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Abstract
Nanocomposites of magnetite (Fe3O4) and reduced graphene oxide (rGO) generate heat
under an alternating magnetic field and therefore have potential applications as
thermoseeds for cancer hyperthermia treatment. However, the properties of such
nanocomposites as biomaterials have not been sufficiently well characterized. In this
study, the osteoconductivity of Fe3O4-rGO nanocomposites of various compositions
was evaluated in vitro in terms of their apatite-forming ability in simulated body fluid
(SBF). Furthermore, the heat generation of the nanocomposites was measured under an
alternating magnetic field. The apatite-forming ability in SBF improved as the Fe3O4
content in the nanocomposite was increased. As the Fe3O4 content was increased, the
nanocomposite not only rapidly raised the surrounding temperature to approximately
100°C, but the specific absorption rate also increased. We assumed that the ionic
interaction between the Fe3O4 and rGO was enhanced and that Brown relaxation was
suppressed as the proportion of rGO in the nanocomposite was increased. Consequently,
a high content of Fe3O4 in the nanocomposite was effective for improving both the
osteoconductivity and heat generation characteristics for hyperthermia applications.
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1. Introduction
Magnetic nanoparticles, such as magnetite (Fe3O4), generate heat under an alternating
magnetic field. This effect has drawn attention for potential applications to thermoseeds
for hyperthermia treatment of deep-seated tumors [1]. This treatment is based on the
fact that cancer cells are more vulnerable to heat than normal cells. The nanoparticles
can be injected directly into the tumor in a clinical treatment. Microspheres,
agglutinated to approximately 20–30 µm in size, also show an embolotherapeutic effect,
which blocks the blood flow around the cancer and weakens the tumor [2,3].
Furthermore,

if

the

magnetic

nanoparticles

have

bone-bonding

properties

(osteoconductivity), they can be stably fixed in bone defects and are useful for treatment
of bone tumors. For this purpose, research has been conducted on FeO-Fe2O3-CaO-SiO2
osteoconductive glass ceramics [4], apatite-Fe3O4 composites [5], and calcium
phosphate cements with added Fe3O4 [6].
Graphene has also attracted considerable attention as a biomaterial because of its
excellent cell adhesion [7]. The application of graphene to photodynamic therapy has
been studied owing to its excellent light absorption properties in near infrared region [8].
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Composites of Fe3O4 and graphene are expected to behave as thermoseeds with
excellent biocompatibility and heat transfer characteristics [9]. It has been reported that
materials with carboxyl groups induce bone-like apatite formation in the body and
exhibit osteoconductivity [10,11,12]. Graphene oxide (GO) and reduced graphene oxide
(rGO), which feature hydrophilic carboxyl groups on their surfaces, are also expected to
have excellent compatibility with bone tissue.
Lim et al. synthesized Fe3O4-rGO nanocomposites by an aqueous process and
investigated the decomposition behavior of adsorbed dye under the photocatalytic effect
of sunlight [13,14]. Ye et al. investigated protein adsorption and magnetization behavior
of a GO-Fe3O4-chitosan composite [15]. However, the effects of the composition of this
material on heat generation properties and osteoconductivity were not investigated in
detail.
In this study, the osteoconductivity of a Fe3O4-rGO nanocomposite with different
Fe3O4/rGO ratios was evaluated by in vitro testing in simulated body fluid (SBF).
Additionally, the change in temperature was measured under irradiation by an
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alternating magnetic field, and the heat generation ability is discussed in terms of the
specific absorption rate (SAR) and the chemical structure of the nanocomposites.

2.

Materials and methods

2.1

Preparation of Fe3O4-rGO nanocomposites

Fe3O4-rGO nanocomposites were prepared according to previous reports [13,16].
Briefly, graphite was oxidized with sulfuric acid and potassium permanganate. The
obtained GO was dispersed in an aqueous solution of ammonia and iron (II) sulfate, and
stirred for 1 day to obtain the nanocomposite. GO is thought to be partially reduced by
Fe2+ in this process. We produced samples with rGO : iron sulfate mass ratios of 1 : x,
hereafter denoted as GFx. A sample without rGO was also prepared (denoted as F).
Graphite flakes were purchased from Ashbury Carbons Inc. (NJ, USA) Sulfuric acid,
potassium permanganate, iron (II) sulfate heptahydrate, and ammonia solution were
purchased from Systerm (Selangor Darul Ehsan, Malaysia). The zeta potential of the
samples in 10-mM NaCl solution was measured with a zeta-potential analyzer (ELSZ-2,
Otsuka Electronics Co., Osaka, Japan) connected to a box-like quartz cell.
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2.2

Soaking in SBF

The nanocomposite powder was fixed to carbon tape and stuck on a glass slide 10 ×
10 × 1 mm3 in size. The glass slides with the immobilized nanocomposite were soaked
in 30 mL of SBF containing the following inorganic ion concentrations: 142.0 mM Na+,
5.0 mM K+, 1.5 mM Mg2+, 2.5 mM Ca2+, 147.8 mM Cl‒, 4.2 mM HCO3‒, 1.0 mM
HPO42‒, and 0.5 mM SO42‒ [17]. The solutions were maintained at 36.5 °C for various
periods and the pH of the solutions was buffered at 7.40 by 50 mM
tris(hydroxymethyl)aminomethane and an appropriate amount of HCl. All reagents used
for preparing SBF were purchased from Nacalai Tesque Inc. (Kyoto, Japan). After
soaking, the samples were removed from the SBF, and then immersed in ultrapure water
to remove excess water-soluble salts on their surface.
The surface morphology and elemental composition were characterized by energy
dispersive X-ray spectroscopy (EDX; EMAX Energy system, Horiba Ltd., Kyoto,
Japan) equipped to a scanning electron microscope (SEM; S-3500N, Hitachi Co., Tokyo,
Japan). The Ca/P molar ratio was measured by EDX and corrected against a sintered
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hydroxyapatite standard. Crystalline structures of the samples were characterized by
thin-film X-ray diffraction (TF-XRD; MXP3V, Mac Science, Co., Yokohama, Japan).
Monochromated Cu-Kα radiation was used for the TF-XRD analysis, which was fixed
at 1° against the surface of each specimen with a scan rate of 0.02°·s−1.

2.3

In vitro heat generation

In vitro heat generated was measured from the obtained samples subjected to a
magnetic core-type alternating magnetic field generator. Full details of the construction
of the apparatus have been previously reported [18]. The frequency and strength of the
alternating magnetic field were fixed at 100 kHz and 23.9 kA·m−

1

(300 Oe),

respectively. A glass bottle containing agar phantoms and samples of the composite was
placed between the coils. The agar phantom was prepared by solidification of 3 cm3 of
an aqueous solution of 1-mass% agar ultrasonically dispersed with the sample of 200
mg. Changes in the temperature of the agar phantom near the microcapsules was
quantitatively measured by a fiber optic temperature sensor (OTG-MPK5, Opsens Inc.,
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Quebec, Canada) attached to a signal conditioner (TempSens, Opsens Inc., Quebec,
Canada). The SAR was calculated by the following equation:

∑𝑐 𝑚 ∆𝑇
𝑖

𝑆𝐴𝑅 =

𝑖

𝑖

(1)

𝑚𝐹𝑒 ∆𝑡

where ci and mi are heat capacity (Cagar = 4.2 J/g·K, CFe3O4 = 0.937 J/g·K, CGO = 0.710
J/g·K) and the mass of each component, respectively, and ∆T/∆t is initial gradient of the
time-dependent temperature curve (∆t = 60 s) [19,20] Concentration of the sample used
for SAR calculation was the same as in vitro heat generation (66.7 mg/mL).

3.

Results and Discussion

3.1

In vitro apatite formation in SBF

Figure 1 shows SEM photographs of the sample surfaces immersed in SBF for 7 days.
Spherical precipitates were observed for all the samples. Coverage ratio of the
precipitates on the samples tended to increase as the Fe3O4 content was increased.
Figure 2 shows TF-XRD patterns of the sample surfaces immersed in SBF for 7 days.
Diffraction peaks of Fe3O4 was observed at 30, 35 and 43° for all the samples, and
broad peaks assigned to apatite of low-crystallinity were observed at 32° for GF15 and
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F. This result indicates that the spherical particles observed in Fig. 1 were composed of
apatite of low-crystallinity.
Table 1 shows zeta potentials of the samples. The zeta potentials were negative except
for that of sample F and tended to increase as the Fe3O4 content was increased.
The Ca/P ratio on the samples after 2-h immersion in SBF was also shown in Table 1.
It tended to decrease as the Fe3O4 content in the sample increased. This means that Ca
and P were adsorbed to all the nanocomposite surfaces in SBF within 2 h, and that the
relative amount of adsorbed P increased with increasing Fe3O4 content.
It was found that the Fe3O4-rGO nanocomposite formed apatite in SBF (See Figs. 1
and 2). rGO contains carboxyl group although its amount is lower than that of GO [16].
The carboxyl group would induce the heterogeneous apatite nucleation. In addition,
Kato et al. reported that specific kinds of iron oxide particle have the ability to induce
calcium phosphate mineralization in SBF [21]. Therefore, it is assumed that not only the
carboxyl group but also Fe-OH group contribute to the apatite formation on the present
nanocomposites.
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The apatite formation tended to be enhanced as the Fe3O4 content increased (See Figs.
1 and 2). After a 2-h immersion in SBF, the samples with higher Fe3O4 content
adsorbed a larger amount of P (See Table 1). Therefore, we assume that P adsorption at
the early stage of immersion is a key factor, which triggers apatite formation. According
to the zeta potential measurements, samples with lower Fe3O4 content were more
negatively charged (See Table 1). This is attributed to the presence of carboxyl group
derived from rGO. It is thought that Ca is tightly adsorbed on the highly negatively
charged surfaces in SBF and that P adsorption and subsequent apatite nucleation are
suppressed.
Similar phenomena have been reported by several researchers. Tavafoghi et al [22].
immobilized glutamic acid and arginine on GO and investigated the behavior of these
composites in SBF. The sample immobilized with arginine formed a larger amount of
apatite over a shorter period than that immobilized with glutamic acid. When the
glutamic acid was immobilized, formation of a complex with phosphate was presumed
to be suppressed by tight interactions between the carboxyl groups and Ca2+. Rhee et al.
soaked collagen films in 1.5SBF, solution with ion concentration 1.5 times of SBF,
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added with citric acid [23]. Apatite formation on the collagen was suppressed when
concentration of the citric acid exceeds 4.0 M. This is because Ca2+ and the carboxyl
groups in two citric acid molecules construct stable complex. We have also investigated
apatite formation on pectin, a polysaccharide containing carboxyl groups, in SBF [24].
Normal pectin formed apatite; however, pectic acid, in which all the methyl esters of
pectin were converted to carboxyl groups, did not form any apatite. Consequently, the
excess carboxyl groups in the Fe3O4-rGO nanocomposites likely suppress the apatite
formation.

3.2

In vitro heat generation

Figure 3 shows the temperature change of the agar phantom under an alternating
magnetic field. The phantom with a high Fe3O4 content was rapidly heated. In particular,
the temperature of GF15 and F samples approached 100°C within approximately 2 min
and melting of the phantom was also observed. The temperature of GF4 approached
60°C after 10 min. Table 1 shows the SAR values of the samples calculated from the

12

results of the heat generation measurements in Fig. 3. The SAR tended to increase as the
Fe3O4 content increased.
As the Fe3O4 content increased, the nanocomposite not only rapidly generated heat
under an alternating magnetic field, but also increased its SAR value. This indicates that
the heat generation performance of Fe3O4 nanoparticles enhances with increase in Fe3O4
content in the nanocomposite. It has been previously shown that all the samples
prepared in this study are superparamagnetic by a vibrating sample magnetometer [14].
Heat generation in superparamagnetic materials is known to occur mainly by Né el
relaxation and Brown relaxation [1]. For the latter mechanism, the magnetic moment is
relaxed by rotation of the particles themselves, such that the relaxation time becomes
longer in environments where rotation is suppressed. For the case of samples with a
high rGO content, the ion-ion interactions or ion-dipole interactions between Fe ions of
Fe3O4 and carboxyl or hydroxyl group of rGO are increased, which suppresses
vibrations of the nanoparticles and the contribution of Brown relaxation. This
assumption is schematically illustrated in Fig. 4. Furthermore, the particle size of the
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Fe3O4 became smaller as the content of rGO was increased [14]. This change increases
the specific surface area and likely also promoted the interaction described above.
The saturation magnetization per unit mass values of the nanocomposites of GF2
(Fe3O4 content : 50.5%) and F have been reported to be 1.63 and 58.7 emu / g,
respectively [14]. Therefore, the saturation magnetization per unit mass values of Fe3O4
of GF2 was calculated to be 3.23 emu / g (Fe3O4). This value is much smaller than that
of pure Fe3O4, indicating that the presence of non-magnetic rGO reduces the
magnetization of Fe3O4 itself. It has been suggested that the coating layer on the
magnetic nanoparticles might reduce the saturation magnetization by a shielding effect
[25]. These factors also adversely affect SAR and the heat generation properties of the
present nanocomposites with high rGO content.
Magnetic nanocomposites with sufficient heat generation for hyperthermia treatment
were obtained in the present study. However, increase in temperature up to 100°C has a
risk of damage to surrounding healthy tissues. Appropriate control in frequency and
strength of alternating magnetic field is needed for medical applications because Fe3O4
has high Curie temperature (580°C).
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It is reported that not only rGO [7] but also Fe3O4 [26] has good cytocompatibility
when its concentration was around 0.1 mg/mL. It is therefore expected that the Fe3O4rGO may also have it. On the other hand, in vitro cytotoxicity of the nanoparticles is
governed by its particle size and state of aggregation [27,28]. Further studies on
biological properties of the present nanoparticles are needed in future.

4.

Conclusion

We found that the apatite-forming ability in SBF and heat generation characteristics of
Fe3O4-rGO nanocomposites were highly dependent on their composition. Namely, both
the amount of apatite formed and the heat generation ability of the Fe3O4 nanoparticles
per unit mass increased as their Fe3O4 content was increased. Therefore, we clarified
that a high Fe3O4 content is effective for optimizing both osteoconductivity and heat
generation characteristics under an alternating magnetic field.
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Table 1 Zeta potentials (n=3), Ca/P molar ratio (n=3) on the surfaces after 2-h
immersion in SBF and calculated SAR values (n=1) of the samples. The data was
expressed as (mean)±(standard deviation)
Sample

Zeta potential (mV)

Ca/P

SAR (W/[g of Fe])

GF4

−21.6±0.746

25.0±5.16

0.141

GF10

−8.42±0.085

8.80±2.45*

0.618

GF15

−1.94±0.395

8.95±4.77*#

1.65

F

8.38±1.17

8.37±3.70*#†

1.60

*p<0.05 vs GF4, #p>0.5 vs GF10, †p>0.5 vs GF15
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Figure captions
Figure 1 SEM images of the sample surfaces immersed in SBF for 7 days.
Figure 2 TF-XRD patterns of the sample surfaces immersed in SBF for 7 days.
Figure 3 Temperature change of agar phantoms under an alternating magnetic field.
Figure 4 Schematic illustration of the interaction between Fe3O4 and rGO.
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