – 38.2 kA/m) on x-axis 

and all the investigated frequencies (123 – 430 kHz) on y-axis, whereas the bubble size 

was proportional to the magnitude of fluidMAG D SAR at the chosen field strength and 

frequency (Table 6.2). A trend was observed where the SAR increases while moving from 

lower to higher field strengths, as well as moving towards the higher frequencies, as 

described previously. 



 

122 
 

 
Figure 6.9: 3D plot representing SAR magnitude (W/g Fe proportional to size of circles) 
as a dependent variable of applied magnetic field strength and frequency for fluidMAG 

D at a concentration of 8.6 mg/mL. 
 
 

 While SAR values directly represent the heating efficiency of MNPs, ILP values 

are often used to normalize the magnetic heating of MNPs at variable field strengths and 

frequencies. ILP values are calculated by dividing the MNP SAR by the product of 

frequency and square of field strength, assuming that the heat generation in MNPs varies 

linearly with frequency and square of magnetic field strength. ILP values plotted at various 

field strengths and frequency settings displayed a trend that differed from the trends seen 

in the SAR values, and the ILP was maximized at the highest frequency of 430 kHz and 

the lowest field strength setting of 15.1 kA/m (Figure 6.10). The ILP values were 

consistently higher when the magnetic heating was conducted at a frequency of 430 kHz 

as opposed to 194 kHz, although it is frequently claimed that ILP is independent of 

magnetic field strength and frequency used for MFH [72, 80, 93].  
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Figure 6.10: 3D plot representing ILP magnitude (nHm2/kg, proportional to size of 

circles) at various combinations of applied magnetic field strength and frequency for 
fluidMAG D MNPs at 8.6 mg/mL concentration. 

 
 

 The SAR and ILP values suggest that the frequency of 430 kHz (which was the 

highest possible frequency on the equipment) was a favorable setting for hyperthermia 

experiments, whereas field strength played an important role when the amount of heat 

generated had to be maximized at a chosen frequency. An increase in the frequency from 

194 kHz to 430 kHz produced at least 1.6 times higher ILP values (as increase in SAR 

was not linear with field frequency, Table 6.2), and 3.3 times higher SAR. This 

discrepancy between SAR and ILP values reinforced the observation that the MNP SAR 

was not a linear function of frequency in this study as described by other researchers. As 

such, ILP values that are widely used to normalize magnetic heating for MNPs in literature 

would lead to an inconsistent comparison of data when SAR is not a liner function of 

frequency. Additionally, with the interest of generating the maximum amount of heat, MNP 
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SAR presents a clear view of the magnetic field parameters that led to maximum heat 

generation. Of the settings tested, a magnetic field strength of 38.2 kA/m and frequency 

of 430 kHz, yielded the most favorable setting for MFH applications yielding a power 

generation value of 76.4 W/g MNP.  

SAR values obtained in this study were comparable to values reported in the 

literature, but were lower that some of the maximum reported SAR values. The maximum 

SAR reported in this study of 1001 W/g Fe for maghemite nanopowder batch 2 (Table 

6.2) is short of being the highest SAR, but it compares favorably with many of the 

published reports for magnetic hyperthermia applications. Although SAR values in the 

range of 10 to 1000 W/g Fe are commonly reported in literature for iron oxide MNPs [67-

70, 72, 74, 75, 80, 93], an SAR of 1650 W/g iron oxide was obtained by Fortin et al. [68] 

for 16.5 nm spherical maghemite nanoparticles at 700 kHz and 24.8 kA/m.  

The maximum ILP value obtained in our study were for maghemite nanopowder 

batch 2 that was subjected to a magnetic field (H = 38.2 kA/m and f = 430 kHz), yielding 

an ILP of 1.6 nHm2/kg, which was comparable to most of the ILP values reported in the 

literature that are in the range of 2 – 4 nHm2/kg [72, 80, 93]. In contrast to the typically 

low magnitudes of ILPs due to the use of high magnetic field strengths and frequencies, 

an ILP value as high as 23.4 nHm2/kg has been reported for 30 nm naturally-synthesized 

iron oxide bacterial magnetosomes. The ILP for MNPs with high SAR of 1650 W/g iron 

oxide reported by Fortin et al. [68] discussed earlier, yielded an ILP of 3.8 nHm2/kg, 

whereas the exceptionally high ILP of 23.4 nHm2/kg was obtained for magnetosomes by 

Hergt et al. [80] that had a lower SAR of 960 W/g iron oxide. The higher ILP in the latter 
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case is largely due to lower field strength and frequency of 10 kA/m and 410 kHz used 

for magnetic heating and normalizing the SAR. 

As such there is a scope of maximizing the magnetic heating in this study, by either 

the use of higher frequencies or optimizing the nanoparticle size and magnetic properties. 

Although ILP values were calculated for MNPs investigated in this study, they are not 

ideal for direct comparison of data obtained in this study to literature as SAR was not a 

linear function of frequency. SAR values were adequate for normalizing the data obtained 

in this study as they allowed for calculation of power generation in MNPs, and determine 

whether it was sufficient to obtain the desired temperature rise during magnetic heating.  

 

 

6.1.6.3. Effect of concentration on MNP SAR 

Concentration is one of the simplest variables to alter when assessing the 

therapeutic potential of MNP dispersions for MFH, and it is usually selected such that a 

therapeutic temperature can be obtained in a defined time period for a specific field 

strength and frequency. The amount of heat generated was expected to be directly 

proportional to the concentration of MNPs, but any deviation from this expectation could 

expose complex phenomena occurring between MNPs in dispersions during magnetic 

heating. SAR values for iron oxide concentrations of 4.3 mg/mL, 6.4 mg/mL, and 8.6 

mg/mL were tested for fluidMAG D nanoparticles, such that reasonable heating 

(preferably reaching temperature of at least 43 oC) could be achieved in a 10 minute 

time frame, without approaching the boiling point of water.  Although the more 

concentrated MNP dispersion heated faster, when normalized for comparison of SAR 
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values, the values obtained were not statistically different (Table 6.4). This result is 

consistent with the concept of SAR, as it is normalized by the mass of MNPs, and 

allows comparison between magnetic heating experiments with MNPs with different 

concentrations. Thus, more concentrated MNP solutions (if achievable) can deliver a 

larger thermal dose at similar SAR, while minimizing the need for higher magnetic field 

strengths and frequencies. 

 

Table 6.4: Effect on MNP concentration on SAR from magnetic heating of fluidMAG D at 
H= 47.7 kA/m and frequency of 194 kHz. 

Magnetite Concentration (mg/mL) SAR (W/g Fe) SAR (W/g MNP)a 

4.3 45.5 ± 6.4 32.9 ± 4.6 

6.4 43.9 ± 3.2 31.8 ± 2.3 

8.6 43.3 ± 4.4 31.3 ± 3.2 
aIron oxide composition determined by XPS for calculating SAR values 

 
 

Several studies have reported SAR to be independent of concentration in the 

range of therapeutic MNP concentrations (similar to range of concentrations in our study), 

but there is evidence that SAR can increase at lower concentrations due to a reduction in 

the magnitude of MNP-MNP interactions [66, 100, 155, 156]. de la Presa et al. [100] found 

that SAR did not vary appreciably with concentration in the range of 6 to 300 mg/mL of 

maghemite MNP dispersion at field strength of 7.5 kA/m and frequency of 522.7 kA/m. 

Murase et al. [155], have shown that the temperature rise for Resovist® solutions 

containing 45.5 mM to 115.4 mM Fe (corresponding to approximately 3.5 to 9.2 mg/mL 

iron oxide) follows a linear trend when exposed to 2.9 kA/m at 600 kHz; this is consistent 

with the findings for fluidMAG D’s SAR being independent of concentration. A study by 

Bakoglidis et al. [64] showed that magnetic heating using 0.15 to 1.2 mg/mL iron oxide 

MNP dispersion at field strength of 20 kA/m and frequency of 765 kHz showed an 
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increase in SAR at low MNP concentrations (below 0.3 mg/mL) likely be due to reduced 

MNP interactions in the solution that affect the Néel relaxation time for 10 nm MNPs [64, 

156]. Since all the MNPs tested in our study where in the concentration range of 1.6 

mg/mL to 10.8 mg/mL minimal change was expected in SAR based on MNP 

concentration used for hyperthermia.  

 

 

6.1.6.4. Effect of MNP size on SAR 

 SAR values for MNPs investigated in this study followed a general trend where 

SAR increased with MNP size, with an exception for AP003 MNPs (Table 6.2). The effect 

of MNPs size ranging from 7 nm to 22 nm on SAR (W/g Fe) displayed a general trend 

where the SAR increased with an increase in the MNP core size, regardless of the MNP 

crystal structure and coatings used for dispersions (Table 6.1). For uniform magnetic field 

parameters (H = 38.2 kA/m, f = 430 kHz), the SAR ranged from 105 W/g Fe for the 8 nm 

fluidMAG D MNPs to 1001 W/g Fe for 22 nm maghemite nanopowder batch 2. Under the 

same field, the SAR increased from 249.1 W/g Fe to 1001.4 W/g Fe for maghemite 

nanopowder batch 1 to batch 2 as the average MNP core size increased from 16 nm to 

22. The 18 nm TDMNP18 MNPs had an SAR of 325.9 W/g Fe at field strength of 38.2 

kA/m and frequency of 430 kHz, which was between the SAR values for 16 and 22 nm 

maghemite nanopowders. However, a discrepancy in this trend was observed where 8 

nm fluidMAG D produced an SAR of 105.6 W/g Fe, whereas the smaller 7 nm AP003 

MNPs produced a higher SAR of 193 W/g Fe. This exception in the trend that showed 



 

128 
 

increase in SAR with MNP size is likely due to difference in composition and standard 

deviation of sizes for these MNPs, as discussed later. 

An accurate comparison of SAR with increase in MNP size was evident in the 

TDMNP particles that were of identical chemical composition (magnetite) and were 

synthesized with sizes varying from 8 nm to 18 nm. The SAR for TDMNP increased from 

30.1 W/g Fe to 75.7 W/g Fe at 47.7 kA/m and 194 kHz when the size of MNPs increased 

from 8 nm to 18 nm (Table 6.2). The SAR for TDMNP11 and TDMNP 13 was with the 

bounds of SAR obtained for TDMNP8 and TDMNP18, where its magnitude was 34.1 W/g 

Fe and 52.8 W/g Fe respectively (H = 47.7 kA/m, f = 194 kHz, Table 6.2). 

MNPs with larger standard deviation in size generated a higher SAR in this study. 

Maghemite nanopowder (batch 1 and 2) that had the largest standard deviation in size (9 

nm to 10 nm) produced the largest SAR, followed by TDMNP18 MNPs that had a standard 

deviation of 4 nm. However, it should be noted that the TDMNPs were magnetite whereas 

the maghemite nanopowder was maghemite, which makes direct co-relation between the 

standard deviation and SAR non-trivial and requires use of mathematical calculations. 

Additionally, the observation of high SAR for MNPs with larger standard deviation is likely 

as their size was not in the optimal range for MFH, which can be demonstrated by using 

LRT (as discussed in section 6.2.3).  

 Nanoparticle size is one of the primary factors investigated for optimization of SAR, 

and it impacts the types of relaxation processes that lead to heat generation in MNPs. 

For superparamagnetic particles (typically of smaller sizes), the combination of Néel and 

Brownian relaxation cause heating to be optimized for a particular MNP size, with 

hysteresis losses dominating relaxation processes as particle sizes increase to become 
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ferromagnetic [38, 75, 145]. Some researchers have observed that for larger sized 

particles (slightly greater than the transition range between particles with single and 

multiple crystal domains) magnetic heating is amplified by an increase in the 

ferromagnetic nature of the particles as well as contributions of hysteresis [38, 75]. The 

maghemite nanopowder investigated in this study generated the highest SAR likely due 

to the combination of relaxation losses in the smaller sized fraction of the MNPs, and 

hysteresis in the larger ferromagnetic fraction of the MNP dispersion. The ferromagnetic 

nature of maghemite nanopowder was evident from the area enclosed in the hysteresis 

loop for these MNPs (Figure 6.5). Magnetite MNPs in the size range of 8 to 18 nm were 

in the superparamagnetic domain, and the SAR for these MNPs increased with size as 

observed by Fortin et al. [68] and Hergt et al. [70], but the trend reported by several 

researchers [38, 75, 76, 145] suggest that there is an optimal size for magnetic heating 

using superparamagnetic MNPs that was not evident in experiments conducted as part 

of this dissertation due to large polydispersity in MNP dispersions (Table 6.1). 

MNP size distribution can have a tremendous impact on observed SAR values, 

where it may either increase or decrease the MNP SAR based on their size range and 

polydispersity index. Gonzales-Weimuller et al. [154] have found that 14 nm MNPs had 

the maximum SAR of 447 W/g iron oxide when compared to MNPs of 5 nm, 10 nm, 12.8 

nm diameters, although their mathematical calculations suggest that there is an optimal 

size of MNPs of approximately 12.5 nm that can generate SAR greater than 1000 W/g 

iron oxide if the MNPs are mono-disperse at a field strength of 24.5 kA/m and frequency 

of 400 kHz; however, the researchers were unable to verify this theoretical result as they 

did not synthesize a monodisperse MNP sample with 12.5 nm diameter.  Hergt et al. [70] 
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have reported similar results where 18 nm MNPs with a narrow size distribution yielded 

SARs over 400 W/g maghemite at a field strength of 11 kA/m and frequency of 410 kHz. 

The study by Fortin et al. [68] that reported one of the highest SAR for spherical 16.5 nm 

maghemite nanoparticles at 700 kHz and 24.8 kA/m was surprisingly a sample with a 

large size distribution and poly-dispersity index of 0.43. The authors have however 

reported that SAR could be increased by 2 times at the same field strength and frequency 

if the dispersion underwent magnetic separation to yield MNP dispersions with a narrow 

size distribution (when the poly-dispersity index in Equations 2.8.1.1 and 2.8.1.2 was 

reduced from 0.43 to less than 0.28). 

Several studies have reported high SARs for large superparamagnetic MNPs, or 

when MNPs were large enough to lie in the ferromagnetic domain, which is consistent 

with the results observed in this study (Figure 6.11). The highest SAR in these studies 

was reported by ferromagnetic maghemite nanopowders (batch 1 and 2), followed by the 

TDMNP18 MNPs that were on the larger size end for superparamagnetic domain. Some 

of the highest reported SARs in the literature have been obtained in the iron oxide MNPs 

with size of 15.3 to 30 nm, usually at a frequencies above 400 kHz (Figure 6.11). The use 

of large particles for magnetic heating is supported by Hergt et al. [75], who determined 

that the contribution of hysteresis losses in larger particle sizes dominate over heat 

generation due to Néel relaxation in small superparamagnetic MNPs. The same research 

group has reported studies where 30 nm iron oxide magnetosomes have led to SAR of 

960 W/g at a field strength of 10 kA/m and a frequency of 410 kHz [80]. Ma et al. [38] 

tested magnetite MNPs covering a wide range of sizes (from 7.5 nm to 416 nm), but found 

a mid-range size (46 nm) to yield the highest SAR when heated at 32.5 kA/m and 80 kHz. 
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Li et al. [76] have demonstrated a similar size optimum in magnetite MNPs where they 

found that 24 nm particles had the highest SAR values when subjected to magnetic fields 

of 9.6 to 23.9 kA/m at 100 kHz when comparing MNPs ranging in size from 8 nm to 103 

nm. They attributed the heating of the 24 nm particles to a combination of relaxation and 

hysteresis losses [76]. However, the studies by Ma et al. [38] and Li et al. [76] do not 

report a standard deviation for the MNP sizes that may affect the validity of their results, 

and the optimal size reported in these studies. Fortin et al. [68] heated particles covering 

the size range of 5.3 to 16.5 nm at a field strength of 24.8 kA/m and a frequency of 700 

kHz and found that the largest MNPs tested (16.5 nm diameter) generated the maximum 

amount of heat, although the wide size distribution of these MNPs contributed to the heat 

generation and it is difficult to pinpoint the optimal size for heating. Although most of the 

studies reported here either have wide MNP size distribution, or do not report the size 

distribution, they all suggest that larger MNPs (diameters from 24 – 46 nm) generated the 

maximum SAR, which is comparable with the sizes of 22 nm maghemite nanopowder 

batch 2 and 18 nm TDMNP that generated some of the highest SARs in this study (at H 

= 38.2 kA/m and f = 430 kHz). Despite numerous results suggesting an optimal size for 

magnetic heating of iron oxide MNPs, there is yet to be a consensus on an optimal particle 

size that is highly dependent on MNP size distribution, chemical composition, and 

magnetic properties. 
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Figure 6.11: Some of the highest SAR (W/g Fe) reported in the literature, with 

magnitude proportional to size of circles, plotted against the applied field strength 
(kA/m) and frequency (kHz). The callouts on the circles represent: (size in nm, SAR in 

W/g Fe)[38, 68, 70, 74-76, 80] 

 

 

The mechanism of heat loss and its effect on MNP SAR is reported later in this 

dissertation, which illustrates the mechanisms that lead to heat generation at various 

MNP sizes. The larger amount of heat generated in ferromagnetic MNPs, as reported by 

several researchers as discussed earlier, is explained by use of SW-based models that 

predict MNP SAR based on size and MNP anisotropy (as discussed in section 6.2.4). 

 Although there may be an optimum size of MNPs to generate heat, there are 

limitations on the size of MNPs that can be administered to humans. For intravenous 

administration, particles with hydrodynamic diameters larger than 100 nm are cleared by 

phagocytic uptake and the liver before a significant concentration can accumulate in a 

target region for therapy [157]. In addition, larger particles are generally infeasible for in 

vivo applications because they tend to have lower colloidal stability as surface coatings 
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may not sufficiently prevent aggregation [143]. Smaller sized MNPs (< 10 nm) are also 

quickly filtered out of the bloodstream by the kidneys [157], yielding a desirable range of 

particles sizes for intravenous administration of approximately 10-100 nm. Since this size 

corresponds to the hydrodynamic diameter, the particles investigated in this study are 

likely candidates that would avoid first pass clearance and reach targeted cells and 

tissues. 

 

 

6.1.6.5. Effect of MNP magnetic properties on SAR 

 Ideally MNPs with identical size and composition, but with variable saturation 

magnetization and anisotropy would be preferred to study the effect of MNP magnetic 

properties on SAR. Since this would be hard to achieve during chemical synthesis on 

MNPs, a comparison was made in this study to determine optimal MNP magnetic 

properties using the available dispersions.  

 In this study, MNPs with higher saturation magnetization, except the fluidMAG D 

MNPs, produced higher SARs (Tables 6.1, 6.2). The SAR increased from 33.4 W/g Fe 

(TDMNP11) to 75.7 W/g Fe (TDMNP18) at field strength of 47.7 kA/m and frequency of 

194 kHz as the saturation magnetization increased from 34 emu/g (TDMNP 11) to 62 

emu/g (TDMNP 18). Batch 2 maghemite nanopowder with a saturation magnetization of 

63 emu/g had a higher SAR than batch 1 maghemite nanopowder that had a saturation 

magnetization of 57 emu/g. Of the MNPs studied, fluidMAG D MNPs had the highest 

saturation magnetization of 72 emu/g, but were an exception to this trend, and had lower 

SAR compared to other MNPs with a lower saturation magnetization value. Although 
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higher saturation magnetization is a favorable MNP property, SAR is also a function of 

MNP size and composition which implies that there may not be a clear correlation 

between higher saturation magnetization and higher SAR.  

Higher saturation magnetization has been correlated to higher SAR values 

observed in iron oxide MNPs. Bakoglidis et al. [64] presented a study where there was 

an increase in saturation magnetization with MNP size from 5 nm to 18 nm, that could be 

correlated to an increase in MNP SAR. Liu et al. [37] presented a study where optimizing 

the MNP size and surface coating could increase MNP SAR up to 74%, as compared to 

un-optimized MNPs that had ~5% smaller saturation magnetization and different size, 

achieving a high SAR of 930 W/g Fe for magnetite MNPs. But, the simultaneous change 

in MNP size and saturation magnetization in the reported studies makes the correlation 

between SAR and saturation magnetization non-trivial. However mathematical modeling 

using LRT has suggested that SAR can be maximized by maximizing the saturation 

magnetization of MNPs. Similar conclusions have been drawn for larger ferromagnetic 

MNPs, where maximizing the coercivity and saturation of MNPs increases the area 

enclosed inside the hysteresis loop while maximizing the SAR [78, 79].  

In addition to the saturation magnetization of MNPs, the anisotropy of 

nanoparticles has a major impact on MNP SAR. Since anisotropy was not measured in 

this study, the impact of MNP anisotropy on magnetic heating efficiency is described 

using mathematical calculations in later sections of this dissertation (section 6.2.2).  
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6.1.6.6. Effect of Viscosity on MNP SAR 

 Viscosity has been known to affect MNP heating and was tested by dispersing 

nanoparticles in viscous alginate solutions and rigid cross-linked calcium alginate (Figure 

6.12) and agarose gels in their hydrated state (Figure 6.13). Maghemite nanopowder 

(batch 1) and fluidMAG D MNPs were dispersed in alginate gels whose viscosity ranged 

from 481 cP to 3000 cP. These results were compared with dispersions made in water 

using the same MNP batch, where the viscosity was ~1 cP. The alginate dispersions were 

then cross-linked to form a rigid alginate gel and the heating of MNPs was measured. 

Maghemite nanopowder (batch 2) was used to compare the heating efficiency of MNPs 

in water to the heating efficiency in agarose gel, which was used for constructing a tumor 

model for further study of magnetic hyperthermia process. 

 Viscosity was shown to have an effect on magnetic heating of the MNPs 

investigated in this study. SAR decreased for fluidMAG D and maghemite nanopowder 

dispersion with an increase in viscosity of the alginate solutions, decreasing further when 

the MNPs were captured in gels. For fluidMAG D and maghemite nanopowder the SAR 

gradually decreased from 105.6 W/g Fe and 249.1 W/g Fe (at 47.7 kA/m and 430 kHz) to 

51.4 W/g Fe and 71.9 W/g Fe when the dispersion was transferred from water to cross-

linked alginate gels (with SAR values for viscous alginate MNP solutions lying within this 

range, Figure 6.12). As such, the SAR for fluidMAG D decreased ~2 times, whereas the 

SAR for maghemite nanopowder decreased ~3.4 times when those dispersions were 

transferred from water to hydrated alginate gels. The larger decrease in SAR for 

maghemite nanopowder as compared to fluidMAG D MNPs in solutions with identical 

viscosities is likely due to the larger size of maghemite nanopowder, and formation of 
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large aggregates in the dispersion that face more resistance to rotation in a viscous media 

due to their larger surface area. A similar trend in reduction of SAR was observed for 

maghemite nanopowder batch 2 where there was a major reduction in heating rate of the 

MNPs in agarose gels compared to water (Figure 6.13) that was accompanied by a 

reduction in the corresponding SARs from 1001 W/g Fe to 462.5 W/g Fe. 

 
Figure 6.12: Decrease in SAR due to increase in viscosity for fluidMAG D and batch 1 
maghemite nanopowder dispersions at a field strength of 38.2 kA/m and frequency of 

430 kHz. Note that fluidMAG D was not tested at 481 cP. 
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Figure 6.13: Reduction in heating rate for maghemite nanopowder batch 2 when 

dispersed in agar gel as compared to water dispersions at a magnetic field strength of 
38.2 kA/m and frequency of 430 kHz 

 
 
 

The reduction in SAR due to increase in viscosity is attributed to an increase in the 

Brownian relaxation time for the MNPs, and MNPs that generate heat primarily by 

Brownian relaxation are not the best candidates for use in MFH. By maintaining the same 

MNP concentration in aqueous and alginate solutions, SAR should only be impacted by 

changes in free particle rotation or a change in solution heat capacity (which was minimal 

due to the use of dilute alginate and agarose solutions). The trend of decreasing SAR 

values with higher viscosities points to a reduction in the Brownian relaxation component 

of heating as found by Chen et al. [82] for iron oxide MNPs in 0.9 cP to 43.2 cP glycerol 

solutions. Because blood and cell proteins attach rapidly to foreign objects such as 

magnetic MNPs through opsonization [158], particles that heat primarily through 

Brownian relaxation are not likely to be candidates for MFH therapy. This implies that 

MNPs that undergo a relaxation process by thermal fluctuations (Néel    relaxation) or 

magnetic reversal due to the energy supplied by magnetic field (hysteresis losses in 
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ferromagnetic MNPs) would experience lower reduction in SAR for MFH in vivo (as 

compared to MNPs where Brownian relaxation is dominant)   

 

 

6.1.6.7. Effect of MNP composition on SAR 

 One tunable parameter for optimizing heating is to alter the composition (or crystal 

structure) of MNPs used for MFH. Experimentally, maghemite MNPs were found to 

produce maximum SAR and were at least as effective as magnetite MNPs for generating 

heat. The maghemite nanopowder batch 2 with 22 nm core iron oxide diameter had the 

highest SAR found in this study of 1001 W/g Fe at 38.2 kA/m and 430 kHz. Maghemite 

nanopowder with 16 nm core iron oxide diameter had an SAR of 249.1 W/g Fe that was 

less than the SAR for 18 nm TDMNP18 magnetite MNPs with an SAR of 325.9 W/g Fe 

(both at H= 38.2 kA/m , f = 430 kHz); however, the smaller size and larger standard 

deviation in diameter of maghemite nanopowder batch 1 as compared to TDMNP18 does 

not allow for direct comparison of SAR for these two MNPs with different composition. A 

better comparison could be made using the 7 nm AP003 MNPs predominantly maghemite 

and the 8 nm fluidMAG D magnetite MNPs (both with smaller standard deviations) that 

had an SAR of 193 W/g Fe and 105.6 W/g Fe (at H= 38.2 kA/m, f = 430 kHz) respectively. 

As such, the AP003 maghemite MNPs were found to be more effective at magnetic 

heating as opposed to similarly sized magnetite fluidMAG D particles.   

 Although maghemite was found to be more effective at magnetic heating there is 

not yet a consensus on whether maghemite is a preferable form of iron oxide for 

hyperthermia. Studies by Fortin et al. [68] and Hergt et al. [70] reported SAR values of 
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1650 W/g iron oxide (D = 16.5 nm, H = 24.8 kA/m, f = 700 kHz) and 600 W/g iron oxide 

(D = 15.3 nm, H = 11 kA/m, and f=400 kHz), respectively, were conducted using 

maghemite MNPs, whereas SAR values as high 930 W/g Fe (D = 19 nm, H = 27 kA/m, 

and f = 400 kHz), have been obtained by Liu et al. [37] for magnetite MNPs at varied field 

strength, frequency and MNP size. Several studies that have reported high SAR values 

have not identified the composition of iron oxide MNPs due to lack of accurate analysis 

techniques and the possibility that iron oxide MNPs are a mixture of magnetite and 

maghemite [74, 159, 160]. Theoretically, bulk magnetite is more effective at magnetic 

heating due to higher saturation magnetization (90 emu/g to 100 emu/g) than bulk 

maghemite (60 emu/g to 80 emu/g), but this magnitude is reduced at the nano-scale and 

varies based on MNP size, surface coatings, and the shape of MNPs [160-162]. Despite 

the conflicting results regarding the effectiveness of magnetite and maghemite for use in 

MFH, both of these MNPs are well tolerated in the human body and can produce high 

SAR to be favorable candidates for magnetic hyperthermia [163]. 

 

 

6.2. Validation of experimental results by magnetic hyperthermia LRT and SW theory 

 Magnetic heating theories (LRT and SW theory) were used to validate 

experimental data and develop an understanding of parameters whose effect was not 

obvious from the experimental studies. Calculations were performed based on LRT to 

determine the validity of experimental SAR values obtained for superparamagnetic 

MNPs, and develop an understanding of the effect of MNP size and magnetic properties 
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on SAR. Calculations based on LRT were used to develop an understanding of the 

relaxation mechanisms involved in magnetic heating and determine the dominant 

relaxation mechanism at a particular MNP size. Stoner-Wohlfarth based models were 

used to estimate SAR for larger ferromagnetic MNPs that did not fulfill the criteria for 

validity of LRT [78, 79]. The results obtained in this study could be verified by the 

application of these models to theoretically calculate the SAR for the tested MNPs.   

 

 

6.2.1. Validation of magnetic heating data for superparamagnetic fluidMAG D MNPs using 

LRT 

 SAR values were obtained for fluidMAG D at variable field strengths and 

frequencies (Table 6.2) that allowed for theoretical verification for these data. The values 

for SAR obtained at constant field strengths and frequencies were fit to Rosensweig’s 

equation to determine if the magnetic heating in these MNPs could be validated by use 

of LRT.  

The SAR values obtained at variable field strength and constant frequency for 

superparamagnetic fluidMAG D MNPs displayed a linear relationship when fitted to the 

Rosensweig’s equation (Equation 2.5.1.6, Figure 6.14), suggesting that the data is in 

agreement with the linear response theory for magnetic heating. Since SAR depends on 

the energy generation term, P, in the Rosensweig equation, and P is proportional to H2, 

a plot of SAR (for fluidMAG D at a constant frequency of 194 kHz) against the square of 

the field strength was fit to a linear equation (Figure 6.14). The correlation coefficient, R2, 



 

141 
 

of the curve fit was 0.96, confirming that our experimental data follow Rosensweig’s 

theory. Numerous experimental studies by other researchers discussed earlier have 

presented a similar trend where SAR increases linearly square of magnetic field strength 

as long as the MNPs are in the regime where the applied field strength is less than the 

saturation field for the MNPs [64, 72, 74, 80, 92, 93, 154]. 

 

Figure 6.14: Linear fit of SAR data to fit Rosensweig’s equation where SAR values from 
magnetic heating data for fluidMAG D experiments conducted at a frequency (f) of 194 

kHz were plotted as a function of square of field strength (H2). 

 

 

Rearrangement of Rosensweig’s equation suggests that when the applied field 

frequency is below a threshold frequency, the inverse of power generation (1/P) has a 

linear relationship with inverse of the square of the applied field frequency (1/f2), which 

held true for the results obtained in this study (Table 6.2, and Figure 6.15). In 

Rosensweig’s equation, 𝜋, 𝜇𝑜 , 𝜒𝑜, H, and  𝜏 can be assumed to be constant and 

independent of applied frequency (as evident from the LRT equations in section 2.5.1 
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which justify the non-dependence of these parameters on applied frequency) for a given 

set of MNPs, and substituting A = 𝜋𝜇𝑜𝜒𝑜𝐻2 and B = 2𝜋𝜏, in Rosensweig’s equation we 

obtain:  

𝑃 =  𝐴
𝐵𝑓2

1+(𝐵𝑓)2                                    (6.2.1.1) 

Inverting equation (6.2.1.1) we get: 

 
1

𝑃
=

1+𝐵2𝑓2

𝐴𝐵𝑓2
                                   (6.2.1.2) 

which can then be rearranged to relate power and frequency as: 

1

𝑃
=

1

𝐴𝐵𝑓2 +
𝐵

𝐴
                                  (6.2.1.3) 

For fluidMAG D MNPs, the calculations based on LRT suggest that the intercept (B/A) is 

extremely small (order of 10^-9) and is assumed to be zero for explaining zero power 

generation at zero applied field frequency. Fitting our data (SAR values for fluidMAG D at 

constant field strength of 38.2 kA/m) to this equation, we obtain a linear graph with a R2 

value of 0.95 (Figure 6.15), confirming the relationship between power generation and 

applied frequency followed Rosensweig’s theory. 
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Figure 6.15: Linear fit of SAR data to rearranged Rosensweig’s equation (Equation 
2.5.1.6) where the inverse of SAR values from magnetic heating data for fluidMAG D 

experiments conducted at field strength (H) of 38.2 kA/m were plotted against the 
inverse of the square of applied field frequency (1/f2) 

 

 

The relationship between SAR and applied field frequency have been 

demonstrated by experimental studies and theoretical LRT model where SAR has been 

found to increase with applied field frequency. As a few other research groups have 

shown through simulation and experiments [72, 74, 155], utilizing higher frequencies can 

be a viable option for improving the heating of MNPs for cancer treatment, again with the 

caveat that the product magnetic field strength and frequency (H*f) remains at a tolerable 

level for patients [49].  
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6.2.2. Determining the dominant relaxation mechanism and optimal MNP size for MFH 

using LRT  

Calculations based on LRT are applied for determining the dominant mechanism 

for heat generation at a particular MNP size, and the MNP sizes that were the most 

appropriate for magnetic heating. As discussed earlier, LRT can be used for smaller 

superparamagnetic MNPs and is used to explain the magnetic heating in all the MNPs 

investigated in this study except both the batches of ferromagnetic maghemite 

nanopowders. It is essential to note that while calculations based on LRT are often based 

on generic parameters for magnetite or maghemite MNPs (such as saturation 

magnetization, anisotropy, volume fraction of MNPs, and thickness of surface coatings), 

the calculations demonstrated in this dissertation are based on properties of each MNP 

dispersion obtained from TEM, DLS, and VSM data. SAR calculations are performed 

assuming that all MNPs were monodisperse (with MNP diameter assumed to be same as 

mean MNP size reported in Table 6.1), and also accounting for poly-dispersity of MNPs 

based on TEM data. Additionally, the saturation magnetization and anisotropy used for 

calculations are for nano-sized iron oxides, as opposed to bulk iron oxide properties that 

often lead to erroneous calculations.  

LRT suggested that the contribution of Néel and Brownian relaxation to magnetic 

heating changes with MNP size (Figure 6.16), where the Néel relaxation (orange line) is 

the dominant mechanism for smaller MNPs and Brownian relaxation (blue line) dominates 

for larger superparamagnetic MNPs. The effective relaxation time (grey line, Figure 6.16) 

of the MNPs that governs power generation in MNPs is influenced by both these 

relaxation processes. The Rosensweig equation predicts that the transition from Néel 
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dominant system to Brownian dominant system occurs at ~ 15 nm for fluidMAG D MNPs 

with an assumed anisotropy of 41 kJ/m3 (for nano-scale magnetite) at magnetic field 

strength of 47.7 kA/m and frequency of 194 kHz (Figure 6.16). As such the smaller MNPs 

generate larger percentage of heat by Néel relaxation, while Brownian relaxation is a 

valuable process to generate heat in larger MNPs, as observed by other researchers 

using theoretical LRT model [75, 77, 94].  

 

 

Figure 6.16: Change in contribution of Néel and Brownian relaxation to magnetic 
heating based on MNP size (Equations 2.5.1.3, 2.5.1.4, and 2.5.1.5) 

 

 

The transition in the dominant relaxation mechanism from Néel to Brownian 

explains the greater reduction in SAR due to increased viscosity for larger MNPs (Figures 
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6.12, 6.13). For example, the ~3.4 times reduction in SAR for larger maghemite 

nanopowder as compared to ~2 times reduction in SAR for smaller fluidMAG MNPs at 

identical conditions, when transferred from water to cross-linked alginate gel (Figure 

6.12), is due to Brownian relaxation being the dominant mechanism for heat loss for larger 

maghemite nanopowder. When placed in a rigid gel the Brownian relaxation process in 

maghemite nanopowder is greatly restricted as they have to rotate against viscous forces 

in the gel, which increases the Brownian relaxation time and leads to a reduction in SAR 

for the MNP systems where Brownian relaxation is dominant (Figure 6.16). Theoretical 

results confirming this phenomena have been presented by Fortin et al. [68] where the 

Brownian component of magnetic heating vanishes when 17 nm maghemite MNPs were 

subjected to magnetic heating at a field strength of 24.8 kA/m and frequency of 100 kHz 

in glycerol (500 fold viscosity increase as compared to water), whereas the Néel 

component is evident (based on LRT calculations) in the smaller sized 14 nm maghemite 

MNPs subjected to a higher frequency of 1 MHz at identical field strength and viscosity.  

Calculations based on LRT suggest that there is an optimal MNP size for magnetic 

heating when the MNP size was varied between 2 nm to 22 nm, as described earlier. 

Theoretical calculations based on LRT suggest that the optimal size for fluidMAG D when 

all MNPs in a dispersion are 8 nm (size, saturation magnetization, and volume fraction 

used from Table 6.1, while anisotropy is assumed to be 41 kJ/m3 for nano-scale 

magnetite), is ~12 nm at a field strength of 47.7 kA/m and a frequency of 194 kHz (Figure 

6.17). This result is in agreement with Gonzales-Weimuller et al. [154], who used 

mathematical models to predict SAR for magnetite MNPs ranging up to 15 nm, with the 

12.5 nm heating the best at a field strength of 24.5 kA/m, and a frequency of 400 kHz. 



 

147 
 

Several studies discussed previously [38, 68, 75, 76, 94, 145], have presented similar 

observations using experimental and theoretical calculations where high SARs (as high 

as 1650 W/g Fe) are obtained when the MNP size and magnetic properties are optimized 

for magnetic heating. Our model predicts that the SAR for this mono-dispersed sample 

can be as high as 1373 W/g Fe at a size of 12 nm (Figure 6.17), but such high SARs are 

rarely seen in research studies due to wide size distributions of MNPs and variation in the 

magnetic properties of individual MNPs in the dispersion. In many experimental 

scenarios, a reduction in SAR occurs as it is difficult to synthesize MNP dispersions with 

narrow size distributions that also have ideal magnetic properties such as high saturation 

magnetization and optimal MNP anisotropy.  

 

Figure 6.17: Maximum possible SAR predicted using LRT for different sized mono-
dispersed magnetite MNPs dispersed in water at a concentration of 8.6 mg/mL and 

possessing anisotropy of 41 kJ/m3 
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The anisotropy of MNPs is much larger than the bulk anisotropy of magnetite and 

maghemite, which is an important consideration while performing calculations based on 

LRT. The anisotropy for MNPs has been reported up to ten times higher for 1.5 nm Fe 

MNPs equal to 520 kJ/m3 as compared to bulk iron [164, 165]. Bulk magnetite and 

maghemite have an effective anisotropy of 11 kJ/m3 and 4.7 kJ/m3 respectively [166, 167], 

but maghemite MNPs have been reported to possess an effective anisotropy of up to 250 

kJ/m3 for 2.7 nm MNPs and 47 kJ/m3 for 8.7 nm MNPs due to broken symmetry on MNP 

surfaces [167-169]. Similarly estimations by Guardia et al. [95] suggest that the anisotropy 

of 6 nm magnetite MNPs coated with oleic acid can be as high as 50 kJ/m3.  

MNP anisotropy was found to be a major factor influencing heat generation, which 

affected the optimal MNP size as well the magnitude of SAR. Because the facilities were 

not available to determine the anisotropy for the MNPs investigated experimentally here, 

estimates of the anisotropy were used for theoretical calculations by covering a range of 

values from 11 kJ/m3 at the minimum (matching the anisotropy reported for bulk 

magnetite) to 50 kJ/m3 (matching the highest reported value of anisotropy for nanoscale 

maghemite and magnetite at a size > 6 nm). While selecting the anisotropy values for 

calculations based on LRT, it is important to consider that Néel relaxation time strongly 

depends on the anisotropy of MNPs, and a change in MNP anisotropy thus has an effect 

on MNP heating. There was a strong correlation observed between the optimal size of 

MNPs for magnetic heating and the effective anisotropy of MNPs, where change in 

anisotropy shifted the optimal MNP size for magnetic heating (Figure 6.18). The optimal 

MNP size for MFH in magnetite MNPs decreased from 18 nm to 11 nm, when the effective 

MNP anisotropy (K) was increased from 11 kJ/m3 to 50 kJ/m3 (Figure 6.18). In addition to 
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impacting the optimal size for magnetic heating, changes in anisotropy are used to tune 

the maximum possible SAR generated by application of a high frequency AC magnetic 

field. For example, estimated SAR values increase from ~1500 W/g Fe at K = 50 kJ/m3 

and D = 11 nm, to ~4500 W/g Fe at K = 11 kJ/m3 and D = 18 nm for magnetite MNPs with 

saturation magnetization, thickness of surface coating, and volume fraction equal 

fluidMAG D (Figure 6.18). As such, tailoring the anisotropy of MNPs in relation to MNP 

size can serve as an effective way to maximize SAR. This result also suggests that 

modifying the magnetic properties and shape of MNPs can be used to manipulate the 

MNP anisotropy and alter the amount of heat that a dispersion could produce. 

 

Figure 6.18: Effect of MNP effective anisotropy (K) on optimal MNP size to maximize 
power generation. SAR was estimated for magnetite using LRT Equations in section 

2.5.1. 
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Studies have reported the impact of anisotropy on MNP SAR, and presented 

findings where optimal MNP size and peak SARs are impacted by MNP anisotropy. 

Deatsch et al. [94] described a relation between the optimal size of iron oxide MNPs and 

their anisotropy, where a change in MNP anisotropy from 40 kJ/m3 to 10 kJ/m3 was 

observed to have a large impact optimal size for MFH that varied between 12 and 20 nm 

at frequency of 150 kHz. Lee et al. [85] have reported results from a theoretical study 

where an increase in anisotropy from ~1 kJ/m3 to 200 kJ/m3 decreased the MNP SAR for 

particles possessing a saturation magnetization of 100 emu/g. According to the LRT-

based calculations the authors reported that optimal anisotropy for MNPs are predicted 

to lie in the range of 5 kJ/m3 to 40 kJ/m3 such that SAR for 10 nm to 30 nm MNPs can be 

obtained within 1000 W/g to 4000 W/g [85]. The SAR values obtained by Lee et al. [85] 

closely resembles the SAR, range of diameters, and anisotropy values obtained by 

calculations performed using Rosensweig’s equation in this study, where SAR was found 

to vary in the range ~4500 W/g Fe to ~1500 W/g Fe when the anisotropy of MNPs was 

changed from 11 kJ/m3 to 50 kJ/m3 for 7 nm to 18 nm MNPs. 

A combination of high saturation magnetization and moderate anisotropy has 

yielded the highest SAR for iron oxide MNPs using nano-cubes instead of nano-spheres 

that have higher saturation magnetization and optimal MNP anisotropy [61, 74, 85, 163]. 

Guardia et al. [74] have emphasized that the 19 nm nano-cubes with a SAR of 2452 W/g 

Fe had anisotropy in the optimal range as predicted by LRT (~5 kJ/m3), but had an 

exceptionally high saturation magnetization of 75 to 98 emu/g. Other studies that 

investigated the heat generation in nano-cubes suggested that 20 nm cubes generated a 

higher SAR than 20 nm spheres due to enhancement of anisotropy resulting from either 
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chain formation in nano-cubes or optimized MNP shapes that resulted in desirable MNP 

anisotropies [74, 85, 163, 170]. However the SAR in these studies could be further 

increased if the saturation magnetization could be increased, while minimally affecting 

the other MNP properties such as size and anisotropy.  

Optimization of MNP anisotropy has to be achieved considering the shape and 

size of MNPs. For example, magnetic heating carried out on ~8 - 9 nm iron oxide nano-

cubes in our lab at a field strength of 47.7 kA/m and 194 kHz, led to minimal temperature 

rise (< 3 oC) during a period of 10 min. Nano-cubes have been reported to possess higher 

anisotropy as compared to spherical MNPs in few studies [163], but it is essential to note 

that higher anisotropy value is not an independent factor leading to high MNP SAR, and 

an optimal balance between MNP size and anisotropy is crucial to maximize magnetic 

heating as discussed previously (Figure 6.18).   

Researchers have exploited the possibility of tuning MNP anisotropy, saturation 

magnetization, and coercivity for magnetic heating by modifying MNP shape and using 

core-shell MNPs that have led to significantly higher SAR than use of spherical MNPs 

with fairly uniform composition [61, 74, 170, 171]. Guardia et al. [74] have maximized 

MNP SAR by increasing saturation magnetization of MNPs by forming cubes instead of 

sphere, whereas Khurshid et al. [170] have emphasized the importance of tuning 

anisotropy of 20 nm FeO/Fe3O4 nano-cubes to increase their SAR as compared to 20 nm 

spheres of identical composition that had higher saturation magnetization but lower 

anisotropy. In addition to optimizing the MNP anisotropy and saturation magnetization, 

MNP coercivity can be tuned using core-shell MNPs to maximize SAR. Core-shell MNPs 

have been synthesized by using magnetic and well as non-magnetic shells on a magnetic 
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core of MNPs, where reduction in saturation magnetization occurs due to the addition of 

a non-magnetic layer over a magnetic core. In a study by Noh et al. [171] the formation 

of core-shell cubes (core of Zn0.4Fe2.6O4, shell of CoFe2O4) caused a reduction in 

saturation magnetization as compared to uniform Zn0.4Fe2.6O4 cubes, however one of the 

highest SAR values of 10600 W/g of magnetic material (at a field strength of 37.4 kA/m 

and frequency of 500 kHz) was achieved in core shell cubes by a 14 fold increase in 

coercivity of the MNPs as compared to a SAR of 4060 W/g of magnetic material for 

uniform composition cubes of same size (60 nm). As such, MNP anisotropy, saturation 

magnetization, and coercivity can be tuned to maximize the SAR of MNPs for use in 

hyperthermia experiments, and maintaining the optimal balance of these properties is 

essential to improve magnetic heating in MNPs.  

 

 

6.2.3. Calculating SAR for MNPs using LRT 

SAR values for fluidMAG D, AP003, and TDMNP MNPs subjected to an AC 

magnetic field (less than 47.7 kA/m) were calculated using LRT as these MNPs either 

fulfilled the criterial for validity of LRT or were in a transition regime between LRT and SW 

theory where SW theory was invalid. Carrey et al. [78] have presented a clear 

understanding of the domain of validity of LRT where it could be used to predict accurate 

SARs when ξ (Equation 2.5.1.1) was less than 1, and obtain approximate SARs when ξ 

is close to 1 (when the MNPs were in the transition regime between single crystal 

superparamagnetic and ferromagnetic domains). However, the authors have predicted 
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that when ξ = 1, LRT can either over-predict SAR up to 70% or under-predict SAR by 

40% [78, 79]. For AP003 and TDMNP8 MNPs, ξ was less than 1 (0.4 – 0.7) and the LRT 

model was valid for predicting the SAR values. For fluidMAG D and TDMNP13 MNPs, ξ 

was marginally greater than one (~1.3 - 4), but the fit of SAR data to Rosensweig’s 

equation proved that LRT was valid for predicting SAR for fluidMAG D MNPs. Additionally, 

TDMNP13 had wide size distributions (where ξ <1 for smaller MNPs), and LRT was used 

to approximate SAR for these MNPs in the transition regime between LRT and SW theory. 

For 18 nm TDMNP18 particles, ξ was an order of magnitude larger than 1 (at mean MNP 

diameter), but there was a fraction of MNPs in this dispersion that were in the size range 

of 5 – 11 nm for which ξ was less than one. SAR was calculated for TDMNP18 MNPs 

using the LRT model as they possessed a fraction of MNPs where LRT was valid, and 

the magnetization curves for all of these MNPs showed zero coercivity, suggesting that 

these MNPs were superparamagnetic and SW-based models would be inadequate to 

predict SAR for these MNPs (as there is no area enclosed in the hysteresis loop). The 

accuracy for these calculations would be greatly reduced when ξ is greater than or equal 

to one, but nevertheless this model could be used to predict the change in SAR based on 

MNP properties. 

SAR was calculated using LRT for fluidMAG D, TDMNP13, AP003, and TDMNP18 

nanoparticles assuming they were monodisperse samples, but the SAR varied widely 

based on MNP effective anisotropy used for the calculations (Table 6.5). To overcome 

this drawback, an anisotropy range was assumed for the investigated MNPs based on 

their sizes. Since fluidMAG D, TDMNP8, and AP003 MNPs were in the 7 to 8 nm size 

range, their anisotropy was likely in the higher range between 40 kJ/m3 to 50 kJ/m3 as 
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discussed previously [78, 165-168]. SAR calculations, assuming that these MNPs were 

monodisperse and all MNP sizes were equal to the mean MNP size (at H = 47.7 kA/m, 

and f = 194 kHz) yielded power generation values in the range of 13.8 W/g Fe to 22.4 

W/g Fe for fluidMAG D, 6.7 W/g Fe to 10.7 W/g Fe for TDMNP8, and 5.2 W/g Fe to 7.0 

W/g Fe for AP003 MNPs assuming anisotropy values of 41 kJ/m3 and 50 kJ/m3 

respectively (Table 6.5). These SAR values calculated for monodisperse MNPs were 

smaller than the experimental SAR values, and the power generation for these MNPs 

was calculated after accounting for the polydispersity of MNPs (Equations 2.8.1.1 and 

2.8.1.2).  

SAR values for MNP dispersions after accounting for size distribution of sample 

were closer to experimental SARs, as compared to values calculated assuming the 

samples were monodisperse with a diameter matching the mean MNP size (Table 6.5). 

The calculated SAR, after accounting for the size distribution of the sample was found to 

be in the range of 61.7 W/g Fe to 85 W/g Fe for fluidMAG D, 24 W/g Fe to 36.3 W/g Fe 

for TDMNP8, and 70 W/g Fe to 101.6 W/g Fe for AP003 MNPs assuming anisotropy 

values of 41 kJ/m3 and 50 kJ/m3 respectively.  These SAR values had the same order of 

magnitude as the experimental SAR for these MNPs (Table 6.5). A similar trend was 

observed in TDMNP13 MNPs at an anisotropy of 50 kJ/m3 (with an assumed Ms of 34 

emu/g iron oxide, which was determined experimentally for the TDMNP11 MNPs using 

VSM data) where the theoretical SAR for a monodisperse sample with 11 nm diameter 

was 5.1 W/g Fe, whereas as the SAR for a polydisperse sample more closely matching 

the TDMNP size distribution was 54.6 W/g Fe, which was close to the experimental SAR 

of 52.8 W/g Fe measured for this dispersion (Tables 6.2, 6.5).  
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For larger MNPs (such as 18 nm TDMNP MNPs) the effective anisotropy has been 

reported to decrease with increase in MNP size and reduction in surface area to volume 

ratio, which suggests that lower anisotropies should be used for calculating their SAR. 

The decrease in anisotropy for increase in MNP diameter was evident in a study by 

Fiorani et al. [167] where the anisotropy for MNPs decreased from 250 kJ/m3 to 47 kJ/m3 

when the size of maghemite MNPs increased from 2.7 nm to 8.7 nm. Assuming the 

anisotropy for the 18 nm TDMNP18 was in range of 23 kJ/m3 to 41 kJ/m3, SAR values at 

a field strength of 38.2 kA/m and frequency of 430 kHz were estimated to be between 

136.3 W/g Fe and 767.1 W/g Fe. Experimentally, the SAR for these MNPs was found to 

be 325.9 W/g Fe at an identical field strength and frequency, and was within the range of 

calculated SAR for a polydisperse sample having an anisotropy in the range of 41 kJ/m3 

to 23 kJ/m3.  

In conclusion, the SAR values calculated after accounting for size distribution of 

the MNP dispersion lead to better estimates of MNP SAR, as opposed to the assumption 

that all MNPs in the dispersion had sizes equal the mean size. Selecting anisotropies 

values based on MNP size yielded calculated SAR values that were closer to 

experimental SAR values for the corresponding MNPs.   
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Table 6.5: Comparison of experimental and theoretical SAR calculated using variable 
anisotropy value and standard deviation for diameter, at field strength H and frequency f 

MNPs 
H 

(kA/m) 
f 

(kHz) 

Experi-
mental 
SARa 

SAR 
Calculate
-d Mono-
dispersea 

SAR 
Calculate
-d Mono-
dispersea 

SAR 
Calculate
-d Mono-
dispersea 

Poly-
dispersity 

Indexb 

SAR 
Calculate
-d Poly-

dispersea 

SAR 
Calculate
-d Poly-

dispersea 

SAR 
Calculat-
ed Poly-
disperse

a 

           

    
(K = 50 
kJ/m3) 

(K = 41 
kJ/m3) 

(K = 23 
kJ/m3) 

(σ) 
(K =50 
kJ/m3) 

(K = 41 
kJ/m3) 

(K = 23 
kJ/m3) 

fluidMAG 
D 

47.7 194 43.3 22.4 13.8 5.7 0.23 85 61.7 10.3 

 38.2 430 105.6 164.3 43.2 17.9  70.4 130.3 32.1 

TDMNP8 47.7 194 30.1 10.7 6.7 2.6 0.2 36.3 24 4.2 

TDMNP13 47.7 194 52.8 5.1 40.5 291.3 0.26 54.6 74.5 153.7 

TDMNP18 47.7 194 75.7 5.8 5.8 7.2 0.2 69.4 114.4 609.7 

 38.2 430 325.9 3.8 3.8 4.6  57.9 136.3 767.1 

AP003 38.2 430 193 7 5.2 3.2 0.19 101.6 70 13.6 

aAll SAR values are reported in W/g Fe, and saturation magnetization is obtained from 
Table 6.1 and Figure 6.5 

bCalculated using Equations 2.8.1.1 and 2.8.1.2, and data for MNP size distribution 
obtained from TEM images 

 

 

The calculations carried out using Rosensweig’s model at different MNP sizes 

suggested that an increase in polydispersity leads to a decrease in SAR for the values 

selected. However, polydisperse samples widen the range of sizes where nanoparticles 

can generate high SAR values, and for a sample with an average size that is outside of 

the optimal range for heating, a polydisperse sample would generate more heat for a 

given field application (although it would never reach as high as the maximum value 

obtained for a monodisperse sample that is at an optimal diameter for heating). 

Rosensweig has described this trend where the peak of the heat generation profile 

(Figure 6.19, where each point in graphs represents the heating rate of mono-dispersed 

MNPs with radius ranging from 4 to 10 nm) gets lower, while the width of the curve 
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increases (even extreme MNP sizes show marginal heating) as poly-dispersity index of 

the MNPs increases from 0 to 0.25 [77]. The poly-dispersity index of MNPs in this study 

ranged from 0.19 for AP003 MNPs to 0.26 for TDMNP13 MNPs, suggesting that MNPs 

with all the sizes in the dispersion had at least some contribution to heat generation in a 

given sample (Table 6.5, Figure 6.19).  

 

Figure 6.19: SAR for a monodisperse magnetite sample with poly-dispersity index of 0 
as compared SAR for samples when the poly-dispersity index varies from 0.05 to 0.25 

(H = 47.7 kA/m, f = 300 kHz )[77] 

 

Heat generation calculations for MNPs in the optimal size range for MFH (such as 

the13 nm TDMNP13 sample) yielded a higher SAR when all of the MNPs were 

polydisperse. As opposed to this, MNPs on the fringes of the optimal size ranges for 

heating (7 nm AP003, 8 nm fluidMAG D, 8 nm TDMNP8, and 18 nm TDMNP 18) produced 

a higher SAR when poly-dispersity of the samples was accounted for within an anisotropy 

range of 23 kJ/m3 to 50 kJ/m3. When the 13 nm TDMNP13 MNPs where assumed to be 

monodisperse, they could generate SAR as high as 291.3 W/g Fe for particles with an 

assumed anisotropy of 23 kJ/m3, but the maximum possible SAR for the polydisperse 

sample used in this study (at H = 47.7 kA/m, f = 194 kHz, and Ms = 34 emu/g) was 
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calculated to be 153.6 W/g Fe at the same anisotropy value. However for MNPs with non-

optimal sizes for MFH, such as 7- 8 nm AP003 MNPs and TDMNP8 and 18 nm 

TDMNP18, the SAR values for polydisperse samples were predicted to be higher than 

the SAR for monodisperse MNPs with size equal to mean diameter at anisotropy values 

ranging from 23 kJ/m3 to 50 kJ/m3. As the suitable size range for hyperthermia with 

magnetite MNPs possessing an anisotropy in the range of 41 kJ/m3 to 50 kJ/m3 is ~12 

nm, MNPs around this size range (such as TDMNP 13) would yield much higher SAR 

when all of the MNPs have the same size, but MNPs that lie on the extremes of this size 

(such as TDMNP8 and TDMNP18) are likely to produce higher SAR when the samples 

are more polydisperse (Figure 6.19). The increased poly-dispersity for TDMNP8 and 

TDMNP18 MNPs increases the likelihood of those dispersions to possess a small 

percentage of MNPs in the appropriate size range, that contribute to a large percentage 

of SAR value observed for those dispersions. An exception to this trend was observed 

where fluidMAG D MNPs with an assumed anisotropy of 50 kJ/m3 at field strength of 38.2 

kA/m and frequency of 430 kHz had a higher SAR for a theoretical monodisperse sample 

(with size equal to mean MNP size) compared to a polydisperse sample (Table 6.5). This 

particular result for fluidMAG D MNPs is highly influenced by the size-distribution of the 

MNPs, as well as use of higher frequency (430 kHz as opposed to 194 kHz) that shifts 

the optimal size for magnetic heating to lower than 12 nm at the selected anisotropy value.  

The polydispersity of MNP sizes can shift the optimal average size of MNPs away 

from the optimum size for monodisperse MNPs, as observed in this study. The poly-

dispersity of the 18 nm TDMNP18 MNPs in this study is a factor that lead to maximum 

heat generation in these superparamagnetic MNPs, since the model predicted 12 nm as 
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the optimal size for magnetite MNPs (with assumed anisotropy of 41 kJ/m3, and saturation 

magnetization, surface coating thickness, and volume fraction same as TDMNP18) to 

achieve maximum SAR (Figure 6.17). This finding is also reported by Rosensweig, where 

the theoretical optimal size for heating MNPs can vary due to the possibility of wide 

distribution of MNP sizes in a ferrofluid [77]. Monodisperse samples can achieve 

maximum SAR values, but the size must be finely tuned to the conditions of MNP crystal 

structure and magnetic field properties [68, 77, 154, 155]. Additionally, monodisperse 

MNPs must be designed such that their size distribution is in a range capable of producing 

sufficient heat, else there would be minimal temperature rise in the ferrofluid [77, 154]. 

The variability in size distribution and effective anisotropies of the investigated 

MNPs, along with the value of ξ being close to 1 for most MNPs can greatly impact the 

accuracy of calculated SAR values. Although the LRT model gives an estimate of SAR 

when ξ is close to 1, it has been described by Carrey et al. [78] that LRT may lead to a 

large errors in SAR calculated in this regime. Although the SAR calculated by LRT in this 

study was on the same order of magnitude as experimental SAR, ξ was close to 1 in most 

cases due to the use of a high magnetic field strength (38.2 kA/m to 47.7 kA/m) that led 

to a significant difference in experimental and theoretical values of SAR (Tables 6.2, 6.5). 

Additionally, the discrepancy in experimental and theoretical results can result from small 

errors in the calculation of mean MNP size, as well as broad groupings of sizes used to 

develop size distribution histograms for the MNPs. To illustrate, the calculated SAR for 

MNPs in this study could vary more than 50 W/g Fe due to a difference of 0.5 nm in the 

MNP size while performing calculations using LRT. The anisotropy for the calculations 

performed in this study was assumed for all MNPs based on values obtained in literature, 



 

160 
 

and this can introduce an additional source of error in the calculated SAR value compared 

to experimental results.  

 

 

6.2.4. SW-based models for SAR prediction of ferromagnetic maghemite nanopowder 

Heat generated by applying a magnetic field to the larger-sized maghemite 

nanopowder (batch 1 and batch 2) was calculated using SW based theories for magnetic 

heating. These MNPs displayed an open hysteresis loop (denoting ferromagnetic 

behavior), and fulfilled the condition 𝜇 0𝐻𝑚𝑎𝑥 > 2𝜇 0𝐻𝑐 required for use of SW-based 

models to predict SAR. Additionally, for maghemite nanopowders with mean diameters 

of 16 and 22 nm, ξ was greater than 1 and the hysteresis curves for these MNPs displayed 

a ferromagnetic nature (displaying remanence and coercivity) making LRT invalid for 

these MNPs. As a result SW-based models were used for predicting the effective 

anisotropy and calculating SAR for these MNPs. SAR calculations were performed using 

models by Garcia-Otero et al. [88], and Usov et al. [89], using the coercivity and saturation 

magnetization value for maghemite nanopowders batch 1 and 2  obtained using the VSM 

data (Figure 6.5) 

Our calculations predicted that the SAR for theoretically monodisperse maghemite 

MNPs ranged from 1108 W/g Fe (for 32 nm MNPs with calculated K = 11.7 kJ/m3) to 2300 

W/g Fe (for 22 nm MNPs with calculated K = 27.1 kJ/m3) from SW-based equations 

developed by Garcia-Otero et al. [88] (Equation 2.5.2.5, Table 6.6). The SW-based 

equation described by Usov et al. (Equation 2.5.2.6) [78, 79, 89] resulted in a value of 
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Usov’s parameters, k (Equation 2.5.2.7), equal to 0.16 (making them valid to predict SAR 

for these conditions), and the maximum possible calculated SAR ranged from 1365 W/g 

Fe (for 32 nm MNPs with calculated K = 11.7 kJ/m3) to 2878 W/g Fe (for 22 nm MNPs 

with calculated K = 27.1 kJ/m3). The SAR values predicted by these equations were much 

larger than the experimental SAR of 1001 W/g Fe obtained for maghemite nanopowder 

batch 2 with 22 nm diameters (H = 38.2 kA/m, and f = 430 kHz), but it is important to note 

that the experimental system is not optimized and the α values for reported experiments 

have only been as large as 0.3 (instead of α = 0.39 used during our calculations using 

Equation 2.5.2.2)[78].  

The size distribution of MNPs is not accounted for while calculating the SAR values 

for maghemite nanopowder batch 2 using SW models, and the smaller MNPs in the 

dispersion were likely generating heat due to relaxation mechanisms suggested by the 

LRT. Since the maghemite nanopowder samples used in our experiments have  wide size 

distributions, it is expected that the smaller nanoparticles in the dispersion generate heat 

due to the relaxation mechanisms as suggested by LRT, which predicts a much lower 

SAR (<2 W/g Fe) for nanoparticles with the size and anisotropy range stated above (Table 

6.6). For the smaller-sized fraction of maghemite nanopowder batch 2 (< 17 nm), the SW 

model predicts a large anisotropy of 63.2 kJ/m3 that is not feasible for 16 nm maghemite 

MNPs, and requires use of LRT that predicts SAR as low as 1.8 W/g Fe for 16 nm 

maghemite MNPs (Table 6.6). Thus, the larger particles act as SW MNPs and generate 

the larger fraction of heat as predicted by the SW model, while smaller MNPs generate 

heat by Néel and Brownian relaxation mechanism and reduce the effective SAR of the 



 

162 
 

dispersion. Thus, the sole use of LRT or SW theory in this situation leads to erroneous 

SAR predictions.   

Table 6.6: Predicted SAR for maghemite nanopowder using SW Theory and LRT 

Maghemite Nanopowder 
Batch 2a Size (nm) 

Calculated Anisotropy 
(kJ/m3) 

Predicted SAR (W/g 
Fe) by SW Theory 

(Garcia-Otero Model) 

Predicted SAR (W/g 
Fe) by LRT 

32 11.7 1108 < 1 

22 27.1 2300 0.98 

16 63.2 5070 1.8 

10 Not Solvable N/Ab 802 

(Assuming K = 63.2 as 
determined for 16 nm 

MNPs) 

aProperties such as saturation magnetization, coercivity, and volume fraction assumed 
to be same as maghemite nanopowder batch 2 

bNot solvable as anisotropy was unknown 

 

 

The difference in experimental SAR values for the two maghemite nanopowder 

MNPs tested, was due to the large polydispersity of the tested samples and the difference 

in mean MNP diameter. The higher experimental SAR observed for maghemite batch 2 

nanopowder as compared to batch 1 is due to a larger fraction of ferromagnetic MNPs 

present in the dispersion as compared to maghemite nanopowder batch 1 (Table 6.1). 

Since maghemite nanopowder batch 1 had a mean size of 16 nm with 9 nm standard 

deviation, 34% of the MNPs ranged in size from 7 to 16 nm. The anisotropy calculated 

for these smaller MNPs in the dispersion ( 7 – 16 nm) using the method described by 

Shokuhfar et al. [79] lead to anisotropy values higher than 50 kJ/m3 (~ 63 kJ/m3 in this 

case) for 16 nm MNPs, which are unlikely to be obtained for maghemite MNPs with the 
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observed coercivity and saturation magnetization values (for maghemite batch 2 

nanopowder, Tables 6.1,  6.6). This implies that MNPs smaller than 16 nm in this 

dispersion are likely superparamagnetic and generate a smaller percentage of SAR which 

lies in the range of 1.8 to 802 W/g Fe; the larger MNPs in the range of 16 to 25 nm are 

responsible for hysteresis observed in the magnetization curves (Figure 6.5), and are 

responsible for generating larger fraction of heat as seen for batch 2 maghemite 

nanopowder (Table 6.6). In conclusion maghemite nanopowder batch 2 possesses a 

larger fraction of ferromagnetic MNPs with a favorable size range (22 – 32 nm) as 

opposed to batch 1, which leads to a higher SAR observed for batch 2 maghemite 

nanopowder.   

A trend was seen in this study where SAR could have two maxima, one for 

superparamagnetic MNPs (studied over the range of 7 to 18 nm for AP003 and 

TDMNP18) and another for ferromagnetic MNPs such as maghemite nanopowder batch 

2 (mean diameter of 22 nm). Although, the TDMNP and fluidMAG D MNPs in the range 

of 8 – 18 nm were magnetite, and 22 nm nanopowder was maghemite direct comparison 

SAR over the range of 7 to 22 nm is not possible using experimental results; however a 

generalized compassion is presented here based on theoretical calculations that were 

performed using saturation magnetization and anisotropies in an identical range, 

irrespective of MNP crystal structure. Theoretical calculations based on LRT using an 

anisotropy of 41 kJ/m3 for mono-disperse MNPs suggested that SAR initially increased 

for 8 nm fluidMAG D MNPs to 13 nm TDMNP13 MNPs, and then decreased when the 

size increased to 18 nm for TDMNP18 MNPs (Table 6.2). Calculations based on SW 

theory predicted that the SAR for ferromagnetic maghemite nanopowder batch 2 MNPs 
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would jump to 2300 W/g for a mean size of 22 nm, but lower SAR would be observed as 

the average MNP size further increases to 32 nm (Table 6.6), suggesting a possibility of 

observing two SAR maxima over the size range of 7 nm to 22 nm investigated in this 

study. Theoretical calculations by Noh et al. [171] have presented a similar explanation 

for variability in heat generation for MNPs across the superparamagnetic and 

ferromagnetic size range where two maxima may be observed in magnetic heat 

generation profile for core-shell nano-cubes (Zn0.4Fe2.6O4 and CoFe2O4 shell) MNPs with 

monodisperse sizes varying from 1 nm to 100 nm. The theoretical calculations by these 

authors suggest that MNPs smaller than 20 nm could generate SAR up to ~500 W/g 

magnetic material due to relaxation losses (based on LRT calculations), whereas 50 nm 

ferromagnetic MNPs could generate up to ~3000 W/g magnetic material due to hysteresis 

losses [171].  

A combination of LRT and SW theory is essential to predict accurate SAR values 

for MNPs (such as maghemite nanopowders) that contain a mixture of 

superparamagnetic and ferromagnetic MNPs [79]. Calculating SAR based on a 

combination of these two theories is necessary for polydisperse MNP samples, and can 

be challenging as both anisotropy and SAR vary as a function of MNP size while using 

the method described by Shokuhfar et al. [79]. Assuming that smaller MNPs in maghemite 

nanopowder batch 2 (with a size range of 22 ± 10) generate heat ranging from SAR values 

of 1.8 W/g Fe for 16 nm MNPs (as predicted by LRT) to 2300 W/g Fe for 22 nm MNPs 

(as predicted by SW theory), while larger MNPs generate SAR from 2300 W/g Fe for 22 

nm MNPs to 1108 W/g Fe for 32 nm MNPs, the effective SAR would be in a range closer 

to experimentally measured SAR of 1001 W/g Fe for maghemite nanopowder batch 2 
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(when both the theoretical and experimental values were obtained at identical field 

strength of 38.2 kA/m, and frequency of 430 kHz, Tables 6.2, 6.6). Mathematical 

algorithms can be constructed to predict SAR for these MNPs as a function of both size 

and MNP anisotropy, as well as taking into consideration the validity of LRT and SW 

theory to predict accurate SAR values for the ferromagnetic MNPs with a large size-

distribution. 

These results presented above show that the LRT and SW models can provide an 

estimate of SAR for MNP dispersions when their validity is tested based on the magnetic 

properties of the nanoparticles as well as magnetic field parameters. It is essential to use 

the appropriate set of theories based on their validity to a particular scenario for avoiding 

the error in predicting SAR values as suggested by other researchers [78, 79].  

 

 

6.2.5. Assumptions made by LRT and SW theories and effect of MNP interaction on 

magnetic heating  

One shortcoming of the LRT and SW theories for predicting SAR is that they 

neglect the effect of nanoparticle interaction on heat generation that has recently been 

reported in the literature [101, 102]. When MNP solutions are concentrated, as is the case 

in these studies, the average distance between two nanoparticles greatly decreases, 

increasing the chances for dipole-dipole interactions between two nearby MNPs. In 

spherical MNPs with randomly oriented anisotropy axes, these interactions lower the 

energy barrier between two steady states, decreasing the SAR with increasing MNP 
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concentration [101, 102]. However, when the magnitude of anisotropy decreases, the 

strength of dipole-dipole interactions increase and the system can switch between two 

minimum energy states just by the influence of the applied magnetic field; the system may 

now behave in a more complex manner where its SAR can either increase or decrease 

based on the MNP size or size of MNP aggregates [101].  

A large fraction of MNPs in the maghemite nanopowder dispersions studied here 

are relatively large (>22 nm) and have a corresponding anisotropy value (> 27 kJ/m3), 

suggesting that the presence of MNP interactions in this system would tend to lower its 

SAR. This can be tested by comparing the experimental results to the predicted values 

of SAR. For the 22 nm maghemite nanopowder, a model-predicted SAR value of 2300 

W/g Fe was found for applying a magnetic field with field strength of 38.2 kA/m and 

frequency of 430 kHz for 22 nm maghemite nanopowder, while the SAR value found 

experimentally for this MNP exposed to the same field strength and frequency was 1001 

W/g Fe. This reduction in experimental SAR may be caused by MNP interactions that are 

prevalent in un-coated MNPs such as maghemite nanopowder.  

While LRT and SW-based theories have not been able to predict SAR values with 

a high degree of accuracy for the experimental systems investigated in this dissertation, 

these theories are valuable for predicting the trends in SAR based on changes in the 

magnetic properties and size distribution of nanoparticle dispersions. These simplified 

models used to calculate the heating of nanoparticles neglect the effect of MNP 

interactions on SAR, which could be overcome by using computational methods such as 

Monte Carlo simulations. Thus, accurately predicting exact SAR values for an 

experimental system may not be possible, even for mono-disperse nanoparticles [79], 
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although the accuracy of calculations would be improved significantly if the MNPs to be 

used were synthesized using processes that yield dispersions with narrow size 

distributions and uniform magnetic properties [79]. Nevertheless, these theories can be 

used to gain knowledge about magnetic properties that may be favorable for a specific 

application, and MNPs with a desired size and anisotropy, saturation magnetization, 

coercivity, and anisotropy can be targeted for synthesis to optimize heating at a particular 

field strength and frequency.  

If the concentration of dispersions used for the experiments is dilute enough to 

prevent dipole-dipole interactions between the MNPs, the models that make an 

assumption of non-interacting MNPs would more accurately predict trends for the change 

in SAR based on MNP properties without the need for advanced computational 

simulations of MNP interactions. Although making dilute solutions would help to predict 

accurate SAR values, the heat generated per MNP becomes significantly diminished by 

the heat capacity of the surrounding solution, thus making the temperature increase 

during heating nearly undetectable. 

 

 

6.2.6. Parameters for effective magnetic fluid hyperthermia 

Based on the experiments and calculations performed in this study, the use of 

appropriate magnetic field strength and frequency, MNP size, size distribution, and MNP 

anisotropy are the most important properties for maximizing magnetic heating (Table 6.7). 

This study led to a conclusion that the use of higher field strengths produced higher SAR 

in the experimental setup, but the use of higher frequency was had a larger impact on 
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maximizing the MNP heating. These observations were also evident through calculations 

where an increase in frequency led to significantly higher SAR values. MNP size was a 

critical factor affecting magnetic heating efficiency, but as illustrated from the calculations 

there was a strong correlation between MNP size and anisotropy. As such, obtaining the 

appropriate combination of size and anisotropy is critical to maximizing SAR. The use of 

MNPs with a narrow size distribution, tremendously increases the dispersion SAR, as 

long as the MNPs match the optimal size range; however, MNPs with wider size 

distributions should be used when the MNP sizes and anisotropy may not be in the 

desired range. MNP concentration needs to be high enough to achieve the desired 

temperature rise, but use of high MNP concentration can increase MNP interactions that 

decrease MNP SAR. Higher saturation magnetization and coercivity for MNPs can 

maximize the area enclosed in the hysteresis loops and maximize the MNP SAR. Finally, 

low solution viscosity causes minimal reduction in Brownian relaxation time of the system 

and causes minimal reduction in SAR.  
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Table 6.7: Desired level of magnetic field and MNP property to maximize SAR 

Field or MNP Property Parameter’s Optimal State for MFH (based on 
current study) 

Field Strength High field strengths as long as applied field 
strength is less than MNP saturation field)[74, 77, 

78] 

Field Frequency High (when ωτ <1) 
Low (ωτ >1) [94] 

MNP Size Moderate, between the transition range from 
superparamagnetic to ferromagnetic domain (~22 
nm in this study for maghemite MNP) [38, 74, 85] 

Poly-dispersity of the MNP Sample Low for MNPs with optimal size[68, 77] 
High for MNPs that have sizes on either extremes 

of optimal size[68, 77] 

Anisotropy Moderate (in the range of 11 kJ/m3 to 50 kJ/m3 for 
iron oxides)[85] 

Saturation Magnetization High for MNPs tested in our study in the range of 
7 nm to 22 nm [165] 

Coercivity High for ferromagnetic MNPs to maximize area of 
hysteresis loop [85] 

Concentration Preferably low to avoid MNP interactions, but high 
enough to obtain temperature of 43 oC [101, 102] 

Solution Viscosity Low to cause minimal reduction in contribution of 
Brownian relaxation [77, 82] 

 

 

 Despite the results of this study where higher field strengths and frequencies were 

desirable, patient comfort needs to be considered for clinical application of MFH. 

Brezovich [49] has set a criteria based on patient tolerance to a high frequency magnetic 

field that sets the maximum value for the product of field strength and frequency at 4.85 

x 108 A/m-s, though notably the criterion does not set forward a suitable exposure time, 

so if sufficient heating can be achieved through short pulses of magnetic field, patient 

tolerance may allow higher field strength and frequency values. Most of the experimental 

settings used in our study exceed this limit; thus further research is needed to maximize 

SAR for obtaining efficient heating at fairly low field strengths and frequencies.  

 Design of coils that can produce high field strengths is a critical area for 

advancement of hyperthermia as a cancer therapy. In our lab, experiments were 
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conducted using coils with small inner diameters (~1.8 cm) that could produce field 

strengths higher than 47.7 kA/m (~74.2 kA/m), but these coils induced a large amount of 

non-specific heating in solvents used to disperse MNPs, making them non-feasible for 

hyperthermia use. Surface coils that consist of a planar coil that can project magnetic field 

outwards from its surface are often used to overcome this drawback and provide MFH in 

superficial tumors [172]. However, experiments with surface coil in our lab were highly 

un-successful as the magnetic field dropped by a large amount at distances as small as 

2.5 cm away from the coil surface yielding SAR for fluidMAG D as low as 0.02 - 4 W/g 

Fe. Researchers have overcome several of these drawbacks using coils modified with 

flux concentrators, or Helmholtz coils (a coil with two solenoids separated by a fixed 

distance) that produce high strength uniform magnetic field between their two rings [172], 

but coil design is an active area of research to improve the current coil technology.  

 Despite of the ability of ferromagnetic MNPs to generate high SAR in this study, 

their feasibility for use in vivo needs to be further investigated. Unlike the 

superparamagnetic MNPs, the ferromagnetic MNPs often have issues with forming large 

aggregates in dispersion that renders their use for MFH undesirable, despite their ability 

to produce high SAR. For example, incubating un-coated maghemite nanopowder with 

albumin for 24 h led to large degree of aggregation in these MNPs (observed by DLS), 

and sedimentation of these aggregates over a period of 48 hrs. Research focused on use 

of stable surface coatings that can increase stability of ferromagnetic MNPs in vivo, while 

preventing opsonization of proteins and antibodies, can increase the feasibility of using 

ferromagnetic iron oxide MNPs for MFH.   
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6.3 Local temperatures inside the core of magnetic micelles 

 A change in the fluorescent intensity of RhB-PCL dye was used to probe the 

temperature rise in the core of magnetic micelles and determine if the local temperature 

rise was higher than the bulk temperature measured by infrared camera (or fiber optic 

probe) during magnetic heating. The change in fluorescent intensity of RhB-PCL 

imbedded in the core of PEG-PCL micelles core along with AP003 MNPs was measured 

during magnetic heating.   

To determine the local temperature inside nano-sized micelles, the change in 

fluorescence intensity of RhB-PCL inside the core of magnetic micelles was calibrated 

using a water bath and compared to the change in fluorescence intensity of RhB-PCL 

caused by exposure of magnetic micelles to high frequency AC magnetic field. 

Experiments and calculations illustrated that AP003 MNPs were capable of generating 

power efficiently when concentrated up to 6 mg/mL (as observed when determining MNP 

SAR of 193 W/g Fe, at H = 38.2 kA/m, and f = 430 kHz); however, there is limited proof 

available in the literature to verify a local temperature rise different from what can be 

measured for the bulk solution. If proven, this local temperature rise would be useful in 

treating smaller cancerous tumors and possibly individual cells, if targeting can 

accumulate enough MNPs near the treatment site. For the magnetic micelles to be used 

in a thermally-activated drug delivery system, the local temperature rise would need to 

generate sufficient heat to raise the temperature of the micelle core to the melting point 

of the PCL crystals as well as overcome the heat of fusion for these crystals. The 

experiment undertaken was designed to probe whether the power generation would be 
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adequate to cause a measurable rise in temperature inside a nano-scale system where 

a limited quantity of MNPs could be encapsulated in micelle core.  

When subjected to temperatures controlled by a water bath, there was a decrease 

in fluorescence intensity of RhB-PCL loaded magnetic micelles at a peak wavelength of 

588 nm per over a range of temperatures from 20 oC to 45 oC (Figure 6.20 A). The 

fluorescent intensity of 0.5 mg/mL RhB-PCL dye inside the core of 5 mg/mL PEG-PCL 

magnetic micelles containing 5 mg/mL AP003 MNPs (with reported concentrations prior 

to dialysis and filtration process) displayed a change of 1.3% per 1 oC rise in bulk solution 

temperature that was controlled using a water bath. The change in fluorescent intensity 

of RhB-PCL magnetic micelles (I) was normalized using the fluorescent intensity of RhB-

PCL micelles obtained at 20 oC (Io), and the change in normalized fluorescent intensity 

was used to construct the calibration graph relating percentage change in intensity of dye 

to change in local temperature. Thus, the temperature of the micelles could be determined 

effectively from the change in fluorescent intensity measurement of RhB-PCL. 

Chen et al. [129] performed an experiment to prove the temperature dependence 

of rhodamine B fluorescence where they measured the fluorescent intensity of RhB 

soaked into a cotton thread by confocal laser scanning microscopy, when a temperature 

rise was induced by a resistive heater in contact with the coverslip containing the cotton 

thread. The temperature rise was measured using a fiber optic probe, and 3.4 % change 

in fluorescent intensity of RhB was observed per 1 oC rise in temperature by Chen at al. 

[129] as compared to the 1.3 % change in intensity observed for the RhB-PCL magnetic 

micelles in our study. The lower change in intensity per oC for RhB-PCL magnetic micelles 

observed in our experiment as compared to Chen et al. [129] who used free RhB, may 
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be a result of chemical binding of PCL to RhB. The lower sensitivity in our system can 

also occur due to the presence of the PEG-PCL polymer micelle surrounding RhB-PCL, 

and the presence of MNPs that could mask the fluorescence signal of the dye.  

The fluorescence intensity of RhB-PCL magnetic micelles inside the magnetic field 

at a field strength of 38.2 kA/m and a frequency of 430 kHz decreased by 1.8 % per 1 oC 

temperature rise of in bulk solution suggesting that the local temperature inside the 

micelle cores was higher than the bulk solution temperature (Figure 6.20 B). Although the 

temperatures did show increased local heating occurring inside the micelle cores, the 

temperature did not reach hyperthermia conditions over a period of 30 minutes for the 

given micelle concentration, MNP loading, and magnetic field used for heating. This, 

suggests that (1) the distance between the fluorophores and the MNP surfaces was larger 

than few nm (>0.5 nm in case of Riedinger et al. [118]), and (2) a greater concentration 

of MNPs inside the micelles would be necessary to reach temperatures needed to melt 

the micelle cores. Despite of higher change in percent intensity observed during magnetic 

heating as opposed to water bath, this difference was deemed not to be statistically 

significant due to the error introduced by the fiber optic temperature measurement probe 

and insufficient temperature rise caused due to magnetic heating.  
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Figure 6.20: Change in normalized fluorescent intensity (intensity at a particular 
temperature, I,  divided by intensity at 20 oC, Io) at 588 nm observed while heating 

magnetic RhB-micelles using (A) a water bath and (B) magnetic coils at field strength of 
38.2 kA/m and frequency of 430 kHz. The bulk temperature on the x-axis was measured 

using a fiber optic probe 

 

The intensity change of RhB-PCL was converted to the local temperature inside 

the micelle core to determine, but the results were inconclusive due to high noise level of 

the fiber optic probe and inefficient magnetic heating in the micelles (Table 6.8). The local 

temperature in micelle core during magnetic heating was higher than the bulk fluid 

temperature, but the error in temperature measurement of ± 1.5 oC using the fluoroptic 

probe implies that this difference may not be significant (Table 6.8). To illustrate, the local 

temperature inside the micelle core as predicted by the change in fluorescent intensity of 

RhB-PCL was 28.1 oC when the bulk solution temperature was 26.9 oC, however the 

temperature measurement error of ± 1.5 oC made the difference statistically insignificant. 

Riedinger et al. [118] who have conducted studies to measure the difference between 

bulk solution temperature and local temperature near the surface of MNPs have 

presented results where a similar approach for measuring bulk solution temperature using 
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a fiber optic probe led to an error of ± 1 oC, but their results were minimally affected by 

this error as the local temperature near the MNP surface was 45 oC higher than that of 

the surrounding bulk solution. As such, use of precise experimental techniques and 

maximizing the heat production inside the micelle core can reduce the error in 

temperature measurement and help to determine if the difference in local and bulk 

dispersion temperatures would be significantly different.  

Table 6.8: Bulk fluid temperatures for MFH using magnetic micelles and corresponding 
local temperatures inside the micelle core measured during application of magnetic field 

with a strength of 38.2 kA/m and frequency of 430 kHz. 
 

aThe Optotemp probe used to measure bulk solution temperature has an instrumental 
error close to ± 1.5 oC. 

 
bError bars are not presented for this readings as the experiment could only be 

performed once, as magnetic micelles made in subsequent batches were not capable of 
generating heat 

 

Comparing our results to the findings reported in the literature there is an evidence 

of rapid nano-scale temperature rise near the surface of a magnetic nanoparticle, but the 

local temperature near the MNP surface is found to decrease rapidly with an increase in 

distance from the MNP surface (as small as 0.5 nm from the MNP surface [118]). Polo-

Corrales et al. [119] have presented evidence of local MNP heating by constructing a 

system composed of fluorescent modified acrylamide (FMA) co-polymerized with poly(N-

isopropylacrylamide, pNIPAM, where the fluorescent intensity of FMA would increase 

beyond 35 oC, when pNIPAM undergoes phase transition beyond its lower critical solution 

Time (min) Bulk Fluid Temperature (oC) 
Inside Magnetic Field (Optotemp 

probe) 

Local Temperature (oC) in 
Magnetic Field (Spectroscopy)b 

0 20.5 ± 1.5a 20.5 

10 25.0 ± 1.5a 26.3 

15 26.9 ± 1.5a 28.1 
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temperature. When an AC magnetic field was applied to iron oxide MNPs functionalized 

with these polymers at a field strength of 38.4 kA/m and frequency of 233 kHz for a period 

of 10 min, an increase in fluorescent intensity was observed even when the bulk solution 

temperature was in the range of 22 oC to 30 oC, suggesting that the local temperature 

was higher than 35 oC. Reidinger et al. [118] have indirectly measured temperatures 

within 0.5 nanometers of a MNP surface and mapped the temperature gradient away from 

the MNP surface using a thermally labile azo linker connected to fluoresceineamine (FA) 

spaced at fixed distances from 15 nm iron oxide MNP surface using PEG spacers with 

lengths of 0.96 nm (500 Da PEG), 1.66 nm (1500 Da PEG), and 3.86 nm (8000 Da PEG) 

in lengths. Upon magnetic heating at frequency of 334.5 kHz and field strength of ~13.5 

kA/m for a one h time period, the azo-linker spaced by the 500 Da PEG underwent 

decomposition and the FA molecules were released from the MNP surface. Their results 

indicated a temperature difference as high as 45 oC at 0.5 nm from MNP surface, 

compared to the bulk solution temperature measured by a fiber optic probe [118]. In 

contrast, the temperature rise at identical field strength and frequency using the 8000 Da 

PEG unit (with azo bond located 3.86 nm from the MNP surface)  displayed a temperature 

difference of 10 oC [118]. The authors noted that the temperature difference decreased 

moving away from the MNP surface as a function of the length of PEG spacer, where 

shortest PEG spacer displayed the highest temperature difference [118]. Dias et al. [125] 

have provided evidence of higher temperatures within 5.6 nm of the surface of 12 nm iron 

oxide MNPs subjected to magnetic heating at field strength of 25 kA/m and a frequency 

of 835.25 kHz using a DNA denaturation process to probe local temperature. Compared 

to the Reidinger study, DNA cannot be condensed into sizes suitable to probe 
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temperatures at subnanometer distances from the surface of MNPs, but they did find the 

local temperature at 5 nm away from MNP surface was ~2.5 oC higher than temperature 

at 5.6 nm away (41.6 oC as compared to 39.1 oC) from MNP surface when the global 

temperature was 33 oC, suggesting that there was a major drop in temperature when the 

distance away from MNP surface was increased by 0.6 nm [125]. As such, there is a 

possibility that the higher local temperature could only be observed in a range of few 

nanometers away from MNP surface.   

Local temperature measurement using the fluorescent intensity of quantum dots 

have suggested that no temperature difference was observed between bulk and local 

temperature when the fluorescence of CdSe quantum dots, attached ~3.6 nm away from 

the surface of a 10 nm iron oxide particle, was monitored during magnetic heating at a 

frequency range of 600 kHz to 800 kHz [122]. However, quantum dots composed of CdSe 

are commonly reported to be at least 2 nm to 5 nm in size [127, 128], so measurements 

closer to the surface could not be achieved using these quantum dots, and since 

Reidinger et al. [118] reported no appreciable heating at a distance of ~5 nm from the 

surface of MNPs, the result with quantum dots is not unexpected.  

The possibility that the local temperature drops just a few nm away from the MNP 

surface is a significant factor that led to inconclusive results in the current study. No major 

difference would be expected in the fluorescence intensity of RhB-PCL unless the dye 

was located within a few nanometers of MNP surfaces. Since the average size of the 

PEG-PCL micelles is 51 nm [36], there is a possibility that the MNPs and dye molecules 

may not always be in close proximity of each other, leading to higher effective intensity of 

RhB-PCL recorded through spectroscopy. The marginal rise in % change of fluorescence 
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intensity observed for magnetically heating RhB-PCL magnetic micelles can be attributed 

to the fraction of RhB molecules that were situated in close proximity to MNPs inside the 

micelle core. Although there is a possibility of observing high temperatures next to MNP 

surfaces, a consensus has been reached in the literature that the temperature difference 

between local and bulk temperatures in nano-scale systems becomes negligible at 

distances of just a few nanometers from the surfaces of MNPs. The RhB-PCL used in our 

study was not tethered to the MNP surface, and the distance between the MNP surface 

and RhB-PCL dye covered a range of values. This would reduce the accuracy of local 

temperature measurement, as the RhB-PCL molecules situated next to MNP surface 

would report local MNP temperatures, whereas the dye molecules that are saturated 

further away from MNP surface would report bulk solution temperature. To probe the local 

nanoparticle temperature accurately it would be essential to attach fluorophores directly 

onto the MNPs loaded inside the micelles. 

The results based on this study have important implications where magnetic 

micelles would be utilized for cancer hyperthermia or chemotherapy, as the effectiveness 

of this system would largely rely on a bulk temperature rise in the system. The inability to 

observe a major local temperature rise within the micelle core in this study led to the 

conclusion that the micelle core temperature did not exceed the MFH threshold 

temperature.  In such as system, the heat generated by MNPs could locally trigger the 

release of drug molecules in vicinity of the MNPs, whereas the majority of the drug 

molecules would not be released until sufficient heat from MNP surfaces dissipate into 

the solution and increase the temperature in the bulk system beyond the melting point of 

the PCL crystals. To increase the amount of drug released from such a micellar system 
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a conformational change in the micelle core due to temperature rise, corresponding to the 

or use of MNPs with high SAR, would be necessary.   

 

 

6.4. Temperature rise in macro-scale computational and experimental tumor model  

 In contrast to the study conducted to observe temperature rise next to the MNP 

surface, the effectiveness of bulk temperature rise for effective MFH treatment was 

investigated by using computational and experimental MNP-loaded tumor models. The 

computational models performed simulations to determine effective MNP SAR, 

concentration, and tumor size necessary for MFH considering the effect of heat 

conduction in MNP loaded cancer tumors using Pennes’ bio-heat equation, whereas 

experimental model simulated this setup using a nanoparticle loaded disc of agarose gel 

that was surrounded by plain agarose to mimic a tumor surrounded by healthy tissue.  

 

 

6.4.1. Computational simulations to predict temperature rise in tumor during MFH  

 The heat generation in a spherical mass embedded with MNPs is dependent on 

its volume, and the concentration of MNPs inside that volume, whereas heat transferred 

across its boundary is proportional to the surface area of the sphere, which has a large 

impact on the temperature profile inside tissue after heat is generated in tumors by 

application of an AC magnetic field. When the magnetic heating is conducted on a small 
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tumor (millimeters in size), or extremely small scale systems such as single cells 

(micrometer scale), the surface area to volume ratio increases causing heat to be rapidly 

lost from the tumors or cells in vivo. The rate of heat loss by conduction and convection 

would be less if the MNPs were enclosed in a larger spherical volume (smaller surface 

area to volume ratio) during application of high frequency magnetic field. This leads to 

several factors that need to be considered to achieve effective MFH, including (1) the 

minimum system volume loaded with MNPs to achieve hyperthermia temperature greater 

than 42 oC in the tumor, (2) the MNP concentration and SAR essential to achieve the 

desired temperature rise in a system with a given volume, and (3) the difference between 

the temperature in the MNP-loaded core of the tumor, as compared to the temperature 

on the interface of tumor and healthy tissue containing minimum concentration of MNPs.  

 Computational modeling using a finite difference method to solve Pennes’ bio-heat 

equation in spherical co-ordinates was used to predict temperature rise in a single cell as 

compared to mm scale tumors. The computational model revealed that the size scale of 

a single cell is insufficient to reach a temperature sufficient to cause hyperthermia when 

using theoretical MNPs with a SAR of 540 W/g MNP (Figure 6.21 A), however it was 

found that hyperthermia temperature were achievable in tumors that are sufficiently large 

(mm scale) (Figure 6.21 B). The simulations carried out to observe steady state 

temperature rise using 20 μm diameter individual tumor cell predicted that the 

temperature rise obtained using 1 mg/mL of MNPs with an SAR of 540 W/g would be 

minuscule, ~3*10-5 oC (Figure 6.21 A). However, a similar analysis using a 10 mm tumor 

suggested that this system could reach temperature of 46 oC in the center and 42 oC on 

the tumor edge at steady state when MNPs with identical concentration and SAR as those 
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used for single cell hyperthermia were embedded in the center of the tumor (Figure 6.21 

B).    

 

Figure 6.21: Temperature rise at steady state in (A) a single cell as compared to 10 mm 
tumor using 1 mg/mL of MNPs with an SAR of 540 W/g MNP 

 

 The time required for the simulations to attain the critical tumor temperature of 42 

oC decreased with an increase in tumor size and MNP SAR (Figure 6.22). The 

computational model predicted that the time required for the tumor to reach a boundary 

temperature between the tumor and healthy tissue of 42 oC depended strongly on tumor 

diameter. For example, a 14 mm tumor would require 20 min to attain a boundary 

temperature of 42 oC between the tumor and healthy tissue while using 1 mg/mL of MNPs 

with a theoretical SAR of 270 W/g MNP, but this time drops to 5 minutes (using MNPs 

with identical SAR and concentration) if the tumor was 20 mm in diameter (Figure 6.22). 

MNPs with higher SAR values may serve as an alternative to reduce the time required 

for the tumor boundary to reach 42 oC, which would otherwise require the tumors to be 

sufficiently large to achieve temperature of 42 oC. If the 14 mm tumor was administered 

with identical concentration of MNPs with a higher SAR of 810 W/g (as compared to 270 

A B 
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W/g), it could attain the boundary temperature of 42 oC in 1.35 min (as compared to 20 

min) (Figure 6.22). A combination of MNPs with high SAR and a large tumor volume that 

could be loaded with MNPs would achieve 42 oC temperature at a rapid rate as seen for 

20 mm tumor that could achieve the desired temperature rise in 1.23 min when loaded 

with 1 mg/mL MNPs having an SAR of 810 W/g MNP (Figure 6.22).  

 

 

Figure 6.22: Theoretical calculations show the effect of tumor size and MNP SAR on the 
time required for the tumor to achieve the lower hyperthermia limit of 42 oC at the 

boundary of the spherical tumor and healthy tissue. 
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For a tumor to be effectively treated it is important to ensure that entire tumor 

volume achieves the lower hyperthermia limit (42 oC), as the edge of tumor may be at a 

lower temperature compared to the central part of tumor that harbors the loaded MNPs 

(such that they are evenly distributed in the tumor, but there are no MNPs in the 

surrounding healthy tissue) (Figure 6.23). The computational model predicted that center 

of the tumor reached 42 oC when the tumor size was ~8 mm while the edge of the tumor 

was cooler at ~40 oC, as the heat transfer with the healthy body tissues at 37 oC occurring 

mostly at the tumor boundary (since the effect of blood perfusion was neglected in this 

model). For the entire tumor volume to achieve 42 oC temperature, it was found that the 

spherical tumor needed to be at least 10 mm in diameter (Figure 6.23).  



 

184 
 

 

Figure 6.23: Temperature at the center of tumor loaded with MNPs, as compared to the 
edge of the tumor that is in contact with healthy body tissue at 37 oC. 

 

The results presented here have important implications for the design of MFH as 

a cancer treatment where the size of the tumor to be treated along with the MNP SAR 

and concentration need to be determined prior to the treatment. In addition to this, for 

success of MFH treatment it is essential to achieve temperature above 42 oC to 43 oC in 

the entire tumor volume, as opposed to just the central part of the tumor. The results 

obtained from computational model suggest that it is easier to administer hyperthermia in 

larger tumors (though it would not be a desirable condition for the patient) due to their 

capability to reduce heat loss due to a lower surface area to volume ratio and their 

37

42

47

52

57

62

0 5 10 15 20

Te
m

p
e

ra
tu

re
 R

is
e

 (
T-

T 0
, °

C
)

Tumor Dimension (mm)

Center of Tumor

Edge of Tumor



 

185 
 

capability to hold a larger amount of MNPs.  MFH at a smaller scale (below a few mm) 

would be highly challenging as the desired temperature (>42 oC) would not be achievable 

unless MNPs with extremely high SAR are injected into the tumor at high concentrations.  

Despite of the need for a large tumor size for use of MFH, the results obtained 

from the computational model highlight the capability of using hyperthermia to cure large 

cancerous tumors, where use of surgery and radiation is not effective. The chances of 

performing a surgery, and the success of radiation therapy is reduced for large tumor 

sizes [173-175]. For example Walther et al. [174] have evaluated the 3 cm threshold for 

performing renal parenchymal sparing surgery to remove renal tumor, and stated that 

surgery is recommended when the tumors are smaller than 3 cm as there are minimal 

chances for occurrence of metastasis and renal damage post-surgery.  As such, use of 

hyperthermia should be preferred in larger tumor where higher temperature rise can be 

achieved, and traditional cancer treatments have reduced effectiveness.  

 

 

6.4.2. Agarose gel tumor model to experimentally verify the computational simulations 

 An experimental model was constructed using two concentric agarose gel discs in 

a petri-dish, where a 0.8 - 1.6 cm disc resembling a tumor loaded with MNPs was inserted 

into a well in an agarose gel to mimic healthy tissue to observe the effect of tumor size 

on heat transfer under a magnetic field. Agarose gel served as an adequate choice for 

constructing the tumor model as it has similar thermal conductivity as the human body 

tissues. To ensure maximum heat generation in the system, maghemite nanopowder 
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batch 2 with the highest observed SAR in this study of 1001 W/g Fe was embedded in 

cylindrical agar discs with diameters of 0.8 cm, 1.3 cm, and 1.6 cm (all with a thickness 

of 0.16 cm). The outer agarose disc was 3.5 cm in diameter and had a thickness of 0.7 

cm. As such, this experimental model differed from the model used in computational 

simulations as it had a cylindrical geometry (as opposed to spherical), and the agarose 

gel had an open boundary at the top edge (exposed to air at room temperature) to 

measure the surface temperature of agarose gel with an IR camera.  

Compared to plain agarose gel containing no MNPs, gels containing maghemite 

nanopowder reached temperatures above the 43 oC limit needed for MFH at a rapid rate. 

For all three MNP-embedded tumor diameters (0.8, 1.3, 1.6 cm), the temperature in the 

tumor region reached well above 43 oC after 10 minutes of applied magnetic field at a 

field strength of 38.2 kA/m and a frequency of 430 kHz, whereas the temperature in the 

healthy tissue surrounding the tumor was below 43 oC (Figure 6.24). However, the two 

larger diameter tumor models (with 1.3 cm and 1.6 cm diameters) reach the 43 oC 

threshold after just 5 minutes, and obtain a temperature profile that shows magnetic 

heating to be  mostly confined to the tumor region. These temperature profiles show that 

when maghemite MNPs with 1001 W/g Fe MNP SAR are loaded in macro-sized systems 

they can generate sufficient heat to treat tumors with hyperthermia.  

A potential disadvantage in this system is that the heating of surrounding tissue 

(as observed by marginal heating near the boundary of 1.6 cm diameter tumor modeled 

by agarose gel with no MNPs) and the temperature of >46 oC in the center of the tumor, 

can cause collateral damage to healthy tissue and tissue necrosis in tumor that may affect 

the surrounding healthy cells as well. In all three profiles, the peak temperature in the 
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center of the tumor rises to more than 46 oC, which is considered an upper limit for MFH 

treatment. Exposure to temperatures above 46 oC changes the mode of death in tumor 

cells from apoptosis to necrosis (as has been shown in murine mastocytoma cells [176]) 

that can induce cell death in areas surrounding the tumor, and is not a desirable condition 

when the tumor is situated in or near vital body organs.  

Although the temperature in the center of the larger tumor model (1.6 cm) 

exceeded 46 oC, the system parameters were not fine-tuned and the temperature rise in 

the tumor can be easily lowered by reducing the applied field strength, frequency, or 

duration of magnetic heating. The MNP concentration required for MFH can be calculated 

precisely based on simulations to reduce the amount of MNPs that contribute to bulk 

temperature rise, and fine-tune the amount of heat generated in the tumor. 

Figure 6.24: Experimental temperature profiles across the diameter of agarose gel 
models that depict: A) 0.8 cm tumor B) 1.3 cm tumor C) 1.6 cm tumor 
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While performing experiments using the agarose gel tumor model, a trend was 

observed where the temperature at the edge of the agarose gels discs (r = 1.5 cm, Figure 

6.24) was slightly higher due to the heat convection occurring from hot coils to plain 

agarose gel. Since the diameter of agarose gel discs was 3.5 cm and coil was slightly 

larger diameter of 4 cm, it was not possible to add a thick layer of insulation. This non-

specific heating of healthy tissue during magnetic heating, can be avoided by using larger 

coil diameters, or using adequate insulation layer between the coil and body tissues.  

The observations in the agarose gel tumor models are consistent with the 

computational simulations using Pennes’ bio-heat equation. Both of these studies 

suggest that for smaller tumors, the magnitude of the temperature rise decreases 

(although the tumor volume at which this occurs is not directly comparable between the 

experimental and theoretical studies due to a difference in the geometry of the tumors 

e.g. flat disc or sphere and non-identical boundary conditions) that would eventually lead 

to insufficient heat generation in tumors for MFH. For example, the experimental model 

suggests that the larger tumor (1.6 cm) achieves a higher temperature rise as compared 

to the smaller tumor (0.8 cm), and the temperature at the edge of the tumor is lower than 

the temperature in the center of tumor embedded with the MNPs for all of the tested tumor 

sizes. Additionally, the edge of the tumor barely reaches 43 oC in 10 min although the 

center of the tumor is above the hyperthermia limit (Figure 6.24).  

Temperature rise in tumors targeted with MNPs can be fine-tuned by varying MNP 

concentration and magnitude of magnetic field strength and frequency. Inside the human 

body, MNPs administered intravenously localize inside the tumor volume due to the 

enhanced permeation and retention effect [42], resulting in a smaller amount of MNPs 
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contributing to heat generation in small tumors. One possible way to cause higher heat 

generation with a limited amount of MNPs would be to increase the magnetic field strength 

or frequency. However as described previously, work by Brezovich determined criteria 

that the product of magnetic field strength and frequency should be maintained below 

4.85*108 A/m-s, to minimize patient discomfort [49]. The viable solution in this situation 

would be to increase the MNP concentration, but this would require efficient delivery and 

targeting techniques such that most MNPs would be located in the tumor.  

 

 

6.4.3. Validations and implications of assumptions made in computational and 

experimental simulation of MFH in a tumor mass 

Although our experimental design provides a basic understanding of the 

effectiveness of MFH in simulated tumors, the effect of complex physiological factors are 

neglected here. Starting with Pennes’ bio-heat transfer equation, which includes terms 

for convective heat transfer (blood perfusion) and metabolic heating, recent papers have 

sought to improve predictive capabilities for determining transient temperature profiles in 

simulated tumors or human tissue. For example, recent studies have included the effect 

of tumor angiogenesis on bio heat transfer [135] or the effect of temperature-dependent 

blood perfusion rates to improve model accuracy [136]. Blood perfusion is a major factor 

that leads to significant heat loss compared to the heat transfer occurring in our models 

due to sole effect of heat conduction between the tumor and surrounding healthy tissue. 
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Several studies have constructed simple mathematical models, assuming that blood 

perfusion occurs through few major vessels that pass through the tumor area [177, 178].  

Studies performed by researchers while accounting for blood perfusion, predict 

that larger tumor sizes are essential for hyperthermia treatment as compared to our 

results where the effect of blood perfusion is neglected. Mahdi Attar et al. [178] have 

performed experiments and computational simulations based on Pennes’ bio-heat 

equation in cylindrical co-ordinates to discern the impact of blood perfusion rate on 

temperature rise in tumors of different sizes. In this study an increase in blood perfusion 

rate by 5 times (Wb increased from 1*10-3 to 5*10-3 m3 blood/m3 tissues*s) caused higher 

heat loss from the tumor leading to 42.8% death in cancerous tissue as opposed to 100% 

cell death reported at the lower blood perfusion rate. Future studies conducted to 

measure the minimum tumor size required to achieve 42 – 43 oC rise during hypothermia, 

should be conducted by accounting for the effect of blood perfusion.  

Despite simplifications made to observe MNP heat generation in our model, its aim 

was to identify the factors essential for applying hyperthermia in clinical settings using 

MNPs with well characterized properties and SAR, and demonstrate that adequate rise 

in bulk temperature is obtained when MNPs are localized in tumors that are few mm in 

size. The current study served as a link between the experiments conducted to measure 

SAR values for MNPs and the use of identical MNPs in agarose gel tumor model, as 

opposed to majority of computational studies that make assumptions on magnetic 

properties and SAR for MNPs used to simulate heat generation in tumors. The 

comprehensive study presented here helped determine the factors that are essential to 

consider for clinical hyperthermia, even when well characterized MNPs are used for MFH 
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treatment, such as 1) minimum tumor size that could be treated by MNPs with determined 

SAR 2) MNP concentration that would be needed to obtain desired temperature rise 3) 

time period for which MFH needs to be conducted, and 4) an optimal set of parameters 

(MNP SAR, MNP concentration, treatment time, magnetic field strength and frequency) 

that would cause majority of tumor death while affecting least possible area of healthy 

tissue. In addition to this, the computational and experimental results presented here 

suggest that although the MNPs do not cause major rise in local temperature beyond a 

distance of few nm, they can effectively cause temperature rise in macro-scale objects 

that are at least few mm in size; This reinforces the idea that magnetic hyperthermia can 

be successfully applied in a clinical setting to cure large cancerous tumors that can harbor 

the required amount of MNPs, and cannot be effectively treated by surgery or radiation.  

 

 

6.4.4. Effect of magnetic heating using MNPs localized on cell membrane 

 A study was conducted to determine the ability of local temperature rise in MNPs 

to induce death in CHO cells, and serve as an indirect indicator of temperature rise in 

MNPs at nano-scale. The maghemite nanopowder was localized near the CHO cell 

membrane after the cells were incubated with MNPs for a period of 2 to 4 h (as evident 

by the brown lining seen on the cell membrane under 10x magnification, Figure 6.25), 

and magnetic field was applied at a field strength of 38.2 kA/m and frequency of 430 kHz. 

The cell viability was monitored after subjecting the cells to 43 oC temperature using 

magnetic hyperthermia for 45 min, to determine if there was a larger percentage of cell 
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death caused due to higher local MNP temperature on the cell membrane as compared 

to bulk fluid temperature.  

 Application of magnetic field at a field strength of 38.2 kA/m and frequency of 430 

kHz using maghemite nanopowder batch 2 (with high SAR of 1001 W/g Fe) caused 

minimal death in CHO cells when MNPs were localized on the cell membrane. After 

applying magnetic hyperthermia at 43 oC for 45 min duration, there was no cell death 

observed in this experiment as compared to the control sample that was incubated at 43 

oC. If the local temperature within few nm of CHO cell membrane was ~10 oC to 45 oC 

higher than 43 oC bulk temperature (as suggested by Dias et al. [125] and Riedinger et 

al. [118]) during the period of application of magnetic field (according to local MNP 

temperature reported by Dias et al. [125] and Riedinger et al. [118]), higher percentage 

of cell death would be expected to occur in CHO cells [179]. Harmon et al. [176] have 

suggested that necrosis in cells beyond 46 oC occurs from loss in functional integrity of 

cell membrane, whereas Hildebrandt et al. [10] have suggested that hyperthermia (>43 

oC) has a major impact on fluidity and integrity of cell membrane. The results obtained 

here suggest that cell death in this scenario was largely due to increase in bulk solution 

temperature to 43 oC, as temperature exposure of cell membrane to higher temperature 

would have caused significantly higher cell death as reported by Bhuyan [141].  The 

results obtained here suggest that either 1) the CHO cell membranes were tolerant to 

higher temperature, 2) the rate of heat conduction is much faster than the rate of heat 

dissipated by the MNPs [10], 3) the MNPs were located few nm away from the cell 

membrane, or 4) the local temperature rise was not as high as reported in studies 

discussed earlier [118, 125].  
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Figure 6.25: CHO cells with MNPs localized on the cell membrane A) 2 h to 4 h after 
incubation B) after application of hyperthermia at 43 oC for a duration of 45 min (note 

that the darker background is due to the trypan blue stain mixed in the cell media) 

 

 

6.4.5. Local vs. bulk temperature rise during MFH 

Recent experiments have reported that MFH can cause cell death without a 

perceivable rise in bulk temperature when the MNPs are internalized inside the cells [10, 

116, 117]. For localized MFH to be effective, some researchers have proposed that MNPs 

must be internalized inside cells and targeted to specific organelles. Creixell et al. [116] 

have stated that epidermal growth factor conjugated MNPs were successfully internalized 

inside the cell membrane of MDA-MB-468 cells and lead to higher percentage of cell 

death as compared to control group of iron oxide MNPs that had lower percentage of 

internalization. A study by Domenech et al. [117] has shown that MNPs can be 

internalized into the lysosomes of MDA-MB-231 human breast cell line and cause cell 

death more effectively than non-targeted MNPs upon application of magnetic field due to 

lysosome membrane permeabilization and the production of reactive oxygen species 

A B 
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(released from mitochondria due to thermal damage caused by MFH) upon application of 

an alternating magnetic field at field strength of 42 kA/m and frequency of 233 kHz, 

without a measurable bulk temperature rise. In addition to this, the rotational motion of 

MNPs under the application of magnetic field has been postulated to be a factor 

contributing to cell death by Domenech et al. [117]. In the work described in this 

dissertation, the maghemite nanopowder used to provide MFH to CHO cells did not have 

a targeting agent to aid the internalization process or localization in organelles such as 

lysosomes. Additionally, if there was minimal internalization of MNPs during the 

incubation process, cell death would not be aided by formation of reactive oxygen species 

in the cell cytoplasm. Magnetic heating of CHO cells containing maghemite nanopowder 

adhered to their surface caused relatively little cell death as MNPs were not targeted, and 

cell death was limited to hyperthermia caused by  bulk temperature rise as opposed to 

intracellular hyperthermia or rotational motion of MNPs that was stated as the dominant 

mechanism causing cell death in studies by Creixell et al. [116] and Domenech et al. 

[117]. Relying on bulk hyperthermia to kill cancer cells is not a viable method without 

targeting, and only larger tumors or high concentrations of MNPs can effectively treat 

cancer using MFH. 

Bulk heating during application of MFH was observed for each of the MNPs 

investigated experimentally. However, local temperatures were expected to be higher 

near the surfaces of MNPs, as a small number of publications have reported. The study 

conducted to measure local nanoparticle temperature in micelle cores suggested that the 

MNPs did not cause a large temperature rise at distances on the order of the size of the 

core of PEG-PCL micelles (< 51 nm [36]), but were inconclusive regarding temperatures 
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at distances on the order of 1 - 5 nm from the MNP surfaces. However, effective 

hyperthermia temperatures could be reached when MNPs were loaded into agarose gels 

to simulated tumors on the order of mm in size. Despite no observable change in micelle 

core temperature compared to bulk fluid temperature during magnetic heating, MNPs 

embedded inside the agarose gel tumor model (with diameters of 0.8 cm to 1.6 cm) 

showed a substantial bulk temperature rise. This suggests that when tumors cells are 

killed by hyperthermia, it would mainly be due to increase in temperature of tissues or 

fluids surrounding the tumor cell. A similar observation was made while applying magnetic 

field to generate heat in MNPs localized on CHO cells, but the minimal cell death 

observed suggests that there was not a large temperature gradient between the bulk 

solution temperature and temperature at the cell membrane.  

The observance of a larger temperature rise in the tumor model compared to 

MNPs organized in the core of micelles is largely due to the collective heating of 

numerous MNPs over a larger volume, with a smaller surface area to volume ratio 

between the MNP-loaded region and the surrounding environment which reduces the 

effect of conductive and convective heat transfer in the tumor model. This highlights the 

importance of localizing MNPs within a few nanometers of targeted cells or tissue when 

deployed in micelles or other systems where nanoscale heat transfer can dissipate heat 

rapidly and there may not be significant rise in bulk solution temperature. This 

underscores the importance of work by many researchers to develop MNPs with high 

SAR to sufficiently generate heat in nano-scale systems where bulk temperature rise may 

be negligible.   
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6.5. Validating MFH using CHO cells  

  CHO cells were used to determine an optimal combination of parameters to 

test the effectiveness of hyperthermia using fluidMAG D MNPs with known SAR values. 

The ability of hyperthermia at causing death in CHO cells was validated using the 

following criteria: 

1) Water bath to provide hyperthermia as opposed to hyperthermia subjected using 

MNPs on CHO cells, 

2) Hyperthermia at 43 oC as compared to 46 oC using water bath and MNPs, 

3) Applying hyperthermia continuously for 6 h, as opposed to a one h short exposure of CHO 

cells to hyperthermia,  

4) Measuring cell death right after the treatment as opposed to a time period up to 5 

h post exposure, and  

5) Effectiveness of hyperthermia in conjugation to exposure with a chemical toxic to 

CHO cells to simulate chemotherapy. 

 

 

6.5.1. Effect of water-bath hyperthermia (WBH):  

 To test the effect of traditional water bath hyperthermia treatment that would be 

administered by raising the temperature of bulk solution temperature in the range of 43 

to 46 oC, CHO cells were subjected to hyperthermia for 1 h duration, as well as 6 h 

duration (Figure 6.26). Cell viability was measured from 1 h time point right after exposure 
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to hyperthermia, up to 6 h time-point that involved 5 h of incubation at 37 oC after 

subjecting the CHO cells to elevated temperature for 1 h.   

The effectiveness of WBH was strongly dependent on the temperature used for 

hyperthermia treatment. Samples treated with continuous WBH treatment at 43 oC had 

less than 20% viable cells after 6 h of treatment, whereas samples exposed to 46 oC have 

no viable cells after 2 to 4 h of hyperthermia treatment (Figure 6.26).    

 

The percentage of cell death observed few hours post-hyperthermia (2 to 6 h 

period) was larger than the cell death observed immediately after hyperthermia treatment 

(at 1 h time-point right after the cells were removed from the water bath) (Figure 6.26). 
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Figure 6.26: Effect of 1 h and continuous WBH exposure at 43 oC and 46 oC on cell 
viability. 100% cell death was observed for samples exposed to 46 oC continuous 

hyperthermia at 4 h and 6 h time points. The error bars for all cell based studies in this 
section are based on standard deviation of three samples. 
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For example, after 1 h of water bath exposure of CHO cells to 43 oC there was no loss in 

viability compared to the control sample that was placed in an incubator at 37 oC, but the 

same sample displayed a viability of 53% when the cell count was performed 5 h later (1 

h treatment plus 5 h incubation for cell count at 6 h time-point, where the results were 

normalized using the viability of control sample). A similar trend was observed at 46 oC 

hyperthermia treatment where the cell viability was 69% after 1 h of treatment, but 

dropped below 22% viability at the 6 h time-point. This possibly occurs as the mechanism 

that induces cell death in CHO cells is triggered immediately after the application of 

hyperthermia treatment, but the pathway induces cell death several hour post-

hyperthermia treatment and can lead to cell cycle arrest [142, 180, 181]. As a result, 

apoptosis still continues after the treatment is terminated. 

During the water bath hyperthermia study, continuous exposure to hyperthermia 

for a 6 h duration caused a larger percentage of cell death compared to a 1 h exposure 

to identical treatment. This is likely due to expression of a larger quantity of heat shock 

proteins during the extended exposure of CHO cells to higher temperatures (Figure 6.26). 

To illustrate, after 1 h exposure to 43 oC and 46 oC CHO cells had a viability of 53% and 

21% respectively at the 6 h time-point, whereas this dropped to 9% and 0% respectively 

when the treatment was continuously administered for 6 h. Theriault et al. [142] have 

experimentally verified that the expression of heat shock proteins that lead to apoptosis 

in mammalian cells increases with an increase in temperature, and the expression of 

these proteins can lead to cell cycle arrest causing eventual cell death at a later time point 

(~ 5 days in the study by Theriault et al. [142]). A higher expression of heat shock proteins 

when cells are continuously exposed to 46 oC hyperthermia is a factor contributing to the 
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larger percentage of cell death observed at these conditions as opposed to 43 oC 

hyperthermia.  

Studies conducted to test the effect of WBH on CHO cells by researchers [140, 

141, 179] have suggested the importance of time for which the cells are subjected to 

hyperthermia on the percentage of cell death observed in the samples. The timescale for 

which the hyperthermia treatment has to be applied to cause complete loss in cell viability 

varies as it depends on factors like CHO cell type, growth phase, and even accuracy in 

measuring temperature. Bhuyan has reported that when CHO cells are subjected to a 

water bath hyperthermia of 43 oC it takes 1.4 to 1.7 h to kill 90% of the cells [179]. It is 

reported that this time can increase greater than 6 h to kill 90% CHO cells if the 

temperature drops by 1 oC and hyperthermia is conducted at 42 oC [140].  This shows 

that even a 1 oC error in temperature measurement can increase the time to kill 90% CHO 

cells by ~ 2 times. In addition, Sapareto et al. [140] have reported results where CHO 

cells in the G1 phase (a part of interphase prior to mitosis, where cells produce proteins 

and mRNA) were more resistant to hyperthermia compared to asynchronous CHO cell 

culture that may contain cells in variable growth phases, and higher temperatures are 

needed to cause the same percentage of cell death in cells in the G1 growth phase as 

opposed to asynchronous cell culture. In our study 90% CHO cell death (asynchronous 

culture) occurred within a period of 4 to 6 h for continuous WBH treatment at 43 oC, but 

direct comparison is not possible between the results reported in the literature [140, 179] 

and our study, as the results presented by Bhuyan et al. [141] report the cell count based 

on number of CHO cells colonies present after 8 days of incubation (as opposed to cell 

count reported in our study right after or up to 5 hours post-treatment). However, the 
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trends describing the major decrease in time (> two-fold in our WBH study) required to 

cause 90% cell death at 46 oC as compared to 43 oC are consistent between the literature 

and our study.   

Continuous exposure to elevated temperatures would be beneficial to cause 

maximum cell death, as compared to short duration heat doses (1 h in this study) that 

may reduce the effectiveness of hyperthermia treatment. As demonstrated here, cell 

death occurs at a faster rate when continuously exposed to hyperthermia. Perez et al. 

[182] and Sapareto et al. [140] have suggested that cells can develop thermo-tolerance 

to subsequent hyperthermia doses, when they are initially exposed to short duration (~15 

min) heat doses in the hyperthermia range. The reduced cell death and thermotolerance 

occurring when applying short duration hyperthermia doses needs to be considered while 

applying hyperthermia treatment in a clinical setting.   

Researchers have presented results where hyperthermia may cause a drop in cell 

viability at later time points, compared to maximum time point of 6 h used for measuring 

cell viability in this study. Studies carried out to measure cell viability are conducted at 

time points ranging from right after exposure, up to 11 days post exposure [116, 117, 140-

142, 180, 181]. The cell counts in this study were obtained at the maximum time point of 

5 h post exposure to hyperthermia (due to lack of a CO2 incubator), but it was observed 

that cell viability continued to drop up to 6 h after the initiation of hyperthermia (Figure 

6.26) suggesting that cell counts at later times may lead to lower cell viability than the 

values reported in this study.  
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6.5.2. Magnetic hyperthermia (MFH) vs. Water bath hyperthermia (WBH)  

 The effectiveness of magnetic hyperthermia was tested by achieving temperature 

rise by use of magnetic heat as opposed to water bath, and the cell viability was measured 

up to 5 h post exposure of MFH (Figure 2.27).  

Prior to conducting MFH it was ensured that magnetic field exposure at field 

strength of 47.7 kA/m and frequency of 194 kHz (same as that used for all cell based 

MFH experiments) did not induce cell death in CHO cells. The sample of CHO cells that 

was exposed to magnetic field for 1 h in absence of MNPs, had the same viability as the 

negative control incubated at 37 oC, suggesting that the magnetic field by itself did not 

cause a reduction in cell viability for the duration of 1 h and frequency of 194 kHz tested 

in this study.   

 

Figure 6.27: Comparison of CHO cell viability for 1 h exposure to WBH or MFH (H = 
47.7 kA/m, and f = 194 kHz) at 43 oC or 46 oC 

 

 

There was no significant difference in the viability of cells exposed to WBH and 

MFH, although both treatments lead to cell death after 1 h exposure (Figure 6.27). In our 

study the cell viability dropped to 97 % and 68.9 % immediately after one hour exposure 
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to MFH at 43 oC and 46 oC respectively, and this value dropped down to 57.6 % and 

28.9% when the cell count was performed 5 h post-exposure.  

It has been reported that MFH treatment is at least as effective as WBH, but there 

is not yet a consensus on the mechanism of action of MFH in the cases where it is 

reported to be more efficient than WBH [116, 117, 138, 183, 184]. For example Sadhuka 

et al. [138] have reported that MDA-MB-231 breast cancer cells exposed to 46 oC WBH 

for 30 min had ~50% viability (measured 2 h post exposure), while 30 min of MFH (using 

12 nm magnetite MNPs at field strength of 6 kA/m and frequency of 386 kHz) induced 

100% cell death in the sample at an identical time-point.  The reason for higher cell death 

observed during MFH compared to conventional WBH was postulated to be higher 

production of reactive oxygen species during MFH compared to cells that were subjected 

to WBH. Asin et al. [183] have presented results where dendritic cells underwent ~60 % 

cell death immediately after application of MFH at field strength of 12.7 kA/m and 

frequency of 260 kHz for 15 minutes, but there was almost 100% cell death when the cell 

count was performed 4 h later. Since there was just a 2 to 4 oC rise in bulk solution 

temperature in their study, the cell death occurring during MFH was attributed to 

irreversible damage to cellular structure or alteration in cell metabolic processes.  

Compared to studies conducted in human cells, the CHO cell line has drawbacks 

when investigating hyperthermia. MFH may not be effective in CHO cells in our study due 

to lower percentage of MNPs internalized by CHO cells in absence of targeting agent on 

MNP surface. As reported earlier, Creixell et al. [116] and Domenech et al. [117] have 

reported a large percentage of cell death during intracellular hyperthermia using EFGR 

(epidermal growth factor receptor) targeted MNPs without a perceivable temperature rise. 
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The authors suggest that this occurs either due to cell membrane damage caused by the 

rotational motion of MNPs or formation of reactive oxygen species inside the cell 

membrane. The fluidMAG D MNPs that were used in our study to provide hyperthermia 

formed a stable dispersion, and may not be internalized by the CHO cells. This would 

prevent internal membrane damage in cells, as well as prevent the formation of reactive 

oxygen species in mitochondria that is triggered by thermal damage in close vicinity of 

cell organelles [116, 117]. Additionally, studies have reported that it can take up to 1 h for 

MNPs to internalize into CHO cells [185]. Since most of the MNPs in our study may not 

be internalized while subjecting them to magnetic field, there was a lower probability of 

MNPs causing damage to internal cellular organelles that could have occurred due to 

Brownian rotation of MNPs, and cell death largely occurred due to bulk temperature rise.  

Despite the general trends observed in this study, several modifications to the 

experimental design would allow for direct application of these results to a clinical setting, 

and discern the difference between the effectiveness of WBH and MFH.  An in-depth 

study to measure the cell viability after an extend period of time (up to a week post 

exposure to hyperthermia) would help determine the long term effect of hyperthermia on 

CHO cells and determine if MFH would always serve to be more effective than WBH as 

reported in the literature. If it is found that CHO cells do not present a higher cell death 

by application of MFH as compared to WBH, it may suggest that CHO cells are more 

resistant to MFH as compared to cancerous cell lines that are commonly used to obtain 

data for cell viability while application of MFH. Since, most of the studies suggesting 

higher effectiveness of MFH as compared to WBH use cancerous cell lines, results 

obtained using CHO cells may be more relevant to the damage that MFH may induce in 
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healthy body cells. The results obtained in our study reinforce the fact that internalizing 

and targeting MNPs to cell organelles, prior to application of MFH, may be a sole method 

to provide single cell hyperthermia and extend its use to treat single or small clumps of 

metastatic cancer cells.  

 

 

6.5.3. Toxicological studies on CHO cells 

CHO cells were used as a platform to evaluate the toxicity of polymers and MNPs 

used in our study for MFH applications, and it was found that these materials posed 

minimal toxicity in vitro. PEG43-PCL9 polymer (at 0.1 mg/mL polymer concentration), and 

fluidMAG D magnetite MNPs (at 10 mg/mL concentration) were not toxic to cells up to a 

time period of 48 h as their viability was not statistically different from the viability of control 

sample that contained identical volume of DI water (Figure 6.28). This implies that MNPs 

of similar type and surface coating, around 10 mg/mL concentration, could be safely used 

for MFH applications. The polymer micelles would pose minimal toxicity concerns when 

used for drug delivery at the tested concentrations tested here.  

Although iron oxide MNPs and poly (ethylene glycol) polymers have been well 

tolerated in vivo, MNPs have been found to be cytotoxic in certain studies largely due to 

the type of surface coating used to disperse the MNPs. Iron oxide MNPs have been found 

to be non-toxic to cells in most of the studies discussed in this dissertation [116, 117, 138, 

184], but a study by Kim et al. [139] have demonstrated that iron oxide MNPs coated with 

silica had an IC50 value of 4 mg/mL on A549 cells, which is likely due to the type of 
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surface coating use for the MNPs. Ferrofluids at 4 mg/mL and higher concentrations are 

routinely used for lab based MFH studies, and it is essential to measure their toxicity in 

vitro. In addition to toxicity concerns posed by the MNPs, low molecular weight polymers 

such as tetraethylene glycol and poly (ethylene glycol) with molecular weight of  ~200 

g/mol have been found to induce chromosome aberrations in Chinese hamster epithelial 

liver cells at a 10 nM concentration after 16 h exposure [144]. However, it should be noted 

that various cell lines have different sensitivities to MNP and polymer toxicity, and the 

toxicological studies need to be performed after considering the type of materials and 

cells using which the hyperthermia treatment would be administered.  In addition, poly 

(ethylene glycol) molecules used for constructing micelles in our lab are much larger and 

usually have a molecular weight >2000 g/mol.  

 

 
Figure 6.28: CHO cell viability in presence of 10 mg/mL fluidMAG D MNPs, and 0.1 

mg/mL PEG43-PCL9 polymer measured for a period of 48 hrs. The red crosses at 24 h 
and 48 h time-point represent 100% cell death.  
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6.5.4. Combination of hyperthermia with model drug 

 When the CHO cells were subjected to 43 oC hyperthermia for 1 h in the presence 

of dibucaine 100 µM (a model compound toxic to CHO cells at the tested concentration), 

a higher percentage of cell death occurred as opposed to a scenario where either of these 

treatments would be administered by themselves (Figure 6.29). This result reinforces the 

benefit of the synergistic effect that occurs upon simultaneous application of 

chemotherapy and hyperthermia.  

Several studies have presented results where higher cell death is observed upon 

combined application of hyperthermia and chemotherapy that provides an efficient cancer 

treatment [186, 187]. For example, Haas et al. [186] reported that cancer drugs such as 

doxorubicin hydrochloride and hyperthermia treatments by themselves were not effective 

at causing regression in the murine transitional cell carcinoma model, but combination of 

60 – 90 min hyperthermia at 43.5 oC with drug therapy successfully led to tumor 

regression. Mehtala et al. [187] have reported that chemotherapy using cisplatin (5 μM) 

on SKOV3 ovarian carcinoma cells led to ~40% cell death, while hyperthermia using gold 

nano-rods (42 oC to 43 oC for 30 min) led to ~20% cell death; however, when these 

treatments were combined they lead to 70% cell death that was greater than the projected 

additive effects of these two therapies. As such, simultaneous application of 

chemotherapy and hyperthermia can increase the treatment effectiveness, and is 

recommended for use in the clinical treatment of cancer.  
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Figure 6.29: Cell viability of CHO cells measured for 48 h after exposure to 1 h 

hyperthermia at 43 oC and supplementation by a toxic chemical (dibucaine) at 100 μM. 

 

 

 

6.5.5. Recommendations on most effective hyperthermia system based on cell studies 

 The bulk temperature rise caused by fluidMAG D MNPs at concentration of 10 

mg/mL exposed to field strength of 47.7 kA/m and frequency of 194 kHz, successfully 

heated 1.2 mL of cell culture to hyperthermia temperatures of 43 oC and 46 oC. 

Hyperthermia was most effective at higher limit of 46 oC and led to >90% cell death when 

applied for a duration of ~2 h on CHO cells. For improving the effectiveness of MFH 

treatment at a single cell level, MNP internalization and targeting is essential. The 

effectiveness of hyperthermia was greatly improved in the presence of a toxic chemical 

used to model a cancer drug, suggesting that hyperthermia supplemented with anti-

cancer drugs have enhanced potential for treating cancer. Although cell counts were 
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measured up to 6 h duration since the start of hyperthermia in this study, cell counts 

measured for longer duration of time (~48 h) would lead to higher cell death rates than 

reported in this study; this is applicable in a clinical setting where tumor regression is 

measured up to few months after exposure to hyperthermia rather than immediately after 

the treatment.  
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CHAPTER 7 

CONCLUSIONS 

Iron oxide nanoparticles produce a high SAR when MNPs with optimal magnetic 

properties are subjected to magnetic heating at appropriate field strengths and 

frequencies. In this study, the SAR for MNPs was maximized at 430 kHz, the highest 

frequency that could be generated using the power source and magnetic coils available 

in our laboratory, and a corresponding field strength of 38.2 kA/m. Since maghemite and 

magnetite had saturation magnetization (determined from VSM) and anisotropies 

(assumed from literature for MNPs) in a similar range, crystal structure of iron oxide MNPs 

was not deemed as a major factor affecting MNP SAR.  The largest ferromagnetic MNPs 

investigated possessed properties favorable for magnetic hyperthermia as compared to 

the smaller superparamagnetic MNPs, and produced a maximum SAR of 1001 W/g Fe 

at a field strength of 38.2 kA/m and frequency of 430 kHz. This suggests that MNPs with 

ferromagnetic nature may be more favorable for magnetic hyperthermia applications, if 

they can be modified with stable surface coatings to avoid aggregation in vivo.  

 Calculations based on LRT and SW theory were used to elucidate the relative 

importance of material and magnetic field properties to optimize SAR; results from these 

models predicted trends in SAR that were consistent with experimental observations. LRT 

calculations suggested that MNP SAR is highly influenced by the effective MNP 

anisotropy and the size distribution of MNPs in dispersions. While monodisperse samples 

would generate a higher temperature rise as long as the size matched a favorable 
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(narrow) range, polydisperse samples (similar to ones investigated in this study) would 

generate more heat when the average MNP size is not in the optimal range for heating. 

Finally, the SW model predicted SARs that were about a magnitude higher than SARs 

predicted by LRT, reinforcing the idea that larger ferromagnetic MNPs (such as 

maghemite nanopowder) possess properties that are favorable for MFH.  

 MNP SAR was highly affected by solution viscosity, which is an essential factor to 

account for when applying MFH in the human body where the MNPs would encounter 

highly viscous environments in blood and tumorous growths. LRT calculations suggested 

that the contribution of Brownian relaxation to heat generation in MNPs is greatly reduced 

when the viscosity of the MNP dispersion increases. This reduction in SAR was clearly 

evident in the experimental studies where the SAR for maghemite nanopowder and 

fluidMAG D was reduced when they were transferred from water to viscous alginate 

solutions or agarose gels.  

 The success of MFH was found to be largely dependent on bulk solution heating, 

as there was minimal local temperature rise observed in the core of nano-scale polymeric 

micelles containing MNPs, but a large temperature rise was observed in the macro-scale 

(mm sized) tumor model. A finite divided difference model of heat transfer predicted 

trends where magnetic heating would result in negligible temperature increases in tumors 

below a threshold size depending on the MNP SAR and concentration. For MNPs 

localized in a 0.8 cm diameter spherical tumor (or larger spheres) the model predicted 

that MFH would successfully raise the temperature of the entire tumor volume above the 

temperature required to induce hyperthermia (42 oC to 46 oC).  
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 Application of MFH to cells led to a conclusion that magnetic hyperthermia where 

a higher temperature (46 oC) was achieved over a period of 2- 4 hours was most effective 

at causing cell death in CHO cells. MFH was at least as effective as WBH, and localization 

of MNPs on cells did not increase the effectiveness of magnetic hyperthermia, suggesting 

that a bulk temperature rise above 43 oC was required for cell death to result. The 

effectiveness of hyperthermia was significantly increased when supplemented with a toxic 

chemical, suggesting that effectiveness of hyperthermia in a clinical setting can be greatly 

improved when supplemented with chemotherapeutic drugs.  

 This study presented an optimized set of parameters that would help select 

materials and equipment capable of administering MFH in a clinical setting while avoiding 

large doses of MNPs. The verification of treatment efficacy of MFH using artificial tumor 

and cell models demonstrate the potential for the use of hyperthermia as a cancer 

treatment when the surface area to volume ratio of the desired model is low enough to 

achieve bulk temperature rise of 42 – 43 oC. As such, our results suggest that treating 

large tumors by MFH can result in an effective cancer treatment, however further research 

is necessary for using MFH to treat isolated cancer cells or small tumor masses.  
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CHAPTER 8 

RECOMMENDATIONS 

 The current study laid the foundation for selection of appropriate magnetic field 

and MNP properties for MFH, and validated it using experimental, computational, and 

cell-based models. There are several modifications that would improve the applicability 

of the results obtained in this study to clinical application of MFH. 

1) The anisotropy of the MNPs needs to be measured using zero field cooling 

experiments (ZFC) to determine the MNP blocking temperature, which is the peak 

of the ZFC curve. The nanoparticle anisotropy can then be  calculated from the 

blocking temperature using the following equation [61]: 

𝑇𝐵 =
𝐾𝑉

25𝑘𝐵
                                                      (8.1) 

Where, TB is the blocking temperature, K is the anisotropy constant of the MNPs, 

V is the nanoparticle volume, and kB is the Boltzmann constant 

2) The effect of MNP interaction on SAR needs to be better understood, rather than 

just determining whether interactions would lower or increase MNP SAR. 

Branquinho et al. [188] have recently published a paper to incorporate the effect of 

MNP interactions and chain formation into the LRT model, which predicts up to 

30% smaller MNP size for maximizing SAR compared to traditional models. 

3) An algorithm needs to be constructed that can automatically determine the validity 

of LRT or SW theory and precisely calculate the effective SAR based on the valid 
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theory. This algorithm can have a built in function to calculate SAR of MNPs when 

the size and anisotropy of MNP varies simultaneously.  

4) Magnetic separation of maghemite nanopowder batch 2 would help isolate MNPs 

with variable sizes into different size ranges. Performing magnetic heating on these 

differentiated samples with narrower MNP size distributions may lead to SAR 

values higher than the maximum value of 1001 W/g Fe we were able to attain using 

the dispersible fraction of the batch 2 maghemite nanopowder batch 2 when 

heated at a field strength of 38.2 kA/m and frequency of 430 kHz.  

5) For measurement of local MNP temperature, rhodamine B dye should be 

conjugated to MNP surfaces using a linker of known length. These MNPs could 

then be introduced into the cores of polymeric micelles, or suspended by 

themselves to ensure that dye molecules would emit a fluorescent signal due to 

temperatures attained within few nm of the surface. It would be essential to 

optimize the dialysis technique to remove all the unbound rhodamine dye from the 

solution, which would otherwise contribute to the measured fluorescent intensity.  

6) Magnetic micelles should be produced using maghemite nanopowder batch 2 that 

possessed the highest SAR in this study. Maghemite nanopowder dispersion in 

water can be mixed with an equal volume of THF in presence of oleic acid and 

oleyl amine to transfer the MNPs from the aqueous phase to the organic phase. 

Magnetic separation and several washing steps with ethanol, disperses 

maghemite nanopowder in THF in the presence of excess oleic acid and oleyl 

amine. However, the formation of polymeric micelles with this MNP dispersion is 

greatly affected by the tendency of oleic acid to form its own micelles. Further 
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refining the micelle formation technique with maghemite nanopowder can help 

produce magnetic micelles with higher heating capability.  

7) Mammalian cells could serve as an effective platform to investigate local MNP 

temperature. Maghemite nanopowder could be conjugated to rhodamine B 

isothiocyanate (as described by Magro et al. [189]), and traced using a confocal 

microscope to observe their internalization in a cancerous cells line. Once the 

internalization process is well characterized, targeting of these MNPs to receptors 

on the cell surfaces can be used to improve internalization or more specific 

subcellular targeting to organelles could be achieved and tracked under confocal 

microscope. MFH can then be performed to determine the effect of local 

temperature rise on cell death, as compared to traditional water bath hyperthermia.  

8) The computational and experimental model should be modified to account for the 

effect of blood perfusion through the tumor and surrounding tissue.  A 

physiologically-relevant model should be constructed where a MNP-loaded tumor 

would be completely encapsulated in a blank agarose gel, with pores designed to 

allow the flow of water or simulated blood through the entire assembly by use of a 

fluid pump to mimic blood perfusion rates in human tissues. An ideal model would 

include a 3D cell culture in a matrix of collagen gels to construct artificial tumors, 

and serve as a transition step to assist the progress of lab scale MFH to animal 

based studies.  

9) CHO cells should be incubated for several weeks post-hyperthermia treatment to 

ensure that cell death can be administered for a longer time-point (as compared to 
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~5 h in this study) to not only monitor cell viability but also the colony forming ability 

(clonogenic assay) of CHO cells. 

10)  Ideally a cell line derived from human cancer tissues should be used for testing 

MFH effectiveness, rather than CHO cells used in this study.  
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CHAPTER 9 

EVALUATING THE TOXICITY OF bDtBPP ON CHO-K1 CELLS 

 

 A separate investigation was undertaken to observe the toxicity of a leachate 

(bDtBPP) found to release from single-use plastic bags on CHO-K1 cells. The cell culture 

skills developed while performing hyperthermia experiments on CHO cells were utilized 

to start a cell culture in our lab, and grow CHO-K1 cells as adherent and suspended 

cultures. The EC50 of bDtBPP was monitored for adherent and suspended CHO cell 

cultures, and effect of cell culture volume, mixing, and exposure duration of leachates 

was investigated.  
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9.1. Abstract 

Single-use bioprocessing bags are gaining popularity due to ease of use, lower 

risk of contamination, and ease of process scale up. However, the manufacturing and 

sterilization processes, accompanied by the use of additives in these plastic bags, can 

lead to leaching of toxic materials into the growth media used for cell culture. Bis(2,4-di-

tert-butylphenyl)phosphate (bDtBPP), a degradant of tris(2,4-di-tert-

butylphenyl)phosphite, marketed as Irgafos 168®, which is an antioxidant stabilizer added 

to resins, has been identified as a potentially toxic leachate which may impact the 

performance of single-use, multi-layer bioprocessing bags. In this study, the toxicity of 

bDtBPP was tested on CHO-K1 cells grown as adherent culture in serum-containing 

media, as well as suspension culture grown in chemically defined serum-free media. The 
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EC50 (effective concentration to cause 50% cell death) for the adherent cells grown in 

serum-containing media was found to be one order of magnitude higher than that for 

suspended CHO-K1 cells in serum free media. While CHO-K1 cells had good cell viability 

when exposed to moderate concentrations of bDtBPP, the degradant was shown to 

impact the viable cell density at much lower concentrations. Hence, in developing an 

industry-standard assay for testing the cytotoxicity of leachates, suspended cells growing 

on serum-free defined media (as commonly done in the bioprocessing industry) would 

likely be most sensitive, particularly when reporting EC50 values based on viable cell 

density. The effects of mixing, cell culture volume, and exposure duration were also 

evaluated for suspended CHO-K1 cells.  It was found that the sensitivity of cell culture to 

leachates from single-use plastic bags was enhanced for suspended cells cultured in 

serum-free (chemically defined) media for longer exposure times and when the cells were 

subjected to continuous agitation, all of which are important considerations in the 

production of biopharmaceuticals.  

 

 

9.2. Introduction 

Traditionally, glass and stainless steel equipment are used for large scale 

production in the bioprocessing industry, but glass and steel bio-reactors have certain 

drawbacks. Setting up these equipment require a large initial investment of capitol and 

time, and glass and steel require frequent sterilization cycles. This shortcoming can be 

overcome by using disposable single-use plastic bioprocessing bags, particularly for 
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process development and pilot scale production, as they significantly lower the start-up 

cost associated with traditional bioprocessing equipment and instead of sterilization, a 

new bag can be simply be used when initiating a new process [190, 191]. It has been 

reported that the world biopharmaceuticals market is US $140 billion/year, and 

companies have already started to invest close to US $1 million/year on single-use 

systems [192]. This emphasizes the impact of single-use systems in the 

biopharmaceutical industry and the importance of developing standardized testing 

procedures for these single-use bags to ensure that they do not pose significant toxicity 

concerns to the often highly-specialized cells used for biopharmaceutical production.  

Single-use plastic bags are usually composed of three layers, where the inner layer 

is typically composed of a virgin plastic with minimal additives as it maintains contact with 

the cells and cell culture fluids, the middle layer is composed of a gas barrier to separate 

the inner layer from the outer layer, and the external layer is a more durable commodity 

plastic whose purpose to serve as a protective layer and provide structural integrity for 

the cell culture bags [193, 194]. Many additives including plasticizers and anti-oxidants, 

are used to aid manufacturing processes and improve polymer flexibility and the shelf-life 

of these plastic containers. These additives, even if only used in the external layer, can 

compromise the non-toxic nature of the single-use bags if they leach out in the cell culture 

medium.  

It is well known that many plastics leach unbound chemical additives into fluids 

that maintain contact with them for extended time periods. The toxicity of many single-

use fermentation bag additives have not been fully tested on biological systems to ensure 

that they are non-toxic to cell cultures. In addition, these bags typically undergo 
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sterilization by an autoclaving process or gamma irradiation, which have both been shown 

to promote leaching of toxic materials from the bags [193, 195, 196]. These bags may not 

leach quantities of toxic materials sufficient to cause a measurable difference in the cell 

culture when tested over short periods of time at conditions that mimic ideal cell growth 

conditions, but fermentations may at times experience elevated temperatures, or the 

presence of organic metabolites, and are typically carried out for longer than a few days. 

These conditions can promote the leaching of harmful chemicals known as extractables 

[197]. Jurkiewicz et al. [193] have conducted studies where leachates collected from bags 

incubated at 2 – 8 oC did not cause significant toxicity to cells, however use at 37 oC  (or 

higher) facilitated the leaching of toxic chemicals that can adversely affect cell growth.  

Hence, extracting chemicals from single-use bags using elevated temperature or organic 

solvents for extended durations of time can allow evaluation of worst-case cytotoxicity 

that can be attributed to these single-use bags.    

Bis(2,4-di-tert-butylphenyl)phosphate (bDtBPP), a degradant of tris(2,4-di-tert-

butylphenyl)phosphite (TBPP) that is an antioxidant stabilizer additive to the bags, has 

been found to be toxic to Chinese hamster ovary (CHO) cells when leached from single-

use bags. While TBPP is not leached at quantities what would adversely affect cells [195, 

196], bDtBPP has been identified as toxic to cells and has been reported to leach up to 

concentrations reaching 2 mg/L when 10 L plastic bioprocessing containers were 

incubated at 50 oC with 0.5 L water for 48 h [195, 196]. Additionally, the amount of bDtBPP 

leached from single-use bags increases when the bags are subjected to gamma radiation 

for sterilization process [195, 196]. Studies have shown that bDtBPP can cause significant 

reductions in both cell density and cell viability at concentrations as low as 0.1 mg/L for 
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certain CHO cells lines [193, 195, 196, 198].  Some commercially-available cell lines, 

such as DG44 CHO cells, and certain company-specific cell lines, such as CHO CL1 – 

CL9 cells (used by Amgen), have proven to be sensitive to the presence of bDtBPP after 

performing multiple passages in the presence of this leachate [193, 195, 196, 198, 199]. 

Toxicity studies have been performed on CHO-K1 cells [194, 199, 200], but to our 

knowledge there are no published data currently available detailing the sensitivity of the 

CHO-K1 cell line to bDtBPP. In addition, many parameters that can affect the sensitivity 

of systems to leachates need to be better understood because toxic effects can occur at 

trace concentrations, and precise chemical techniques for their detection need to be 

developed. While different formulations of single-use bags can attempt to minimize any 

impact additives (or degradants of additives) have on a cell line, there are other factors 

that can result in variable toxicities. This includes batch-to-batch variability during 

processing, differences in storage time post sterilization, or different sterilization 

techniques (gamma irradiation or autoclave) [200]. Our study tested the toxicity of one 

major leachate (bDtBPP) on CHO-K1 cells in an effort to develop a standardized protocol 

for toxicity testing of leachates released from single-use bags. Wood et al. [201] identified 

several factors such as cell seeding density, elevated leaching temperature (>37oC), 

duration of exposure to leachates, and ratio of bag surface area to volume exposed to 

growth media as key parameters that affect the amount of chemicals leached and the 

level of toxicity they present to cells cultured in presence of those leachates.  

Our study was undertaken to test how the EC50 (effective concentration that 

causes 50% cell death) value of bDtBPP on CHO-K1 cells is impacted by the presence 

or absence of serum, mixing in cell cultures, and exposure time to CHO cells. Fetal bovine 
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serum (FBS) contains bovine serum albumin (BSA), which has been shown to mask the 

toxicity of certain drugs on cells [202]. As a result, the present study investigates the 

effectiveness of suspended CHO-K1 cells grown in FBS-containing as well as a serum-

free medium to test the toxicity of bDtBPP. In addition, the sensitivity of cells to toxic 

leachates can increase with extended exposure times. Some toxicity studies conducted 

for validating the use of single-use bags for cell culture have been carried out over a 

period of only a few days or until cells are passaged and provided with fresh media. This 

short exposure time may not mimic the way these single-use bags are used in the 

biotechnology industry, as cells would typically be grown semi-continuously in fermenters 

for much longer durations of time where exposure to bDtBPP or other leachates may have 

a cumulative toxic effect. Our study supplements the data from several studies that tested 

the toxicity of leachates from single-use bags over longer exposure durations, by tracking 

the EC50 of bDtBPP on CHO-K1 cells over a period of nine days, including two passages 

where the cells are supplied with fresh media [195, 196, 200, 201]. To test the effect of 

mixing, experiments were designed to evaluate toxicity in a common laboratory test in 

both the presence and absence of mixing provided by use of an orbital shaker. The EC50 

of bDtBPP was tested in volumes ranging from 0.2 mL in a 96 well plate to 7.5 mL in 

shaker flasks, primarily as a way to validate the cytotoxicity tests done in small volumes 

so that larger volumes would not have to be evaluated to determine accurate EC50 

values. The aim of this study was to develop a laboratory-scale test system that would 

present maximum sensitivity to the presence of bDtBPP and determine key conditions 

necessary to detect the cytotoxicity of minute quantities of bDtBPP and other potential 

leachates from single-use culture bags. 
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9.3. Materials and Methods 

 

 

9.3.1. CHO Cell Culture 

Cell lines based on CHO-K1 cells were purchased from ATCC (Manassas, VA). For 

adherent cultures, F-12 K media (ATCC) was supplemented with 10% FBS (Life 

Technologies, Grand Island, NY), and 1% of 10,000 U/mL Penicillin-streptomycin (Life 

Technologies, Grand Island, NY). For suspended CHO-K1 cells, chemically defined EX-

CELLTM CD CHO media (Sigma-Aldrich, St. Louis, MO) supplemented with Penicillin-

streptomycin, 2 mM L – glutamine (Life Technologies, Grand Island, NY), and 1 % anti-

clumping agent (Life Technologies, Grand Island, NY) were used. For adapting adherent 

CHO-K1 cells to suspended culture, the FBS concentration was steadily decreased, and 

the cells were transferred from T-flasks to 125 mL shaker flasks placed on a 15 mm 

diameter mini shaker (VWR, Radnor, PA) at 120 rpm. Cells were passaged multiple times 

while decreasing the FBS concentration until the viability of CHO cells in suspended 

culture was greater than 90% and the media required no further FBS supplement.  

For maintaining the cell culture, a 5% CO2 atmosphere at 37 oC was maintained inside 

a water jacketed incubator (VWR Symphony 3074, Radnor, PA). Cells were passaged 

every 3 days such that cell viability was maintained above 90%.  
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9.3.2. Determining EC50 of bDtBPP 

bDtBPP was found to be insoluble in water at high concentrations, so ultra-pure 

biological grade DMSO (Amresco, Solon, OH) was chosen as a solvent to dissolve 

bDtBPP prior to adding to the growth media at fixed concentrations. DMSO, added in the 

range of 0.1 – 1% of total cell culture volume, posed negligible toxicity to CHO-K1 cells 

as determined from cell viability measurements in control CHO-K1 cell samples. The 

concentration of DMSO used to introduce bDtBPP to cell media was always less than 1% 

of the total cell culture volume, and all cytotoxicity experiments were compared to a 

negative control containing media supplemented with 1% pure DMSO. The EC50 for 

bDtBPP was monitored using the following experimental protocols: 

 

 

9.3.2.1. Toxicity of bDtBPP on FBS-containing and serum-free CHO-K1 culture 

The toxicity of bDtBPP was tested on CHO-K1 adherent cells grown in FBS-

supplemented media in a 0.2 mL well of a 96 well plate at an initial cell density of 4 to 5 * 

105 cells/mL. 6.3 mg/L to 50 mg/L bDtBPP was used in these experiments to find the 

EC50 of bDtBPP on CHO cells. The same experimental conditions were used for 

suspended CHO cells grown in serum-free media, except that the concentration range of 

bDtBPP was 0.03 to 50 mg/L.  
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9.3.2.2. Effect of culture volume and mixing on toxicity of bDtBPP 

In addition to the 0.2 mL sample volume tested in the 96 well plates, the toxicity of 

bDtBPP was tested on suspended cells using 125 mL shaker flasks with 4 mL and 7.5 

mL culture volumes. Each of these tests were conducted with mixing using an orbital 

shaker at 120 rpm. The effect of mixing was studied using two 96 well plates with 0.2 mL 

cell culture volume, where one remained static in the incubator, while the other one was 

placed on an orbital shaker. . As with the adherent cells, the initial cell density was set to 

4 to 5 * 105 cells/mL and cell viability was maintained greater than 90 % prior to exposure 

to bDtBPP. EC50 values were determined using bDtBPP concentrations covering a range 

of 0.13 to 2 mg/L.   

 

 

9.3.2.3. Effect of exposure time on EC50 of bDtBPP 

Studies were conducted to test the relationship between toxicity and duration of 

exposure to bDtBPP. These experiments were performed on suspended CHO cells in 

125 mL shaker flasks with 4 mL initial culture volume, placed on orbital shaker at 120 rpm 

using chemically-defined media. Two cell passages, at days 3 and 6, were performed 

while cells were continuously exposed to bDtBPP and the cell viability and cell count were 

determined after three, six, and nine days. Every three days cells were supplemented 

with fresh cell media containing an appropriate amount of bDtBPP such that the 

concentration of bDtBPP in the flask would remain constant.  
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9.3.2.4. Constructing the dose response curve and determining EC50 

Normalized cell viability and normalized viable cell density (VCD) were determined for 

each of the experiments using Equations 9.1 – 9.3, and dose response curves were 

constructed. EC50 values were determined based on cell viability as well as VCD after 

fitting a sigmoidal curve to the data and determining the concentration where 50% cell 

death occurs.  Cell count and cell density measurements were performed using a 

hemocytometer and trypan blue (Life Technologies, Grand Island, NY) staining. For 

adherent cultures, this value was calculated by performing cell counts on a representative 

sample of the cell population after cells were detached using trypsin (Life Technologies, 

Grand Island, NY). Suspended cells did not require trypsin prior to counting, and viability 

could be directly measured by the trypan blue essay. The standard deviations for 

normalized cell viability and normalized VCD were calculated based on 4 replicates 

(Equation 9.4).  

Cell Viability = 
Number of Live Cells

Number of Live+Dead Cells
*100                             (9.1) 

 % Normalized Viability = 
Viability of Experimental Sample 

Viability of Control
*100                   (9.2) 

% Normalized Viable Cell Density =
Viable Cell Density of Experimental Sample 

Viable Cell Density of Control
*100     (9.3) 

𝛥𝑁 = 𝑁 ∗ √(
𝛥𝐶

𝐶
)

2

+ (
𝛥𝐸

𝐸
)

2

                                           (9.4)                                                                                                                                

Where E = experimental sample cell viability/density, C = control sample cell 

viability/density, N = normalized cell viability/density, and ΔE, ΔC, ΔN are standard 

deviations associated with N, C, and E.   
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9.4. Results and Discussion 

CHO-K1 cells were grown as adherent culture in FBS containing F- 12 K media 

and were adapted to suspension culture in chemically defined EX-CELLTM CD CHO 

media, which has been reported to efficiently culture CHO-K1 cells [203]. The EC50 

values for adherent CHO-K1 cells in serum containing F – 12K media was determined to 

be 27 mg/L (Figure 9.1). This is consistent with the results of Ducker et al. [199], who 

have presented similar results where adherent CHO-K1 cells had an EC50 value of 29 

mg/L when grown as adherent culture in F-12 K media containing FBS. In the 

biopharmaceutical industry, cells are often cultured in serum-free chemically defined 

media as suspended cultures, and it is relevant to study the toxicity of bDtBPP on a similar 

culture. The EC50 for CHO-K1 cells was significantly lowered to 1.3 mg/L when the cells 

were adapted to serum-free culture in EX-CELLTM CD CHO media (Figures 9.1, 9.2).  

The change in properties of CHO cells that occurred while adapting them to a 

suspension culture was found to be the major cause leading to the lower EC50 of 

suspended CHO cells. Since the experimental setup was identical for adherent and 

suspended CHO cell cultures, three possibilities were investigated to explain the 

observed lower toxicity of bDtBPP in suspended CHO cells: 1) change in surface area of 

cells, 2) presence of FBS in cell media masking the toxicity of bDtBPP, and 3) change in 

cell properties upon adaptation to serum free media. Suspended cells typically have a 

smaller surface area compared to adherent cells [204], thus transport across cell 

membranes would be higher in adherent CHO cell culture and a higher quantity of 

bDtBPP would be needed to reach the EC50 for suspended CHO cells. However, the 

lower EC50 observed in CHO-K1 cells suggested that there is a possibility that FBS 
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(specifically bovine serum albumin) masks the toxicity of bDtBPP in serum-supplemented 

culture. This was tested by re-adapting the suspended CHO cells to serum-containing 

media, but these newly prepared adherent cells displayed a much lower EC50 than the 

freshly-thawed original batch of adherent cells (which was never adapted to serum-

containing culture). Thus, the lower EC50 in suspended cells may be due to a change in 

cell properties when they undergo the transformation from adherent to suspended culture, 

along with absence of FBS in the media.  

 

 

Figure 9.1: Dose-response curve for bDtBPP on CHO-K1 cells grown in serum 

containing F-12 K media in 96 - well plate with no mixing. The EC50 for bDtBPP on this 

system is 27 mg/L. 
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Figure 9.2: Effect of mixing on dose-response curves for bDtBPP on CHO-K1 cells 
grown in serum-containing media in 96 - well plate and shaker flask based on % 

normalized cell viability and % normalized viable cell density (VCD). The EC50 for cells 
in 96 well plate without mixing is ~1.3 mg/L based on cell viability and ~ 0.8 mg/L based 
on VCD, while that with mixing is ~0.5 mg/L based on cell viability and ~0.3 mg/L based 

on VCD. 

 

The EC50 of bDtBPP tested on suspended cells was impacted by mixing (Figure 

9.2). Without mixing, EC50 values were higher (1.3 mg/L based on cell viability and 0.8 

mg/L based in VCD) than EC50 values for samples mixed using an orbital shaker (0.5 

mg/L based on cell viability and 0.3 mg/L based on VCD). The higher EC50s indicate that 

the cells are more resistant to bDtBPP when not mixed; this is likely due to a reduced 

transport of bDtBPP into the cells in the stagnant solution, indicating that adequate mixing 

is necessary to mimic the conditions in typical bioprocesses.  
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In presence of continuous agitation, the change in volume from 0.2 mL in 96 well 

plates to 4 and 7.5 mL in a shaker flask had minimal effect on EC50 values for suspended 

CHO-K1 cells (Figure 9.3). The EC50 and viability values ranged from 0.3 mg/L for 0.2 

mL cell volume in 96 well plate to 0.33 mg/L for 7.5 mL of cells in 7.5 mL shaker flask 

when the cells were seeded with identical densities. Although variations in cell culture 

volume may have a minimal effect on the cytotoxicity of bDtBPP on CHO cells, it is 

essential to maintain similar cell densities for comparative studies as the toxicity of drugs 

and other chemicals has been found to be dependent on the initial seeding density of 

cells [201, 205, 206].  

 

 

Figure 9.3: Effect of volume on the dose-response curves for bDtBPP on suspended 
CHO-K1 cells cultured in serum-free media in a 96 - well plate or shaker flasks, both 
mixed on an orbital shaker. EC50 values (~0.3 – 0.33 mg/L) were nearly identical. 
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Since most biopharmaceutical fermentations maintain cell cultures for extended 

time periods in the same container, it is essential to monitor toxicity over a periods of time 

longer than needed for a single cell passage. The EC50 values for bDtBPP reported so 

far in this paper are based on three-day exposures to bDtBPP. By performing multiple 

passages in the presence of bDtBPP, EC50 values were observed for up to nine days of 

exposure.  EC50 values decreased with longer bDtBPP exposure times, with the EC50 

dropping from 0.3 mg/L for a three-day exposure to 0.2 mg/L for a six-day exposure and 

0.1 mg/L for a nine-day exposure of cells to bDtBPP. This implies that the toxicity of 

bDtBPP would be enhanced when leached from disposable cell culture bags over a 

longer period of time, and could be further negatively impacted if leaching continues 

during fermentation, increasing the concentration of bDtBPP exposed to the cells. 

However, the process of leaching is dynamic, with a decreased rate of leaching as the 

concentration gradient is reduced with usage time. Because bDtBPP has been shown to 

break down over time to degradation products which generally have reduced toxicity 

compared to bDtBPP [193, 195, 196], the cytotoxic effects of bDtBPP on cell culture 

should be reduced for these longer exposure times. For example, Jurkiewicz et al. [193], 

have demonstrated that some single-use bags posed higher toxicity to CHO cells 

immediately after gamma irradiation compared to bags that were naturally aged over a 

period of one month at room temperature. As such, there are two opposing factors that 

determine the actual toxicity caused by these plastic bags: a) the enhanced toxicity 

caused due to longer exposure duration to bDtBPP, and b) reduction in toxicity due to 

break down of bDtBPP over time .  The duration of usage for single-use plastic bags 

should be considered while determining an acceptable level of cytotoxicity.   
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Cell viability and VCD are both important markers for a successful cell culture, but 

the EC50 values for bDtBPP obtained by using VCD data are a better indicator of toxicity 

posed by bDtBPP on CHO-K1 cells. In our study, a trend was observed where EC50 

values based on VCD were lower than the EC50 values based on cell viability (Figures 

9.1, 9.2). The lowest EC50 value for bDtBPP in our study was ~0.1 mg/L based on VCD 

of CHO-K1 cells suspended in chemically-defined serum-free media for nine days. This 

value is in the range of some of the lowest EC50 values for bDtBPP reported in literature 

by Hammond et al. [195, 196], who found an EC50 of ~0.1 mg/L based on VCD, using 

the CHO-CL1 cell line growing on serum-free media after three consecutive passages. 

Lower EC50 has been observed based on VCD as opposed to cell viability in a study by 

Jurkiewicz et al. [193] that have tested the toxicity of bDtBPP on CHO-DG44 cells. 

Jurkiewicz et al. [193] have reported EC50 values (based on VCD) of approximately 0.3 

mg/L for a three-day exposure to bDtBPP using CHO-DG44 cells, which is similar to the 

EC50 value observed in our study using CHO-K1 cells for 3 day exposure to bDtBPP in 

presence of mixing. As opposed to the EC50 based on VCD, the authors observed only 

a minute drop in cell viability starting at concentrations around 1 mg/L bDtBPP using 

CHO-DG44 cells [193].  

The findings in this study highlight some important factors in the design of 

experiments to improve system sensitivity to detect toxic leachates for validation of single-

use technology using CHO-K1 cells. The low EC50 values based on VCD for CHO-K1 

cells suggest that VCD is a more sensitive parameter for detecting toxicity of bDtBPP as 

compared to cell viability. Since the EC50 for CHO-K1 cell line is comparable to some of 

the lowest EC50 values reported in the literature, it can be effectively used to monitor the 
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cytotoxic effects of minute quantities of leached bDtBPP when cultured as a suspension 

culture in chemically defined media and subjected to constant mixing.  

 

 

9.5. Conclusion 

As single-use bags grow in popularity for biopharmaceutical production and 

expand to other fields, the effects of additive (and additive degradants) leaching from the 

plastic bags on cell culture must be evaluated. The additives needed for plastic 

manufacturing, shelf-life stability, flexibility, and stability to oxygenators and light can be 

minimized, but a balance between properties of the plastic and cytotoxicity to cells should 

be struck for these bags to have continued acceptance in bioprocessing.  Here, we 

investigated Chinese Hamster Ovary cell lines, both adherent and suspended, and tested 

the cytotoxicity of the degradant of a common plastic additive for single-use bags 

(bDtBPP). The suspended CHO-K1 cells, grown in serum-free, chemically-defined media, 

mimic the growth of cells in biopharmaceutical production, and were found to be most 

susceptible to minute amounts of bDtBPP (as low as 0.1 mg/L with an exposure period 

of nine days). This type of test would be recommended for standardizing the evaluation 

of cytotoxicity in single-use bags, as it provides a worst-case scenario which may be 

observed during cell culture. To have a system with high sensitivity (low EC50 values), 

adequate mixing is essential. Longer durations of cell exposure to leachates are useful 

for predicting the behavior of cell cultures that are run over long periods of time in single-

use bags, as the EC50 for bDtBPP dropped significantly with increased exposure 
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duration. These factors along with parameters which were not investigated in this study, 

which include optimal seeding density, temperature used for the extraction process, 

organic metabolites present in the growth media, and the surface area to volume ratio of 

bags are important to develop a standardized protocol for testing leachates from single-

use bioprocessing bags, and ensure that these bags pose minimal toxicity concerns for 

the end-use.  
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