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Tumor-targeted magnetic hyperthermia has recently attracted much attention. Magnetic nanoparticles (NPs) are
heat mediator nanoprobes in magnetic hyperthermia for cancer treatment. In this paper, single cubic spinel structural
Zng 3Fe; 704 magnetic NPs with sizes of 14 nm—20 nm were synthesized, followed by coating with SiO, shell. The SLP
value of Zng 3Fe;704/SiO, NPs below 20 nm changes non-monotonically with the concentration of solution under the
alternating current (AC) magnetic field of 430 kHz and 27 kA/m. SLP values of all Zng 3Fe; 704/Si0O, NPs appear a peak
value with change of solution concentration. The solution concentrations with optimal SLP value decrease with increas-
ing magnetic core size. This work can give guidance to the better prediction and control of the magnetic hyperthermia

performance of materials in clinical applications.

Keywords: magnetic nanoparticles, dipolar interaction, magnetic hyperthermia

PACS: 75.50.Mm, 75.47.Lx, 76.60.Es

1. Introduction

Magnetic hyperthermia is a new type of flexible and
controllable local tumor hyperthermia method, which has at-
tracted much attention in recent years. Magnetic NPs are lead-
ing candidates for medical applications because of their unique
multifunctional properties. Because the temperature tolerance
of tumor cells is worse than that of normal cells, we can selec-
tively kill tumor tissue by heating tumor tissue area to 42 °C—
46 °C under the premise of maximum protection of normal
tissue.l'~71 The specific loss power (SLP) is generally used
to evaluate the heating performance of magnetic NPs under
an AC field. In the previous reports, many studies focused
on the Fe304 NPs, and obtained the highest SLP value of
2452 W/gg. in cubic Fe3O4 NPs under the AC field of 520 kHz
and 29 kA/m.! Recently, Cheno et al. fabricated core—shell
Zng 4Cog ¢Fe,04 @Zng 4Mng gFe,O4 with soft-hard magnetic
exchange coupling, obtained SLP of 3886 W/g.[l Our group
reported soft-hard mixed ferrite NPs of Cog o3Mng.27Fe; 704
with SLP of 3417 W/gpetar.!'?! However, improving the heat-
ing performance of magnetic NPs has been always a hot topic
in the field of magnetic hyperthermia.

It is well known that the heating ability of NPs depends
on not only intrinsic magnetic properties, such as the satura-
tion magnetization and magnetocrystalline anisotropy, but also
extrinsic properties, such as NP size, shape, and assemble. Re-

cently, it was reported that the dipole interaction between mag-
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netic NPs also has a non-negligible influence on hyperthermia
performance.!!'=13) It has been reported that the dipole inter-
actions can improve the heating performance of superpara-
magnetic NP columns by generating an additional magnetic
uniaxial anisotropy, which is favored by lower particles’ in-
dividual anisotropy and longer column.!'®! It was suggested
that the optimal individual anisotropy should shift to the lower
value when dipole interactions increase the effective magnetic
anisotropy of chain clusters and the optimal value of individ-
ual anisotropy increases with damping factor.!!”! Dipole inter-
actions are inclined to improve the hyperthermia heating only
when the clusters are small enough to induce an enhancement
in clusters’ shape anisotropy. Once the clusters are losing their
shape anisotropy, dipole interactions will change to impair the
heating.['8] Therefore, effect of dipolar interaction between
NPs on magnetic hyperthermia is worth investigating.

In this paper, we prepared Zng3Fe,704 magnetic NPs
with different sizes by a modified thermal decomposition
method. Then the SiO; shell were coated on the surface of
NPs, which can make NPs water soluble and biocompatible.
The dipolar interaction between NPs was tuned by changing
the solution concentration. We investigate the solution con-
centration dependence of magnetic hyperthermia perfomance
of Zng3Fe; 704/S10, aqueous solution, and effects of dipo-
lar interaction between magnetic NPs on heating ability was

discussed.
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2. Experimental details

Zng 3Fe; 704 magnetic NPs were prepared by the modi-
fied thermal decomposition method. 2.7 mmol of Fe(acac)s,
0.3 mmol of Zn(acac),-nH;0O, 2 mmol of sodium oleate, a cer-
tain amount of oil acid and 20 ml of benzyl ether were mixed
in a flask. The solution was heated to 120 °C and maintained
for 0.5 h. Then, the mixture was heated up to 295 °C and
refluxed for 2 h, then cooled down to room temperature by re-
moving the heating mantle. Finally, the NPs were precipitated
with ethanol.

The size of NPs can be tuned by controlling the dosage of
oleic acid. For example, adding 5-mL, 4.7-mL, 4.4-mL, and
4.2-mL oleic acid to the reaction system, magnetic NPs with
sizes of 14 nm, 16 nm, 18 nm, and 20 nm can be obtained
respectively.

For silica coating with a thickness of 6 nm, 20 mL
of cyclohexane and 1.15 mL of Igepal CO-520 were mixed
and 20 mg of magnetic NPs in 1 mL of cyclohexane were
added while magnetic stirring. 0.15-mL ammonium hydrox-
ide (29%) was added, followed by 0.1-mL TEOS. The solution
was stirred at room temperature for 24 h and the NPs were pre-
cipitated with hexane.

The morphology of NPs was observed by transmission
electron microscope (TEM, Hitachi H-7650).

structure was characterized by x-ray diffraction (XRD, Bruker

The crystal

D8 advanced). The elemental compositions of the samples
were measured by Inductively coupled plasma atomic emis-
sion spectroscopy (ICP-AES, IRIS ADVANTAGE). The room
temperature magnetic properties were measured by Vibrating

sample magnetometer (VSM, Microsense). The magnetic hy-

perthermia properties were measured by MSI HYPER 5 ma-

chine.

3. Results and discussion

The powder x-ray diffraction patterns of Zng3Fe>704
magnetic NPs with sizes of 14 nm to 20 nm were measured,
to determine the crystal structure of the samples, as shown in
Fig. 1. All the peaks are all in good agreement with the stan-
dard PDF card#86-0510, confirming a cubic phase structure of
all the samples. Inductively coupled plasma atomic emission
spectroscopy (ICP-AES) was used to measure the elemental
compositions of the Zng3Fe; 704 NPs. The atomic ratio of
Zn:Fe was detected to be 0.2:2.8 in the series samples, close
to stoichiometric composition of Zng 3Fe; 704 NPs.

Magnetic NPs with controllable size and morphol-
ogy can be synthesized in one step, by the modi-
fied thermal decomposition method. In our experi-
ment, the oleamine and 1,2-hexadecanediol used in the

[19]

classical method were replaced by sodium oleate.
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Fig. 1. XRD patterns of Zng 3Fe; 704 magnetic NPs with sizes of 14 nm,
16 nm, 18 nm, and 20 nm.
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Fig. 2. TEM image and size distribution of Zng 3Fe; 704 magnetic NPs with different sizes [(a) and (e)] 14 nm, [(b) and (f)] 16 nm, [(c) and (g)] 18 nm, [(d)

and (h)] 20 nm.
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Figures 2(a)-2(d) are the TEM images of Zng 3Fe; 704 NPs
with average size of 14 nm to 20 nm respectively, and fig-
ures 2(e)-2(h) are histograms of the size distribution series. It
can be seen that the Zng3Fe; 704 series magnetic NPs have
characteristics of regular morphology, narrow size distribution
and good mono-dispersity. As the amount of oleic acid de-
creased from 5 mL to 4.2 mL, the synthesized NPs size grad-
ually increased from 14 nm to 20 nm, realizing the tune of
NP size. This is mainly due to the fact that oleic acid, as the
growth rate controller, can adjust the process of monomer for-
mation of nanocrystals.

The SiO, coating make NPs water soluble and biocom-
patible. Figures 3(a)-3(d) are TEM images Zng 3Fe; 704/S10,
NPs with magnetic core of 14 nm to 20 nm respectively. It can
be seen that the Zng 3Fe; 704/S10; series composite are coated
uniformly without free SiO, shell, and the shell thickness is
about 6 nm.

-

Fig. 3. TEM image of Zng 3Fe; 704/Si0, composite NPs with different mag-
netic core sizes of (a) 14 nm, (b) 16 nm, (c¢) 18 nm, and (d) 20 nm.

The room temperature magnetic properties of
Zng3Fe; 704 NPs with different sizes were measured by
VSM, and the result is shown in Fig. 4. Hysteresis loops
indicated Zng3Fe; 704 NPs are superparamagnetic at room
temperature. The saturation magnetization (M) of the sample
gradually raises from 77 emu/g to 87 emu/g with the NP size
increasing from 14 nm to 20 nm. The increase of M can be
attributed to the reduced surface spin with increasing NP size.

Figures 5(a)-5(d) are heating curves of aqueous solution
of Zng 3Fes> 704/Si0, NPs with core size from 14 nm to 20 nm
at different concentrations. Zng3Fe, 704/Si0, with different

solution concentration respectively. The temperature rising

of aqueous solution were recorded by optical fiber tempera-
ture probe within 180 seconds. Temperature rising increase
monotonously with increasing solution concentration. How-
ever, dosage of NPs is expected as low as possible in clinical

therapy to minimize the cytotoxicity of NPs.
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Fig. 4. (a) M—H curves of Zng 3Fe; 704 magnetic NPs with sizes of 14 nm,
16 nm, 18 nm, and 20 nm at room temperature and (b) My versus NP size.
The unit 1 Oe=79.5775 A/m.

The heating ability of magnetic NPs under an AC field is
expressed by the specific loss power (SLP) which provides a
measure of the rate at which energy is absorbed per unit mass
of the magnetic NPs when exposed to an AC field. The equa-
tion of SLP is described as
cv, ar

SLP =
m dt’

ey

where C is the volume specific heat capacity, V; is the vol-
ume of the sample, m is the mass of the metallic elements of
the NPs in the sample, d7/dr is the initial slope of the tem-
perature rise curve. Figure 6 is the solution concentration de-
pendence of SLP value for Zng 3Fe; 704/SiO, with different
sizes under an AC field of 430 kHz and 27 kA/m. The high-
est SLP values of NPs can reach 451 W/gpeta1, 766 W/gpetal»
1343 W/gmetal, and 2072 W/gnerar at the concentration of
5 mg/mL, 1 mg/mL, 0.5 mg/mL, and 0.2 mg/mL for 14 nm,
16 nm, 18 nm, and 20 nm NPs respectively. As NP size in-
creases, the position exhibiting maximum SLP value moves
to the direction of low concentration. In particular, for the
sample with a magnetic core of 20 nm, it can be deduced
that the peak value should be expected to appear in the lower

concentration. [20]
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Fig. 5. Heating curves of aqueous solution of Zng 3Fe;704/Si0, NPs with core sizes of (a) 14 nm, (b) 16 nm, (c) 18 nm, and (d) 20 nm at

different concentrations under an AC field of 430 kHz and 27 kA/m.
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Fig. 6. SLP values dependence on the NP concentration for

7Zng 3Fe; 704/Si0, with different sizes: (a) 14 nm, (b) 16 nm, (c) 18 nm,
(d) 20 nm under an AC field of 430 kHz and 27 kA/m.

When magnetic NPs were exposed in AC magnetic field,
NPs will be heated due to the conversion of electromagnetic
energy into heat. The power dissipation can be described as

T )

P= HO”%OHZ}CW;

where 7 is the total relaxation time of the magnetic NPs un-
der the AC field, ug is the vacuum permeability, xo is the

equilibrium susceptibility, H is the amplitude of the AC field
and f is the frequency of the AC field (f = ®/27). It can
be seen that when external parameters including the magni-
tude and frequency of the AC field are fixed, what determines
the loss power are the DC susceptibility and relaxation time
7. From Eq. (2) it can be shown easily that maximum P oc-
curs at ot = 1.12!-241 For superparamagnetic NPs with low
anisotropy, the field and temperature dependent magnetization
obeys Langevin function, from which we can obtain that is
proportional to the saturation magnetization. It can be found
from Fig. 6 that SLP values increase obviously with increasing
NP size, which results from significant increase of magnetiza-
tion.

Rosenweig proposed that the relaxation of superparam-
agnetic NPs is contributed by Néel relaxation and Brownian
relaxation. [>!1 Néel relaxation refers to the reversal of the mag-
netic moment of NPs, and is described by equation

KV
TN = ToEXp kBiT, (3)

where 7 is the time constant (7o ~107 s); K is the anisotropy
constant; and V is the volume of NP.

Brownian relaxation is related to the physical rotation of
the NPs, and is given by
B = 3123 ‘;Hy

where 1) is the viscosity coefficient of the magnetic fluid; Vyy is

“

taken as the hydrodynamic volume of the NP; kg is the Boltz-
mann constant and 7 is the absolute temperature.
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The total relaxation is given by

1 1 1
—=—+—. (5)
T ™N B

In free suspensions, interparticle interactions can be ob-

(251 The dipolar interactions between

served experimentally.
adjacent particles favor their assembly into chains, inducing
shape anisotropy. The strength of dipolar interactions is in-
versely proportional to the third-order of distance between
magnetic cores. The distance between NPs can be tuned by
varying the concentration of solution. Dipolar interaction be-
tween NPs was studied extensively. Martinez-Boubeta et al.
studied the SLP values of Fe-MgO NPs with different concen-
trations and sizes, and found that there was a non-monotonic
relationship between SLP values and concentrations. Through
numerical simulation, it is found that the SLP value increases
with the increase of the concentration of NPs until the mag-
netic interactions between NPs become comparable to the
anisotropy field. When the concentration of NPs is further in-
creased, the magnetic interaction between NPs will increase
significantly, resulting in the decrease of SLP value.?”! Landi
verified the above research results via numerical simulation
based on a mean-field model. The theoretical simulations pre-
dicted that the SLP value increases first and then decreases
with the increase of solution concentration.!'?! Tan et al. also
found the magnetic interaction will increase with the increase
of the concentration of NPs by theoretical simulation. For
the 9-nm and 20-nm NPs, the magnetization value at 40 mT
shows a monotonic decrease with the increasing of concentra-
tion. On the other hand, the coercive field increases first and
then decreases with the increasing NPs concentration. There-
fore, the overall change process is an increases in energy loss
followed by a decrease. With the concentration of magnetic
NPs increases, the hysteresis loop under the AC field gradually
changes from the major loop to the minor loop, leading to the
decrease of energy loss with increasing concentration. 6! The
maximum energy loss occurs in a certain appropriate range.
The dipolar interaction between NPs affects both coercivity
field and magnetization, and finally, reflects in area of hystere-
sis loop. The appropriate concentration of NPs will make the
hysteresis loop have the maximum area under the AC field,
and thus produce the highest SLP value.

4. Conclusion

Zng 3Fe; 704 magnetic NPs with sizes of 14 nm, 16 nm,
18 nm, and 20 nm were prepared by the modified thermal
decomposition method. By using the reverse microemulsion
method, SiO; shell layers were coated on the surfaces of
NPs to prepare magnetic fluid samples with different con-
centrations. The results show that series Zng 3Fe; 704 mag-
netic NPs all have a single cubic phase structure and su-

perparamagnetism at room temperature. The SLP value of
Zng3Fe; 704/S10, NPs smaller than 20 nm changes non-
monotonically with the concentration of solution under the
AC magnetic field of 430 kHz and 27 kA/m. SLP values of
all Zng 3Fe; 704/S10, NPs appear a peak value with change
of solution concentration. The solution concentration with op-
timal SLP value decrease with increasing magnetic core size.
The results of this study are expected to provide effective guid-
ance strategies for the application of magnetic NPs of different
sizes in clinical magnetic hyperthermia.
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