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Abstract
The inefficiency and the low success rates of surgical resection and side effects of chemotherapy used in 

the treatment of hepatocellular carcinoma have elicited substantial research interest in alternative methods for 
treatment. Here we report the use of magnetic-dielectric composite of Chromium doped Iron Oxide (Cr0.2Fe1.8O3) – 
Polyvinylidene Fluoride (PVDF) for the hyperthermia treatment of hepatic lesions. The magnetic oxide was prepared 
by sol-gel processing route and the formed phase was characterized by X-Ray Diffraction. The composite was 
formed in Acetic Acid media where the magnetic oxide was embedded in the PVDF matrix. Surface morphology of 
the formed composite was studied using Scanning Electron Microscopy and biocompatibility was ensured by MTT-
Assay studies. In silico studies were carried out using Finite Element Method simulation to depict the conditions at 
which hyperthermia treatment may occur in the hepatic tissue.

Keywords: Hepatocellular carcinoma; Hyperthermia; Magnetic-
dielectric composites; Finite element calculations

Introduction
Hepatocellular Carcinoma is malignant tumor growth on or in 

the hepatic tissue, owing to in situ cellular degradation or metastases 
from other tumors in the body. In any case, this affects the whole of 
digestive tract and keeps other organs at risk pertaining to its role as 
blood purifier [1,2]. With hepatic resection as one of the major modes 
of treatment, the chances of success in the surgery and further survival 
without recurrence have been low. Even the use of chemotherapy and 
other drug based treatment modalities have not yielded satisfactory 
outcomes in the survival rates [3].

Alternate modes of treatment have been explored, hyperthermia 
using ferromagnetic materials being one of them [4]. These methods 
have used the hysteretic heat loss as the major source of heat provision 
for the lesion and have worked on in vitro and in vivo models studying 
the effects on hepatic tissue [5].

All major studies have used the magnetic heat loss that occurs for 
a very short time period, while lesions require being at a reasonably 
high temperature for a longer period of time. This has not been a 
possibility due to the requirement of an alternative magnetic field near 
the affected region for a prolonged period, which is neither economical, 
nor ergonomically suitable. 

This study deals with the usage of a dielectric material in association 
with the magnetic oxide to act as a heat sink when the temperature goes 
beyond the safe limits for biological usage, and acts as a heat source 
when there is no power source. Using the model of liver and physical 
properties of the tissue, the heating procedure has been studied in 
silico. Cytotoxicity studies have been done on the material using MCF-
7 cancer cell line to ensure biocompatibility.

Materials and Methods
Synthesis and characterization

Ferric Nitrate Nonahydrate (Fe(NO3)3.9H2O, HiMedia) and 
Chromium Nitrate Nonahydrate (Cr(NO3)3.9H2O, Sigma-Aldrich) 
were used in stoichiometric proportion to prepare Cr0.2Fe1.8O3 (CFO) 

by sol-gel processing route. Further, Polyvinylidene Fluoride (PVDF, 
Sigma-Aldrich) was used to form the polymer matrix with embedded 
CFO. 

Structural confirmation of CFO was done using X-Ray Diffraction 
(Bruker D8 Advance) as shown in Figure 1(a), and SEM (LEO 435 VP) 
revealed the surface morphology of the composite as shown in Figure 
1(b). 

Cellular studies

In order to examine the biocompatibility of the nanocomposite, 
in vitro cytotoxicity assay was performed against MCF 7 cell lines 
which were chosen for the ease of the study on the static cancer cell 
line with proper depiction of the effect of the treatment modality. Cells 
were maintained in DMEM containing 10% FBS and 1% antibiotic in 
a humidified atmosphere of 5% CO2, at 37°C. The cytotoxic activity of 
the nanocomposite was evaluated against this cell line using 3-[4, 5- 
dimethythiazol-2-yl]-3, 5-diphenyltetrazolium bromide dye (MTT). 
For this assay, 5 x 103 cells were seeded in 200 μl of media in the wells of 
a 96-well microtiter plate and incubated in presence of nanocomposite 
for 24 h in a humidified atmosphere of 5% CO2, at 37°C. The cells in 
absence of nanocomposite served as control. Then 5 μl/well of MTT 
[10 mg/ml in phosphate buffer saline (PBS)] was added to each well 
and incubated for another 4 h under the same condition. After 4 h 
of incubation, the medium was removed and 200 μl/well of dimethyl 
sulfoxide (DMSO) was added to dissolve the formazan. The cell 
viability was determined by measuring the absorbance at 570 nm using 
a microplate reader (BMG Labtech, Germany). The cell viability was 
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expressed as a percentage of the viability of the control culture. The cell 
viability (%) was calculated according to the following equation:

( )
570

 % 100%
570

sample

control

OD
Cell viability

OD
= ×                (1)

Where OD570 sample and OD570 control represent measurements 
from cells in the presence of nanocomposite and only cells, respectively. 
Results were expressed as mean ± SEM. Data were tested for normality 
and investigated for statistical significance using one-way analysis of 
variance (ANOVA), for p<0.05. 

Modelling of the system

The liver tissue was modeled with appropriate physical parameters 
in terms of dimensions, thermal and electromagnetic properties, as 
shown in Table 1 [6]. A two dimensional axisymmetric model, Figure 
2(a), was constructed and rendered in three dimensional structure for 
simulation.

The whole system was considered to be biological tissue, except 
the magnetic particle domain, and modeled under Fourier Heat 
Conduction equation with Pennes’ approximation, as in Equation 2 [7].

( )ë p b met
Tc T Q Q
t

ρ ∂
+∇⋅ − ∇ = +

∂
                     (2)

Where ρ stands for density, cp for heat capacity, T for Temperature 
(K), t for time, λ for the thermal conductivity and Qb is the heat due to 
blood perfusion modeled according to CEM 43 model [8].

Electromagnetic waves and electric field distribution in the tissue as 
wells as the magnetic composite was modeled using Maxwell’s equation, 

Figure 1: (a) XRD for CFO (b) SEM of 10 wt. % CFO – PVDF composite. 
Figure 1: (a) XRD for CFO (b) SEM of 10 wt. % CFO – PVDF composite. 

Materials cp (J kg-1 K-1) ρ (kg m-3) λ (W m-1 K-1) ε µ σ (S m-1)
Liver 3540 1079 0.52 69.0 1 0.487
Blood 3617 1050 0.52 76.8 1 1.23
PVDF - - - 8.4 1 5E-11

Cr0.2Fe1.8O3 - - - 1140 780 3.952

Table 1: Physical properties of tissue.

Figure 2: (a) 2-D Model of liver (b) Electric field distribution in liver at 300 kHz EM field and 10 kA/m Alternating Magnetic Field (AMF).

Figure 2: (a) 2-D Model of liver (b) Electric field distribution in liver at 300 kHz EM field and 10 kA/m Alternating Magnetic Field (AMF).
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as in Equation 3.
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where µr is relative permeability, E is the electric field intensity, 
k0  is wave number of free space, εr is relative permittivity, J is current 
density, σ is electrical conductivity, ω is angular frequency of wave and 
ε0 is permittivity of free space.

Results
The cellular uptake studies based on the MTT Assay (Figure 3(a))

analysis show cell proliferation rather than cell apoptosis thereby 
agreeing to the fact that the cells are not in an environment that might 
be toxic owing to the presence of the material present.

 The initial conditions were assumed to be normal body temperature 
at 300.15 K for all domains, and the electromagnetic frequency for 
excitation of magnetic particles was set at 300 kHz with 10 kA/m AMF, 
where saturation magnetization was found to be 37.3 emu/g for the 
Magnetic oxide. 

The simulation was carried out for 1700 s, where the power was 
shut down at 600 s and the system was allowed to cool down on itself 
with the source of heat supply as the pre-heated dielectric PVDF.

Simulation results

The electric field distribution owing to the influence of the EM 
waves and the magnetic oxide has been shown in Figure 2(b).

The temperature profile, as shown in Figures 4 and 5, depicts 
exemplary heat distribution in the lesion with heat in the hepatic tissue 
within safe biological limits. 

The temperature remains at around 315.5 K, even after 300 s of 
switching off the power supply, and subsequently cools down to body 
temperature over another 1000 s. Thus, the presence of PVDF as the 
dielectric material helping in the regulation of heat in the tissue is 
established by the simulation results.

Discussion
The cytotoxic effect of the prepared formulations was studied by 

MTT assay (Figure 3(a)) on MCF-7 cell line. It is observed that even 
after 24 h, there was no significant cell death rather they continued 
to proliferate in a similar manner. This data further confirmed the 
biological compatibility of the formulations. 

The magnetic-dielectric core reaches a maximum temperature of 
355 K and the localized temperature in the lesion reaches a maximum 
of 316 K at around 700 s into simulation as can be seen from Figures 
4 and 5. The surrounding hepatic tissue has an average temperature of 
312 K, while the body temperature remains unchanged over the whole 
time. 

Damage Tissue Analysis study over the region on which heat was 
applied stated the death of over 80% of the hepatic cells in the lesion, 
and a minimal damage of less than 5% in the region surrounding, 
thereby rendering the system viable for medical applications.

The prolonged application of the heat requires that the temperature 
be elevated and consistent for a longer period of time to be effective 

Figure 4: Temperature-Time variations for various sections in the system.

Figure 4: Temperature-Time variations for various sections in the system.

Figure 2: (a) Cytotoxicity studies (MTT Assay) for Cr0.2Fe1.8O3, PVDF and 5 wt% composite of Cr0.2Fe1.8O3 with PVDF; (b) Cr0.2Fe1.8O3 (c) PVDF (d) 5 wt% composite of Cr0.2Fe1.8O3 with PVDF in acetic acid.Figure 3: (a) Cytotoxicity studies (MTT Assay) for Cr0.2Fe1.8O3, PVDF and 5 wt% composite of Cr0.2Fe1.8O3 with PVDF; (b) Cr0.2Fe1.8O3 (c) PVDF (d) 5 wt% 
composite of Cr0.2Fe1.8O3 with PVDF in acetic acid.
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Figure 5: Temperature distribution at various stages of simulation.

Figure 5: Temperature distribution at various stages of simulation.

on the tissue [9,10]. The present methodology enables the heat to be 
dissipated even after there has been a withdrawal of the power source. 
This novelty makes it appropriate to have the heat presence persevere 
for a longer time thereby leading to a sustained therapy in the lesion 
affected regions. 

Conclusion
Alternative treatment by hyperthermia was extensively discussed 

for the cure and management of hepatic lesions. Synthesis and 
characterization of highly ferromagnetic Cr0.2Fe1.8O3 embedded in a 
dielectric PVDF matrix was carried out. Cytotoxicity studies inclusive 
of MTT assay was carried out to confirm the cell viability in the case 
of the prepared formulations and to confirm their cytocompatability. 
Further, by 2-d axisymmetric modelling of the hepatic tissue the heat 
distribution due to the magnetic composites in the region was studied 
using Fourier heat conduction equation with Penne’s approximation 
and Maxwell’s electromagnetic equations. It was observed that the 
temperature remained adequate even after the removal of the power 
surface for sufficient amount of time to aid vasodilation and anti-
inflammation in the region. Thus, the use of dielectric as a temperature 
regulator in this case has been successful, and may be tried in different 
compositions and materials to achieve an optimized composite.
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