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ABSTRACT 
 
The carbon graphite encapsulation of metal alloy 

magnetic nanoparticles has been attracted attention for 
biological application due to their high magnatization. 
However, most of the synthetic methods have limitations in 
terms of scalability and economics owing to the demand 
synthetic conditions and low yields. Here, we show that 
well controlled carbon graphite encapsulated FeCo core-
shell nanoparticles can be synthesized by hydrothermal 
method simply mixing iron-cobalt and sucrose as a source 
of carbon. Various metal ratios between iron and cobalt 
were produced to determine the compositional dependence 
of the saturation magnetization and relaxivity coefficient. In 
addition, we demonstrated that the application for the 
magnetic resonance imaging (MRI) contrast both in vitro 
and in vivo and the combination of FeCo/C magnetic 
nanoparticles-based siRNA delivery against the oncogenic 
receptor (EGFRvIII) with hyperthermia using the same 
magnetic nanoparticles results in a synergistic inhibition of 
brain-tumor cell proliferation and induction of apoptosis. 
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1 INTRODUCTION 
 
Magnetic nanoparticles with tailored surface 

modification have been widely used experimentally for 
numerous in vivo applications such as magnetic resonance 
imaging (MRI) contrast enhancement, tissue repair, 
hyperthermia, medical diagnostics, therapeutics, and drug 
delivery [1-5]. These magnetic nanoparticles combine the 
beneficial magnetic properties of the core with the possible 
functionalization of the surface.               

Recently, metal alloys magnetic nanoparticles, such as 
FeCo have been developed for MRI probes due to high 
magnetization [6]. Thus far, degradation of nanocrystalline 
FeCo due to oxidation and potential toxicity of Co have 
prevented utilization of FeCo in biological applications [7]. 
In order to access the much higher magnetic moments of 
metal alloys magnetic nanoparticles and more stability, the 
magnetic core could be protected by an additional surface 
coating that should be chemically inert towards air and 

acids, and stable at elevated temperatures. Enclosure of 
FeCo magnetic nanoparticles in carbon graphite is of 
particular interest since it could prevent their degradation in 
reaction chemical environments and isolate the particles 
magnetically from each other to avoid low proximity 
interactions [8]. Graphite carbon encapsulation has been 
obtained by the electrical arc-discharge technique [9-11], 
and pyrolysis of non-graphitizing carbon materials [12], 
however, these synthetic methods have limitations in terms 
of scalability and economics because of the demanding 
synthetic conditions and generally low yields. Here we 
show that well controlled carbon graphite encapsulated 
FeCo nanoparticles core-shell (7 nm and 11 nm in size) can 
be synthesized by hydrothermal method simply mixing 
iron-cobalt and sucrose as a source of carbon. This method 
reported here offers high production yield with reduced 
production cost and environmentally friendly due to the 
simple equipment, readily available source materials, 
absence of explosive or corrosive gases, and only reacted in 
de-ionized water. In addition, we provide a potential usage 
of carbon-coated FeCo nanoparticles as magnetic resonance 
imaging (MRI) contrast agent in terms of various Fe/Co 
metal  ratios and describe a systematic in vitro evaluation 
and application of multifunctional magnetic nanoparticles  
with an iron cobalt core and a graphitic carbon shell 
(FeCo/C) for the targeted delivery of siRNA to tumor cells 
along with a concomitant hyperthermia-based therapy, 
thereby resulting in the significant inhibition of tumor cell 
proliferation and induction of apoptosis. As a model in this 
study, we used glioblastoma multiforme (GBM) cell line, 
the most malignant and difficult-to-treat brain tumor cells. 
We hypothesized that the targeted delivery of our siRNA- 
magnetic nanoparticles constructs against the oncogenic 
receptor (EGFRvIII)  and subsequent hyperthermal 
treatment would selectively damage the tumor cells, 
resulting in the synergistic inhibition of tumor cell 
proliferation and induction of apoptosis via the deactivation 
of the PI3K/AKT signaling pathway. Hence, these magnetic 
nanoparticles-based therapeutics could be used for the 
simultaneous imaging and therapy of malignant tumors 
both in vitro and in vivo. 

 
2 EXPERIMENTAL 
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In the present work, carbon graphite encapsulated FeCo 
nanoparticles core-shell has been formed by simple 
hydrothermal reaction and consecutively heat-treated 
process. In a typical reaction, a mixture, consisting of Fe, 
Co species and sucrose as a carbon source, was stirred 
vigorously to form a clear solution, then placed in a 45 ml 
capacity Teflon-lined stainless steel autoclave, which was 
heated in an oven to 190 oC for 9 h. The products were 
washed several times with distilled water, filtered off and 
finally dried in a drying oven at 80 oC for 5 h. Subsequently, 
the dried products were heat-treated at 1000 oC for 3 h 
under Ar atmosphere to growth of the carbon graphite shell 
on the surface of FeCo nanoparticles. The hydrothermal 
treatment at a pressure of 10 bars induces the dehydration 
of the carbohydrate and carbonization, resulting carbon ions 
predominantly positioned near the core of the FeCo 
nanoparticles. Consequently, the carbon graphite shell 
grows on the FeCo core during annealing in Ar atmosphere, 
resulting graphite encapsulated FeCo core-shell. Annealing 
of the FeCo/C core/shell structures at 1000 oC for 3 h leads 
to the carbon graphite shell growth and highly ordered 
crystallinity. It seems that the carbon graphite shell to be 
applied to minimize crystal growth and aggregation during 
this high annealing temperature.  

 
3 RESULTS AND DISCUSSION 

 
The X-ray diffraction (XRD) peak positions and relative 

intensities of these FeCo-graphite shell nanoparticles show 
good agreement with a crystalline body-centered-cubic 
FeCo core and the diffraction peak at about 26.2o can be 
assigned to the (002) planes of hexagonal graphite structure, 
corresponding to the encapsulating carbon shells (Figure 
1a) which indicate that the well-crystalline graphite. Further 
evidence about the carbon graphite shell was obtained from 
the Raman spectroscopy. The two main peaks centered at 
1320 cm-1 (D-band) and 1610 cm-1 (G-band) is in good 
agreement with the pattern reported for carbon graphite in 
the literature [13]. The intensity of D-band is decreased 
with annealing temperature. It can be said that the 
crystallinity of carbon graphite shell enhanced with 
increasing the annealing temperature, since the origin of D-
band is associated with the disorder, lattice distortion, or 
amorphous carbon background signals [14]. As can be seen 
from the XRD results, in the case of Fe/Co = 0.3/0.7, the 
pure Co phase (JCPDF # 01-071-4651) is detected but 
increasing concentration of Fe is reduced the Co phase, the 
FeCo phase (JCPDF # 01-075-7975) is detected and there 
are no detectable reflections from oxides in the XRD 
pattern, indicating that the core of the FeCo-graphite 
nanoparticles is free from oxidation due to the protection of 
surface by graphite shell. The transmission electron 
microscopy (TEM) image of synthetic FeCo/C revealed a 
spherical shape having an average core size of 7 nm (Figure 
1b). The standard deviation of the FeCo-graphite shell 
nanoparticles is less than 10 %. High-resolution 
transmission electron microscopy (HR-TEM, Figure 1c) 

confirms the highly crystalline nature of the FeCo core with 
d-spacing values of 1.98 , which are in good agreement 
with d110 reveals that the core-shell structure with FeCo core 
and single-layer graphite shell with uniform in thickness. 
The crystalline body centered cubic FeCo core was 
identified by electron diffraction (Figure 1d). 

 

 
 
Figure 1. Structural analysis of carbon graphite 

encapsulated FeCo nanoparticles. (a) X-ray diffraction 
pattern of 7 nm nanoparticles in terms of Fe/Co fractions. 
(b) TEM image of 7 nm Fe/Co=0.6/0.4 nanoparticles. (c) 
High-resolution TEM image of the Fe/Co=0.6/0.4 
nanoparticles. (d) A selected-area electron diffraction 
pattern of Fe/Co=0.6/0.4 nanoparticles. 

 
When we investigated several different fractions of 

FeCo/C nanoparticles with a superconducting quantum 
interference device (SQUID) magnetometer, the 
magnetization value increased with increasing the fraction 
of Fe and then decreased at relatively high Fe content 
(Figure 2a). The 0.6/0.4 ratio of Fe/Co nanoparticles 
showed the highest magnetization value of 230 (e.m.u./g). 
As these magnetization values were dependent on the 
composition of Fe/Co fractions, we measured the 
transversal relaxation time (T2)-weighted MR images for 
each sample at 4.7 tesla (T). The highest relaxivity 
coefficient (r2) obtained as the gradient of the plot of spin-
spin relaxivity (R2) was 392 mM-1s-1 for the 0.6/0.4 ratio of 
Fe/Co nanoparticles results in the significant darkening of 
MR images (Figure 2b). 

Another critical step to realize the full potential of our 
multimodal FeCo/C NPs for in vitro/in vivo biomedical 
applications (e.g. targeted drug/gene delivery, MRI, and 
hyperthermal therapy) is to make the nanoparticles 
biocompatible and modify the surface for achieving target 
specific intracellular delivery [15]. Several strategies 
including coating with molecules such as dextran, have 
been successfully used for functionalizing magnetic 
nanoparticles and rendering them biocompatible [16]. 
Hence, we synthesized a series of dextran derivatives and 
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used them to coat our FeCo/C nanoparticles. These dextran-
modified FeCo/C nanoparticles were then conjugated to 
specific cancer-targeting biomolecules, such as EGFR 
antibodies and cyclic-RGD (c-RGD), to target glioblastoma 
cells and to improve their intracellular uptake. The 
conjugation of biomolecules such as EGFR antibodies and 
cyclic-RGD to our FeCo/C nanoparticles not only increases 
transfection of our nanoparticles via receptor-mediated 
endocytosis, but also selectively targets the glioblastoma 
cells when administered in vivo. 

 

 
 
Figure 2. Fe/Co fraction dependent magnetization 

and MR contrast effect of FeCo/C nanoparticles. (a) 
Magnetization value (left) and relaxivity coefficient value 
(right) of a series of FeCo/C nanoparticles. (b) T2-weighted 
MR images in terms of metal concentrations. 

 
We then focused on evaluating their ability to be used as 

targeted hyperthermia agents for tumor therapy in vitro. We 
hypothesized that our FeCo/C nanoparticle would be more 
efficient hyperthermia agents than Fe3O4 nanoparticles of 
similar size due to their high magnetization and hence, 
would be more effective in inhibiting the proliferation and 
inducing apoptosis of target brain tumor cells. To test their 
efficacy as targeted hyperthermia agents, we first measured 
the minimum time required to attain the therapeutic 
temperature (~43 ºC) when placed in a homogeneous 
magnetic field. The specific absorption rates (SARs) of 
FeCo/C and Fe3O4 nanoparticles (~ 69 Wg-1 for FeCo/C and 

13 Wg-1 for Fe3O4), as derived from the plots of 
temperature versus time in aqueous solutions under a 334 
kHz magnetic field (which is the optimum frequency range 
estimated by the Neel and Brownian relaxation time 
simulations), indicated that the time required for our 
FeCo/C nanoparticles to reach the therapeutic temperature 
was ten times shorter than that of Fe3O4 nanoparticles. We 
then sought to precisely increase the temperature of tumor 
cells thereby minimizing the exposure of other cells to 
hyperthermic temperatures. For this purpose, FeCo/C NPs 
functionalized with cyclic-RGD or EGFR antibodies were 
incubated in co-cultures of glioblastoma cells (U87-EGFP), 
which had been genetically labelled with enhanced green 
fluorescent protein (EGFP) and present EGFRs on their 
surface, and several other less-tumorigenic cells such as 
PC-12 and astrocytes which tend to have low expression 
levels of integrins and EGFR. Our data indicates that the 
surface-modification of our FeCo/C NPs with cRGD or 
EGFR antibodies resulted in their selective cellular uptake 
by the target bTCs. Following intracellular uptake of the 
aforementioned nanoparticle constructs, the cells were 
exposed to AC magnetic field for 15 min. Significant 
inhibition of proliferation and hyperthermia induced-cell 
death was observed mainly in the U87 cells while the less-
tumorigenic PC-12 cells largely continued proliferating 
with time (Figure 4a and 4b).  

 

 
 
Figure 4. In vitro hyperthermia and siRNA delivery 

studies of the FeCo/C nanoparticles. a) and b) U87-EGFP 
cell death induced by hyperthermia in co-cultures of the 
highly tumorigenic U87-EGFP cells (marked by red 
arrows) and the less tumorigenic PC-12 cells (marked by 
blue arrows) via the targeted delivery of FeCo/C 
nanoparticles to the U87 cells. Fluorescence images (a) and 
quantitative analysis (b) show that significant 
hyperthermia-induced cell death is observed in U87 cells 
while the PC-12 cells keep proliferating with time. (c) MTS 
assay demonstrating the synergistic inhibition of 
proliferation and induction of cell death by the combined 
siRNA and hyperthermia treatment using siRNA-FeCo/C 
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NPs in U87-EGFRvIII cells as compared to individual 
treatments and non-treated controls.[Scale bar in all images 
is 100 m.] 

 
In the past decade, there has been a considerable interest 

in the development of nanoparticle-based siRNA delivery 
for cancer therapy purposes. In combination with other 
chemotherapeutic methods like hyperthermia, RNAi could 
prove to be a powerful tool to manipulate the tumor 
microenvironment. The FeCo/C nanoparticles were 
conjugated to the siRNA (EGFP or EGFRvIII) using 
polyethyleneimine (PEI) as a cationic polymer. At first, we 
optimized the knock-down efficiency of our  FeCo/C 
nanoparticle-siRNA construct by the suppression of EGFP 
in U87-EGFP cells. The decrease in green fluorescence 
intensity due to siRNA-mediated knockdown of EGFP was 
monitored to quantify the knockdown efficiency (~ 80 %, 
data of statistical analysis not shown) of our siRNA-NP 
constructs (Figure 5a and 5b).   

 

 
 
Figure 5. siRNA-mediated gene suppression using 

FeCo/C-siRNA conjugates in U87 cells a) Knockdown of 
EGFP in U87-EGFP cells using FeCo/C nanoparticles (a1) 
as compared to controls (a2) 72 hours post-transfection and 
b) Effect of knockdown of the EGFRvIII oncogene in U87-
EGFRvIII cells using FeCo/C NPs (b2) as compared to 
controls (b1). The siRNA-mediated knockdown of 
EGFRvIII (marked by yellow arrows) leads to a 
morphological change indicating the induction of apoptosis. 
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