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Abstract. Magnetic fluid hyperthermia (MFH) has been proved to be a promising modality for 
the treatment of tumors. The specific absorption rate (SAR) is thoroughly investigated in water based 
colloids; whereas scarce data is available on the SAR values inside biological media. Elevated salt 
content, presence of proteins and cellular structures are assumed to affect SAR values; a fact that 
should be considered when determining therapeutic doses. This study presents the preparation of 
cobalt ferrite magnetic nanoparticles (MNPs) using coprecipitation method with particle size of  
13.56 (σ = 0.14) nm and sodium citrate used as coating. The obtained SAR value was 82.6 W/g at a 
magnetic field intensity of 9.4 kA/m and frequency of 198 kHz in water based fluid and decreased to 
23.3 W/g in saline based solution and to a slightly higher value of 29.8 W/g in Ehrlich ascite 
carcinoma suspension. The effect of MNPs concentration and the therapeutic temperature on the 
Ehrlich ascite carcinoma cell viability were also studied. This revealed that an optimum concentration 
of 8 mg/mL and a temperature of 57 °C led to complete cell death after 30 minutes of exposure at the 
previously mentioned field and frequency. The results showed that cobalt ferrite can be regarded as a 
promising candidate for MFH. 

Key words: Magnetic nanoparticles (MNPs), cobalt ferrite, SAR, in vitro magnetic fluid 
hyperthermia (MFH). 

INTRODUCTION 

Cancer is currently one of the leading killer diseases. Annually, about 
7 million people die of cancer which is expected to reach 17 million deaths in 2030 
[17]. For this reason cancer therapy has been a challenge for decades. A convenient 
therapy in many cases is hyperthermia; which is regarded as a therapeutic 
procedure involving the raising of tissue temperature above normal physiological 
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conditions. Magnetic fluid hyperthermia – first proposed by Gilchrist et al. in 1957 
– has shown to be a promising therapeutic technique [11]. MFH is based on the 
internalization of MNPs into tumor site and subsequently exposing the patient to an 
alternating magnetic field (AMF).  MNPs absorb the energy from the AMF and 
generate heat that is transferred by conduction to the adjacent tumor cells. 
Regarding the rise in temperature, thermotherapy is divided into hyperthermia and 
thermoablation [14]. Hyperthermia involves heating certain organs or tissues to 
temperatures between 41 °C and 46 °C. This moderate rise in temperature may 
alter the function of many structural and enzymatic proteins leading to cellular 
degradation followed by signaling of apoptosis. However, moderate hyperthermia 
sensitizes the tumor cells for radiation [13, 33] and chemotherapeutic drugs [42] 
therefore, it is utilized in treatments that may last for hours of combined therapy. 
On the other hand, thermoablation involves heating certain organs or tissues to 
temperatures above 46 °C and thus causes direct cytotoxic effects leading to certain 
cell death even in case of acute treatments lasting for few minutes [6]. This 
therapeutic pathway ultimately results in tissue necrosis, coagulation or 
carbonization [22] and may also affect normal cells. Internalization of MNPs is 
assumed to allow better control of thermal energy inside the tumor. Cobalt ferrite 
(CoFe2O4) which has a spinel structure is selected as the magnetic species. 
CoFe2O4 has been proposed for a variety of biomedical applications [3, 4] 
including MFH in an attempt to find new candidates for the well-known iron oxide 
MNPs. It has the advantages of chemical stability and large anisotropy [1]. The 
large anisotropy allows for the production of particles with high SAR values a yet 
small particle size.   

The heating capability of the particles is quantified in terms of the specific 
absorption rate (SAR) ; thermal energy dissipated by MNPs per unit time and mass 
[16] . SAR values are frequency and field dependent. The applied frequency 
throughout this study was 198 kHz. The FDA proposed a limit for the product of  
(f ⋅H) of (3.83 × 109 kA/ms) at 200 kHz [19] and a more relaxed criterion was 
proposed by Herget (H·f  < 5 × 109) [12]. 

It is a well-established fact that the effect of actual physiological conditions 
(pH = 7 and 0.9% salinity) [5] on SAR values determines the biocompatibility of 
the cobalt ferrite particles and the validity of their use in hyperthermia. 
Nevertheless, scarce data is available on the impact of actual physiological 
conditions on the SAR values compared to their counterparts measured in water.  
For this reason, the aim of the study is to investigate the variation of the calculated 
SAR values of the cobalt ferrite sample in water and in saline based fluids. To 
complete the analysis SAR was computed in an Ehrlich ascite cell suspension for 
the purpose of simulating actual physiological conditions. Ehrlich ascite cell 
suspension contains in addition to the NaCl content, other minerals, serum proteins 
(opsions) and cells with charged membranes. All the mentioned parameters are 
assumed to further affect the stability of the MNPs in solution.  
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MATERIALS AND METHODS  

PREPARATION OF CoFe2O4 BASED MF 

Coprecipitation, a wet method that produces fine particles, has been utilized 
by several authors [25, 34] and  was used in this study for the synthesis of  cobalt 
ferrite MNPs [31]. Sodium citrate was selected as a surfactant to enhance the 
surface charge of the MNPs for the purpose of forming a stable colloid [9, 26]. 
Citrate coated cobalt ferrite MNPs are considered as a biocompatible base for 
magnetic fluid (MF) [21]. All chemicals employed are analytical grade and used 
without further purification. Iron and Cobalt nitrates at the molar ratio 2:1 were 
separately dissolved in distilled water then added under continuous stirring.  
8 moles of NaOH were added dropwise from a burette to the reaction vessel that 
contained the nitrate precursors until the neutral pH was reached and then excess of 
NaOH was readily added until the final pH reached 12.8 then heating started. The 
reaction is described by   

 
( ) ( ) ( ) ( )3 32 3 2 3

90 C, pH=12.8
2 2 4 2 2

Co NO 2Fe NO 8NaOH Co OH 2Fe OH

8NaNO CoFe O 8NaNO 4H O

+ + → + +

⎯⎯⎯⎯⎯→ + +
 (1) 

The black magnetic phase (formed after 90 min at 90 °C) was then washed 
several times with distilled water till pH dropped to 7. This uncoated sample is 
indexed as (CF). To form citrate coated MNPs (CFC), the sample (CF) was 
dissolved in water and ultrasonically agitated for 60 minutes then stirred at 80 °C 
for two hours in a saturated solution of sodium citrate, and finally washed several 
times with distilled water. 

STRUCTURAL ANALYSIS  

The structure of the prepared samples was determined using X-ray powder 
diffraction (XRD), Transmission electron microscopy (TEM), Electron diffraction, 
Fourier transform infrared (FTIR) spectra. Particle stability was determined via 
measuring the zeta potential and the hydrodynamic volume. X-ray powder 
diffraction patterns of the samples were collected on a Philips diffractometer 
(X’pert MPD) with Cu-Kα radiation. The diffracted intensities were collected in 
step-scan mode (step size 2θ = 0.02°; counting time 2 s) in the angular range  
2θ = 20–80 °. To correct instrumental broadening LaB6 standard was used. The 
sample structure and microstructure were refined applying Rietveld profile method, 
using MAUD program (L. Lutterotti, Maud 2.33) [23]. High resolution 
transmission electron microscope (HR-TEM, Tecnai G20, FEI, Netherlands) was 
used for imaging particle morphology, crystal planes and size calculation. Two 
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different modes of imaging were employed; the bright field at electron accelerating 
voltage 200 kV using lanthanum hexaboride (LaB6) electron source gun and the 
diffraction pattern imaging. Eagle CCD camera with (4k ⋅ 4k) image resolution was 
used to acquire and collect transmitted electron images. Fourier transform infrared 
(FTIR) spectra were recorded by Nicolet 6700 at 4 cm–1 resolution. The FTIR 
spectra were measured in the 400–4000 cm–1 region with samples dispersed in KBr 
pellets. The zeta sizer (Malvern, UK) nano series (Nano ZS) was used to determine 
the zeta potential based on electrophoretic mobility as well as the hydrodynamic 
volume based on dynamic light scattering. 

SAR MEASUREMENTS 

For the assessment of SAR, a high power induction heater (DW-VHF 10 kW, 
China) is required as the particles are generally used in low concentrations (few 
mgs per mL) and the solvent is water with high specific heat. SAR values of the 
samples were determined by the non-adiabatic time-dependent calorimetric 
measurements [24] (setup shown in Fig. 1). The induction heater used here allows 
a single frequency measurement (198 kHz). This frequency is one of the available 
frequencies in the induction heater that is close to the resonant frequency of the 
samples. It is worth mentioning that the frequency response of the sample to the 
AMF in the frequency range between (120 and 230 kHz) was performed in our 
laboratory and a resonance was obtained around 180 kHz.  In all experiments, a 
constant volume of the colloid was contained in a plastic vial (polyvinyl chloride 
(PVC)) that was inserted in a Styrofoam jacket. The temperature was measured 
using an alcohol thermometer [40]. In case of in vitro SAR measurement, cells 
were incubated with sample CFC for 30 minutes at 37 °C in the exposure vial. The 
alcohol thermometer was inserted in the sample for 1 minute prior to switching on 
the field. SAR was determined from equation (2) [30], 

 
2 4CoFe O

i ii
c m TSAR

m t
Δ

=
Δ

∑  (2) 

where ci and mi are the individual specific heat and mass of water and the PVC 
vial. The heat capacity of cobalt ferrite is ignored due to its low concentration. The 
specific heat of water and PVC are 4.18, and 0.9 Jg–1 K–1 respectively and their 
masses are 3 and 2.16 grams respectively. ΔT/Δt is the initial slope of the time-
dependent temperature curve and 

2 4CoFe Om is the mass of CoFe2O4 in the sample in 

grams.  
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Fig. 1. Exposure set up of (CFC) to AMF using the induction heater. The alcohol thermometer, 

sample holder, insolating jacket and coil dimensions are shown. 

CHEMOSENSITIVITY OF NANOPARTICLES (CELL VIABILITY) 

Cytotoxic effect of nanoparticles was assessed by observation of changes 
with respect to viable and nonviable tumor cell count. Cytotoxicity effects of the 
CFC (0.5 mg to 15 mg) on Ehrlich ascite carcinoma cells (EACs) were determined 
according to the method of El-Merzabani et al., (1979) [7]. In order to detect the 
cytotoxicity of CFC nanoparticles, Ehrlich ascites were treated with CFC (0.5 mg 
to 15 mg/mL) with and without application of AMF. The EACs were obtained by 
needle aspiration of ascites fluid from the preinoculated mice under aseptic 
condition using an ultraviolet laminar air flow system. The percentages of non 
viable cells were determined by counting dead and viable EACs. To differentiate 
between dead and viable EAC cells, trypan blue stain was used. Then the 
percentages of viable cells (VC) were calculated according to equation (3), where 
(C) is number of viable cells and (T) is total number of cells.  

 C% 100CV
T

= ×  (3) 

RESULTS AND DISCUSSION 

STRUCTURAL ANALYSIS 

The powder XRD pattern of the uncoated CoFe2O4 sample (CF) is shown in 
Fig. 2a. According to ICDD 000030864 database, the pattern showed a single 
phase spinel crystal structure. The lattice parameter was determined to be 8.3554 Å 
and the crystallite size 13 ± 1 nm (Fig. 2b). TEM micrographs and electron 

winding 
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diffraction pattern (Fig. 2c) of sample (CFC) shows the particle morphology and 
reveals a high degree of crystallinity.  

The particle size distribution is also shown in Fig. 2b and the count is fitted 
with a log-normal function [2]. The average particle size is 13.56 nm (σ = 0.14). It 
is observed that the crystallite size obtained from XRD analysis and the particle 
size obtained from TEM analysis are in the same order of magnitude. 

 
Fig. 2. a) X ray diffraction pattern for CF; b) TEM micrographs and lognormal distribution for CFC; 

c) selected area electron diffraction for CFC. 

The binding of the biocompatible sodium citrate was denoted by the FTIR 
spectrum (Fig. 3). The spectrum reveals two bands around 410 and 600 cm–1 of the 
stretching vibration of (M–O) in the octahedral and tetrahedral sites in the cobalt 
ferrite respectively. The bands around 1600 and 3425 cm–1 represent the stretching 
vibration of O–H bond in the free or adsorbed water at the surface of the particles. 
The two bands around 1400 and 1600 cm–1 represent the asymmetric and 
symmetric  stretching of C–O in COOH in (CFC ) [10, 15, 27, 28, 29]. 
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Fig. 3. FTIR spectrum for sample CFC.  

 
Fig. 4. Distribution of hydrodynamic 

size for CFC sample. 

Zeta potential was utilized to confirm the citrate coating of cobalt ferrite. The 
citrate coated sample (CFC) has a zeta potential of –25.9 mV, and hydrodynamic 
size of 52 nm (Fig. 4). The observed negativity may be attributed to the hydroxyl 
groups on the surface of MNP in neutral pH, in addition to the free carboxylate 
groups from the sodium citrate coating [8]. This negativity is responsible for the 
colloidal stability maintained by electrostatic repulsion. Zeta potential of absolute 
value higher than 25 mV renders the particles electrostatically stable. The stability 
is further confirmed by the small hydrodynamic volume. 

Generally, the absorption of the energy from the AMF and release of heat in 
the radiofrequency range is the basic idea of MFH. Rosensweig [36] developed a 
formula for the volumetric energy dissipation rate: 

 
( )

M

B

2
0 0

kB N H
N 0 B

B N B

2π τμ πχ
1 2π τ

τ τ 3ητ = ,   τ = τ e ,   τ =  
τ +τ k

KV
T

fP f H
f

V
T

=
+

 (4) 

where μo is permeability of free space,  f and H are the frequency and amplitude of 
the applied field respectively and χo is the initial (low field) DC magnetic 
susceptibility of the assembly of particles that depends on the physical and 
magnetic properties of the MNPs. This loss is due to relaxational losses with 
relaxation time τ. Relaxation losses fall into two categories, namely Brownian and 
Neel relaxations. Neel relaxation is the rotation of the magnetic moments inside the 
particle with a relaxation time τN. Brownian relaxation is the physical rotation of 
the particles against the viscosity barrier (magnetic moment locked along the easy 
direction of magnetization) with a relaxation time given by τB. The effective 
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relaxation time is τ [35, 41] where VM is the volume of the magnetic core, τo ~ 10–9 –10–13 s 
[38], K is the effective  anisotropy constant, kB, T are the Boltzman constant and 
temperature in Kelvin respectively, η is the viscosity of the medium and VH is the 
hydrodynamic volume of the particle. Equation (4) shows that the relaxation 
mechanism with the shorter time dominates. It is clear from equation (4) that 
increasing the field intensity H leads to increased heat dissipation. Nevertheless, H 
cannot be increased indefinitely to avoid violation of the safety guidelines. 

 
Fig. 5. Temperature rise with time for a concentration of 8 mg/mL at a field of 9.4 kA/m  

with water and saline as solvents. 

This section is concerned with the measurement of SAR for sample CFC. 
SAR measurement was carried out in a water based solution and in saline solution 
to determine the effect of the salt content in the biological media on the SAR 
values obtained from equation (2). Fig. 5 shows the temperature rise with time for 
sample CFC at a magnetic field intensity of 9414 (A/m), frequency of 198 kHz and 
sample concentration of 8 mg/mL. The obtained SAR value is 82.62 W/g. The 
dissipated heat is attributed to both Brownian and Neel loss mechanisms. It is 
necessary to determine the effect of the physiological conditions on the stability of 
the particles in solution and therefore on the contribution of the Brownian loss 
mechanism to the overall heat production.Fig. 5 also shows the temperature rise 
with time in case of saline and cell suspension. The rate of temperature rise (ΔT/t) 
is reduced to less than one third of its value in case of saline as a solvent compared 
to water, giving a SAR of 22.3 W/g. The observed lowering of SAR values may be 
attributed to the salting out that causes sedimentation of the particles, thus 
decreasing the contribution of the Brownian loss mechanism [5]. Nevertheless, a 
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temperature of 47 °C which is suitable for thermoablation could be reached in  
13 minutes. The results obtained in case of Ehrlich ascite cell suspension will be 
discussed shortly. 

IN VITRO CYTOCOMPATIBILITY STUDY 

In vitro cell viability essays used in this study do not provide information 
about the biodistribution of chemicals, their toxicity on the target organs or their 
metabolism and clearance. Nevertheless, this simple and fast test is carried out to 
estimate any possible death in the Ehrlich ascite carcinoma cells that may be 
“faultily” attributed to the hyperthermia treatment and thus, any correction terms 
can be considered.  In addition, this easy assessment helps to determine the 
biocompatibility of the particles. This is throughly studying the effect of the actual 
biological media on the dispersion of the particles, which has a direct impact on the 
temperature profile of the magnetic fluid (MF). In this study, cell viability was 
calculated for the Ehrlich ascite carcinoma cells suspension after exposure to 
sample CFC at concentrations 0.5 to 15 mg/mL for two hours in an incubation 
temperature of 37 °C as shown in Fig. 7. 

 
Fig. 6. Photomicrograph of Ehrlich ascite carcinoma cells under light microscope (400x) for Ehrlich 
ascites cells incubated for 2h with different concentration (mg/mL) of CoFe2O4 a) 0.5, b)1.25, c) 2.5, 

d) 5, e) 10,  and f) 15. 
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Fig. 7. a) Photomicrograph of Ehrlich ascite carcinoma cells show the nanoparticles adhesion  

to tumor cell membrane for a concentration of 15 mg/mL of CoFe2O4.  
b) High magnification of Ehrlich tumor cell using light microscope. 

Cell death is not observed in the photomicrographs in Fig. 7, even at the 
highest concentration (15 mg/mL) for this short exposure duration. Cell counts (not 
shown here) show that the cell viability for all concentrations for a 2 hour 
incubation exceeded 98 %. It can thus be inferred that the short term exposure to 
the particles does not cause any considerable loss in the population of the cells. 
This implies that no correction terms need to be calculated for the assessment of 
cell viability after any hyperthermia treatment. Furthermore, the photomicrographs 
taken (Fig. 7) show that on increasing the concentration of the particles in the cell 
suspension from 0.5 to 15 mg /mL MNPs are agglomerated as expected due to the 
presence of opsonins [32] in the medium (in addition to the previously mentioned 
effect of salt content). The agglomeration of MNPs becomes more pronounced at 
high concentrations (5 mg/mL and higher). It is important to notice that the 
observed blue spots are merely caused by patches of trypan blue dye; this is 
independent of the concentration of CFC. Another important finding is that 
adhesion of the MNPs to the membrane is revealed by light microscope (Fig. 7). 
This adhesion may be attributed to the presence of cationic sites in the overall 
negatively charged cell membranes that nonspecifically bind the negatively 
charged MNPs. Such adhesion may lead to the internalization of the particles via 
endocytosis [39]. Massive endocytosis of cobalt ferrite MF was observed in 
mammary tumors after 20 min of inoculation [37]. An earlier study [20] on 8.2 nm 
citrate-coated cobalt ferrite-based  MF revealed that the citrate coating layer was 
damaged and the NMPs agglomerated but still the study considered it as 
biocompatible.  
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IN VITRO HYPERTHERMIA  

The target of the study is to entirely kill cancer cells and reach a viability of 
zero. The challenge is to achieve the mentioned goal with minimum concentration 
of CFC as a priority and without violating the proposed safety guidelines. In vitro 
hyperthermia is a simple set up that gives insight about the efficiency of the MNPs 
in hyperthermia and has been previously used [18]. The therapeutic conditions will 
be optimized if the total exposure time of the AMF application is also minimized. 
The two selected temperatures are 47 and 57 °C. The first therapeutic temperature 
was achieved by two concentrations of CFC: 5.29 and 8 mg/mL of cell suspension. 
The second temperature was achieved only by a concentration of 8 mg/mL. The 
applied field was manually controlled such that the temperature was rapidly raised 
to the desired temperature and held constant to durations up to 60 minutes. The 
maximum field intensity used in this study is 9.4 kA/m, therefore the product of the 
applied field and frequency did not exceed the proposed safety limits.  

Referring to Fig. 5, a slight enhancement in SAR value is observed in cell 
suspension (29.8 W/g) compared to saline (23.3 W/g). Further drop in SAR values 
was expected in biological media which contain opsonins that may further lead to 
particle agglomeration in addition to the presence of cell membranes which may 
further hinder the Brownian rotation of the particles. On the other hand, cell 
membranes may provide large surface area that helps in dispersing the particles 
which leads to a more homogeneous temperature distribution in the sample. This 
factor may be responsible for the observed slight increase in SAR values. 

Each exposure set-up was repeated three times the cell viability was 
calculated from equation (3). Fig. 8 shows the cell viability for the different 
exposure set-ups. 

(a)           (b) 
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(c) 

Fig. 8. Cell viability of Ehrlih ascites cells for different exposure set-ups. a) and b) therapy at 47 oC 
using 5 and 8 mg/mL, respectively, c) therapy at 57 oC using 8 mg/mL. 

Comparing the cell viability after 60 minutes for the two exposure conditions 
at 47 °C, namely using 5 and 8 mg/mL, shows that a better efficiency is achieved at 
the low concentration. This can be understood by referring to Fig. 7. The figure 
shows the adherence of the particles to the cell membrane resulting in the 
conduction of heat from the particles to the membrane directly in addition to heat 
dissipation to the surrounding fluid. Further increment of particle concentration 
above a certain value leads to further agglomeration of the particles to the 
membrane thus insulating it from the surrounding environment. These excess 
particles ultimately cause a false temperature measurement in which the 
temperature of the fluid is higher than that of the cells. In the third exposure case at 
57 °C, this very high temperature (even if higher than the actual temperature of the 
cells) is sufficient to cause the viability to drop to zero after a 30 min exposure.  

CONCLUSIONS  

In this study a stable colloid based on cobalt ferrite MNP has been prepared. 
The sample has a particle size of 13.56 (σ = 0.14). 

A SAR value of 82.6 W/g was obtained at a frequency of 198 kHz and a 
magnetic field intensity 9.4 kA/m in water based colloid. A lowering in SAR 
values (20.2 W/g) is observed in saline based colloids due to particle 
agglomeration. 
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Cytotoxicity assessments depicted no considerable decrease in the cell 
viability as a result of short term exposure to cobalt ferrite concentrations up to 
15 mg/mL. Therefore, no correction terms need to be considered. 

In vitro hyperthermia led to a very important result; there exists an optimum 
concentration of the citrate coated cobalt ferrite particles that achieves the desired 
temperature profile at a certain field. Further increase in the concentration leads to 
faulty temperature measurements and thus decreased efficiency due to excessive 
toxicity. 

Complete cell death was achieved at a therapeutic temperature of 57 °C for 
30 minutes at a concentration of 8 mg/mL without violating the safety limits. 

The authors consider cobalt ferrite a promising candidate for MFH and future 
work will be devoted for enhancing its properties. 
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