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Enhanced hyperthermia performance in hard-soft magnetic mixed
Zn( ;Co.Fe, 5 ,0,4/Si0, composite magnetic nanoparticles”

Xiang Yu(A7#)", Li-Chen Wang(FHI/2)", Zheng-Rui Li(Z=l§%45)",
Yan MiCK %), Di-An Wu(Ritli %), and Shu-Li He(%2iUH)*

Department of Physics, Capital Normal University, Beijing 100048, China

(Received 25 June 2020; revised manuscript received 29 September 2020; accepted manuscript online 31 October 2020)

High quality Zng 5Co,Fe; 5,04 (x = 0, 0.05, 0.1, 0.15) serial magnetic nanoparticles with single cubic structures
were prepared by the modified thermal decomposition method, and Zng sCoxFe; 5_,04/Si0> composite magnetic nanopar-
ticles were prepared by surface modification of SiO,. The magnetic anisotropy of the sample increases with the increase of
the doping amount of Co®*. When the doping amount is 0.1, the sample shows the transition from superparamagnetism to
ferrimagnetism at room temperature. In the Zng 5CoyFe, 5s_,04/Si0; serial samples, the maximum value of specific loss
power (SLP) with 1974 W/gea can also be found at doping amount of x = 0.1. The composite nanoparticles are expected
to be an excellent candidate for clinical magnetic hyperthermia.

Keywords: magnetic nanoparticles, magnetic anisotropy, Zng 5Co,Fe, 5_,04/SiO,, magnetic hyperthermia

PACS: 62.23.St, 75.47.Lx, 76.60.Es

1. Introduction

Iron oxide magnetic nanoparticles (NPs) have wide ap-
plication prospects in biomedical field, for its advantage of
stable chemical properties, excellent biocompatibility, appro-
priate magnetic properties, simplicity of preparation and tun-
able nature. The composite nanostructure is made by mod-
ifying SiO,, polyethylene glycol or polydopamine on the
surface of the as-obtained NPs. The composite nanostruc-
ture displays extremely rich diagnostic and therapeutic func-
tions in the fields of targeted drug release, magnetic res-
onance imaging, biological magnetic separation and mag-
netic hyperthermia.!'-81 Magnetic hyperthermia is a new kind
of local tumor hyperthermia. Compared with the photo-
hyperthermia which mainly uses near infrared laser with lower
penetration depth, the alternating current (AC) magnetic field
can penetrate into the body tissue to 15 cm and 99% of the
electromagnetic energy is not absorbed by the human body.*!
Therefore, magnetic hyperthermia has unique superiorities in
the treatment of deep tumors. The hyperthermia performance
of traditional Fe304 magnetic NPs is not very ideal, due to
their certain limitations of magnetic properties.!!*-1?! There-
fore, in an actual application process, we have to enhance the
dosage of nano materials or the energy of AC field to meet the
needs of hyperthermia, which certainly introduces a hidden
danger to the safety of magnetic hyperthermia applications.
to enhance

In order the magnetic hyperthermia

properties of Fe3;Oys-based magnetic NPs, Lee et al

prepared magnetic NPs with a core-shell structure

DOI: 10.1088/1674-1056/abc67c

(Zn0_4C00_6FezO4@Zn0,4Mng_6FezO4) in 2011. The satura-
tion magnetization and magnetic anisotropy of the samples
were effectively adjusted, a maximum specific power loss
(SLP) value of 3886 W/g was successfully developed. This
can be attributed to the soft and hard magnetic exchange
coupling, based on theoretical calculations as a guide. The
core-shell NPs can eliminate the tumor tissue of nude mice
thoroughly, which is significantly better than the commercial
Feridex control group and adriamycin chemotherapy control
group.!'?! However, because the core-shell NPs need to be
grown by seed mediated method repeatedly and the size of the
core and shell needs to be precisely controlled, these make
the practical application of the samples difficult. In 2018, it
was reported that the soft and hard magnetic coupling fer-
rite NPs were successfully prepared by doping Mn?* and
Co”* directly to Fe304. The preparation of the NPs is easy
to achieve, and the SLP value can approach the theoretical
limit of 3417 W/gmetal. In vitro cell hyperthermia experiment,
the use of low-dose magnetic NPs can effectively kill tumor
cells in a very short time.['3] However, its biocompatibility
is significantly lower than Fe3O4, which restricts its applica-
tion in vivo. In recent research results, Zng sFe, sO4 magnetic
NPs were reported as typical soft ferrite NPs, which have
excellent biocompatibility and good magnetic hyperthermia
properties.!'*l On the other hand, the theoretical simulation
results indicated that the magnetic hyperthermia properties
of soft ferrite NPs can be further improved significantly by
properly increasing the magnetic anisotropy of the sample.!'?!

In this paper, Zng sCo,Fe; 5,04 (x =0, 0.05, 0.1, 0.15)
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serial magnetic NPs were synthesized by doping Zn>* and
Co?" ions to Fe30y, to improve the saturation magnetiza-
tion and magnetic anisotropy of the samples. The SiO, shell
was modified on the surface of the series of NPs by reverse
microemulsion method, to enhance the biocompatibility and
water solubility of the NPs. The results show that the mag-
netic hyperthermia properties of the samples increase first and
then decrease with the increase of Co>* doping amount. The
peak SLP value of Zngy sCo,Fe; 5_,04/Si0, samples can reach
1974 W/gmetal With x =0.1.

2. Experiments and methods
2.1. Materials

Fe(acac);, Zn(acac), - nH,O, Co(acac), and ammonia
(29%) were purchased from Alfa aesar; sodium oleate was
purchased from TCI; tetraethyl orthosilicate (TEOS), igepal
CO-520 and cyclohexane were purchased from Aldrich; oleic
acid and benzyl ether were purchased from Acros.

2.2. Synthesis of ZngsCo,Fe; s , 0, magnetic nanoparti-
cles

Zny 5Co.Fe; s .04 magnetic NPs were prepared by the
modified thermal decomposition method. ' Firstly, 2.5 mmol
Fe(acac)3, 0.5 mmol Zn(acac),-nH;O and Co(acac);, 2 mmol
sodium oleate, 4.5 mL oleic acid and 20 mL benzyl ether were
added to the four neck flask. Under the protection of argon,
the mixture was heated to 120 °C, and kept for 30 min to re-
move impurities with low boiling point. Then the mixture was
heated to 295 °C with the rate of 10 °C/min, and maintained
for 2 h. Finally, the heating device is removed so that the re-
action system can be cooled to room temperature, and ethanol
is added and centrifuged to separate the NPs.

2.3. Silica coating of Zngs;Co.Fe;s5_,04

nanoparticles

magnetic

SiO, was coated on the surface of NPs via reverse
microemulsion method.'®! First, 20 mL cyclohexane and
1.15 mL CO-520 were added to the flask, and mixed thor-
Then 20 mg
Zng 5Co,Fe; 5,04 magnetic NPs and 1 mL cyclohexane were

oughly with sonication bath for 10 min.

added into an eppendorf tube, thoroughly mixed by sonication
bath, and then transferred into the flask. After the mixture
was sonicated for 20 min, 0.15 mL ammonia was added drop-
wise and magnetically stirred for 10 min. Finally, 0.1 mL of
TEOS was added and reacted for 24 hours. The as-synthesized
Zng 5Co,Fe; 5_,04/S10, composite NPs are separated by cen-
trifugation by adding ethanol and hexane.

2.4. Characterization

The morphology of NPs was observed with a transmis-
sion electron microscope (TEM, Hitachi H-7650); the high-

resolution TEM images were obtained by an FEI Tecnai G2
F30 TEM,; the crystal structure was characterized by an x-ray
diffractometer (XRD, Bruker D8 advance); the magnetic prop-
erties were measured by a commercial superconducting quan-
tum interference device magnetometer (SQUID-VSM). The
field-dependent magnetization curves (M—H) were recorded
from O to £5 T at 300 K and 10 K. Temperature-dependent
magnetization curves (M-T") were measured under zero-field-
cooled/field-cooled (ZFC/FC) mode from 10 K to 300 K un-
der a magnetic field of 500 Oe; and the magnetic hyperthermia
properties were measured by MSI HYPER 5 machine.

2.5. Calculation of SLP and ILP values

The specific loss power (SLP) is introduced to evaluate
the magnetic hyperthermia properties of the samples, which is

expressed as
CVs dT
— 1
m dt’ M
where C is the volume specific heat capacity, Vs is the volume

SLP =

of the sample, m is the mass of the metallic elements of the
NPs in the sample, dT/dr is the initial slope of the tempera-
ture rise curve.

According to the research, the hyperthermia properties of
materials can be more essentially reflected by deducting the
amplitude and frequency of AC field from SLP values. There-
fore, the intrinsic loss power (ILP) is introduced for evaluation,
which is expressed as

SLP
ILP = Hif 2)
where H is the amplitude of the AC field and f is the frequency
of the AC field.

2.6. In vitro experiments

The cytotoxicity of the Zngy 5Co,Fe; 5_,04/Si0, compos-
ite NPs was assessed using in vitro cell toxicity assay. Mouse
fibroblast cells (MEF) purchased from the American Type
Culture Collection were seeded in 96-well plates at a den-
sity of 5000 cells per well. Then, different concentrations of
the Zng 5Co,Fe, 5s_04/Si0, composite NPs were added to the
wells and incubated for 24 h further. The cell viabilities were
determined by the standard Cell Counting Kit-8 (CCK-8, Do-
jindo, Japan) assay.

3. Results and discussion

Our approach is schematically shown in Fig. 1.
Zn 5Co,Fe, 5,04 NPs were synthesized using sodium oleate
instead of oleamine and 1,2-hexadecanediol in the classic for-
mulation. This modified thermal decomposition method can
save material and time cost more effectively.!!>!17-291 Silica
coating of Zng 5Co,Fe; 5,04 NPs was performed via the re-
verse microemulsion method.!'®! The hyperthermia properties
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of ZngsCo,Fe; 5_,04/Si0, composite NPs were systemati-
cally studied under AC field.

Fe(acac)s 295 °C NPs
Zn(acac)s reflux

Co(acac)s
+

sodium oleate  Solvent

oleicacid CO-520
solvent ammonium
hydroxide
TEOS
AC field
NPs/SiOq

Fig. 1. Scheme of the synthetic route and research method of
Zngy 5Co,Fey 5_,04/Si0, NPs.
As shown in Fig. 2, XRD patterns of Zngy 5Co,Fe;s_O4

(x =0, 0.05, 0.1, 0.15) serial NPs and the standard pat-
terns of Zng s4Fes 4604 (PDF card #86-0509, Fd3m) match
so well. All the peaks can be indexed, which indicates that
the Zny 5Co,Fe; 5,04 (x =0, 0.05, 0.1, 0.15) serial NPs have
single spinel cubic phase structures.

Zng 5Cop.15Fe2.3504
A -
o Zmg 5Cop.1Fe2.404
.‘5 A A A
g
g Zm.5Cog.05Fe2.4504
g A o N
Zmng sFes 504
A Jl. A A
= dla g 2 % sooq
20 40 60 80
20/(°)

Fig. 2. XRD patterns of ZnysCo,Fes 5,04 (x = 0, 0.05, 0.1, 0.15)
serial NPs.

Using the modified thermal decomposition method, we
have synthesized magnetic NPs with controllable size and
morphology using sodium oleate instead of oleamine and 1,2-
hexadecanediol in the classical formula.!'>! It can be seen from
Fig. 3 that Zny 5Co,Fe;s_,O4 (x =0, 0.05, 0.1, 0.15) serial
NPs with stable morphology at 21 nm and good monodisper-
sity were synthesized using the ratio of 3 mmol metal precur-
sor, 2 mmol sodium oleate, 4 mL oleic acid and 20 mL benzyl
ether.

The surface of the NPs was coated with SiO, via the re-
verse microemulsion method, as shown in Fig. 4. It can be
seen that Zng 5Co,Fe;y 5,04/Si0; (x = 0, 0.05, 0.1, 0.15) se-
rial samples have uniform size, uniform coating of SiO; shell,

no defect, thickness of about 6 nm, and no formation of free
Si0; shell. In addition, it can be seen from the high-resolution
TEM images that the SiO; shell can fully and uniformly coat
the magnetic nanoparticle. This can be attribute to the pre-
cise control of the volume ratio of ammonia and TEOS in the
reaction (0.15 mL: 0.1 mL), in which the concentration of hy-
drolyzed TEOS monomer is always controlled in the range of
heterogeneous nucleation, and the unexpected homogeneous

nucleation will be avoided. 10

Fig. 3. TEM images of Zng sCo,Fe; 5_,O4: (a) x =0, (b) x = 0.05, (¢)
x=0.1, (d) x=0.15 NPs.

Fig. 4. TEM images of ZngsCo,Fe; 5_,04/S10;: (a) x =0, (b) x =
0.05, (¢) x=0.1, (d) x = 0.15 composite NPs. The insets show the high-
resolution TEM images of the corresponding Zng sCo,Fe; 5_,04/Si02
composite NPs.
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The magnetic properties of ZngsCo,Fess5-,04 (x =0,
0.05, 0.1, 0.15) serial samples were measured by SQUID-
VSM. In earlier research, the saturation magnetization of
Zng sFe; s04 with Zn>t ion partially replaces Fe?" ions in
Fe304 was effectively enhanced. (211 We further measured the
M-H curves of Zng5Co,Fe; 5,04 serial samples at 300 K
and 10 K, as shown in Fig. 5. From the saturation magneti-
zation on the data measured at 300 K, the saturation magne-
tization decreases monotonously with the increase of the dop-
ing amount of Co?* ions. From the doping amount of 0 to
0.15, the saturation magnetization decreases from 85.5 emu/g
to 79.3 emu/g. This can be due to the fact that the magnetic
moment of original Fe>* ions (4ug) is bigger than Co** ions
(3up). In addition, the M—H data measured at 10 K also shows
a consistent trend of change, in which the saturation magneti-
zation decreases from 94.2 emu/g to 87.5 emu/g with doping
amount from 0 to 0.15. The coercivity (H.) of the samples
increases from 262 Oe to 3500 Oe with the increase of the

0t (a) é
o0
T aof
g
L
< 0
g =0
© —40Ff z =0.05
= x=0.10
—80 x=0.15
—40 —20 0 20 40
Magnetic field (kOe)
o5l () —=—300 K
—o— 10 K
G
= 90}
g
L
Em 85F
80
0 0.04 0.08 0.12 0.16
Co content =
(e)
1.00}
)
=
§ 0.75F
—s— ZFC
—e— FC
0.50F

0 50 100 150 200 250 300 350
Temperature (K)

amount of Co®' ions in the data measured at 10 K, which
shows that the doping of traditional hard magnetic Co>* ions
can effectively increase the magnetic anisotropy of the sam-
ples. The law of coercivity change at 300 K is different from
that at 10 K, showing a magnetic phase transition process.
The coercivity of the samples remains about 5 Oe with the in-
crease of Co’" ion content from 0 to 0.05, showing a plateau
region where the coercivity does not increase with the dop-
ing amount. This is normally contributed to superparamag-
netism in samples. From the M-T curves shown in Figs. 5(e)
and 5(f), it can be seen that the blocking temperature (7g)
of Zng sFe; 504 and Zng 5Cog og5Fep 4504 is less than 300 K.
Therefore, the results also confirm that the samples have super-
paramagnetism at room temperature. On the other hand, the
coercivity increases to about 11 Oe when the doping amount
of Co?* ion is 0.1, and reaches 17 Oe with doping amount of
0.15.

100} (b)
o0
Z 50}
g
L
= 0
g =0
S _50 r =0.05
= z=0.10
~100 ©=0.15
—40 —20 0 20 40
Magnetic field (kOe)
151 (D
10
5 —=—300 K
S s5p = . .
0
T 3000}
2000
1000 —o— 10 K
0 1 1 1 1
0 0.04 0.08 0.12 0.16
Co content x
(f)
1.0}
~
=
~
= 0.5+
—a— ZFC
—e—FC
0

0 50 100 150 200 250 300 350
Temperature (K)

Fig. 5. M—H curves of ZngsCo,Fe; 5,04 (x =0, 0.05, 0.1, 0.15) NPs at (a) 300 K and (b) 10 K; Co content dependence of (c) saturation
magnetization My and (d) coercivity H, for Zng 5Co,Fe; s_,O4 NPs, measured at 300 K and 10 K; M-T curves of (e) Zng sFe; 504 NPs and
(f) Zny 5sCog osFes.4504NPs. The curves are normalized to the values at T = 10 K.
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According to the above phenomenon, the change of the
whole magnetic phase can be divided into two sections. It can
be inferred that the transition point from superparamagnetism
to ferrimagnetism is x ~ 0.1 in this study. In addition, we can
clearly see from the M—H curves that there is obvious mag-
netic phase separation when doping amount is 0.15, which is
normally classify as the co-existence of soft and hard magnetic
phases. According to the experimental results in the literature,
this may be related to the large amount of ion doping in the
sample. (13

The magnetic hyperthermia properties of Zny sCo,Fey 5y
04/S10; (x =0, 0.05, 0.1, 0.15) serial samples were measured

| —31 kA/m (a)
40F 97 kKA/m
—23 kA/m
30F — 18 kA/m
—~ — 14 kA/m
1 —10 kA/m
&~ 20F—7kA/m
< —4 kA/m
10
0 —
0 40 80 120
Time (s)
40+ —31 kA/m (c)
—27 kA/m

AT (°C)

0 40 80
Time (s)

120

at a concentration of 1 mg/mL, as shown in Fig. 6. The heat-
ing performance of the four samples increases monotonously
with the increase of AC field amplitude, when the frequency
of AC field is maintained at 430 kHz. This is consistent with

the description of Rosensweig’s theoretical equation!??!

T

1+ (w7)%’ ®)

P = pomyoH> f
where (Lo is the the vacuum permeability, Yo is the equilib-
rium susceptibility, H is the amplitude of the AC field, f is
the frequency of the AC field (f = @/27), and 7 is the total
relaxation time of the magnetic NPs in the AC field.

—31 kA/m b
40F 97 kA/m (b)
—23 kA/m
30l — 18 kA/m
5 — 14 kA/m
Z —10 kA/m
~ 20} —7kA/m
< — 4 kA/m
10
0 T T T
0 40 80 120
Time (s)
—31 kA/m q
0F 97 kA/m (@)
—23 kA/m
__ 30} — 18 kA/m
< —10 kA/m
z 20F — 7 kA/m
10
0 1T ——7r————r
0 40 80 120

Fig. 6. Heating curves of Zng 5CoyFe; 5_04/SiO; under different magnetic field amplitudes, with the AC field of 430 kHz: (a) x =0, (b)

x=0.05,(c) x=0.1, (d) x=0.15.

Using the heating curves of each sample under the high-
est AC field (31 kA/m, 430 kHz), the corresponding SLP value
can be calculated. It can be seen from Fig. 7(a) that the SLP
value shows a trend of first increasing and then decreasing with
the increase of Co>* ion doping, and reaches the peak value
with 1974 W/gpnetan When x = 0.1. It can be concluded that
the magnetic hyperthermia properties of Zng sFe; 504 samples
can be improved by Co”>* doping. The earlier literature re-
ported that SLP value does not always monotonously rise, and
the best position is near the transition point of magnetic NPs

[23-25] In our re-

from superparamagnetism to ferrimagnetism.
search, the peak SLP value emerges at x = 0.1, consistent with
the magnetic measurement data and the explanation in the ear-
lier report.

The magnetic anisotropy continues to increase and the

magnetic NPs enter the ferrimagnetic region when the Co>*

ions are further increased (x = 0.15), which makes the mag-
netic moment of the sample unable to be effectively reversed
by the AC field. On the other hand, the saturation magnetiza-
tion of the sample has dropped to 79.3 emu/g when the doping
amount is x = 0.15. According to the research results of the
literature, the loss power will also be significantly reduced.!'?!
Finally, it can be seen from the change diagram of SLP value
with Co?" doping amount that the SLP value will be signifi-
cantly decreased at this time.

On the other hand, the total relaxation time, which is com-
posed of Brown relaxation time and Néel relaxation time, will
affect the loss power, from the formula of linear response the-
ory. In this paper, the Néel relaxation time will be mainly

affected by adjusting the magnetic anisotropy of the sample,
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which is expressed as
KV
N =T — 4
W= XD L 4

where 1 is the time constant (tp ~ 1079 s), K is the anisotropy
constant, V is the volume of nanoparticle, and kg is the Boltz-
mann constant. In the literature, a theoretical simulation is
made based on the linear response theory. From the simula-
tion results, it can be clearly seen that there is a non-monotonic
response relationship between the anisotropy constant K and
the SLP value of the magnetic NPs. That is, with the increase
of the anisotropy constant, the SLP value presents a process
of increasing first and then decreasing. This means that under
a certain AC field, magnetic NPs need to have an appropriate
K value to obtain the maximum SLP value. In our work, the
variation of SLP with the anisotropic constant K is in good
agreement with the theoretical simulation in the literature. An
optimal K value under the AC field is achieved when the Co>*
ion doping amount is 0.1. Therefore, it has the highest SLP
value in the series of samples.!1%22-26.27]

The change chart of ILP with the amount of Co?* ion
doping is obtained by removing the influence of AC field
amplitude and frequency from the SLP value. As shown
in Fig. 7(b), it can be seen from the chart that the trend
of ILP values is consistent with the change of SLP values
with the amount of Co®* ion doping, with a peak value of
4.77 nHm?/Kg et With Co®* ion doping amount is 0.1.

—B— Zng 5Co,Fez 5,04 (a)
2000 F
=
& 1800}
~
z
n
[a W
& 1600}
o -
1400 1 1 1 1
0 0.05 0.10 0.15
Co content =
5.0 —® ZnosCozFez5 04 (b)
=
< 4.5
5 I e
mg /
= 4.0F
[a W
= L
=
35F .

0 0.05 0.10 0.15
Co content =

Fig. 7. (a) SLP and (b) ILP for Zny sCo,Fe; 5_,04/SiO; composite NPs
under the AC field of 430 kHz and 31 kA/m.

Cytotoxicity of Zng 5Co,Fe; s ,04/Si0, composite NPs
to MEF cells was measured and studied. The different con-

centrations of Zng 5Co,Fe; 5-,04/SiO; composite NPs rang-
ing from 25 to 1000 pg/mL were incubated with the cells for
24 h. After the incubation period, the viability of the MEF
cells was assessed by CCK-8. Cells without NPs were used
as control groups. Compared to the group without NPs, as
shown in Fig. 8, the group containing different concentrations
of Zng 5Co,Fes 5_,04/Si0, composite NPs shows no signifi-
cant difference in cell viability at the incubation time of up to
24 h. Though at 1000 pg/mL after incubation for 24 h, viabil-
ity of MEF cells with NPs is nearly 100%, which suggests that
the materials are biocompatible.
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Fig. 8. The viability of the MEF cells determined by CCK-8 assay after
incubation in NP solutions with various concentrations for 24 h.

4. Conclusion

In summary, a series of high-quality Zng 5Co,Fe; 5,04
(x =0, 0.05, 0.1, 0.15) samples were synthesized by the

modified thermal decomposition method. The saturation

magnetization of the sample is improved and the magnetic
anisotropy of the sample is controlled by doping Zn*>* and
Co?" ions into Fe3O4. A transition point from superpara-
magnetism to ferrimagnetism is found with Co?* content of
0.1. A peak SLP value of 1974 W/gu e has been found in
Zng 5Cog.1Fe> 404/Si0,, which corresponds to the magnetic
properties. In addition, the NPs show excellent biocompati-
bility in vitro. The composite NPs are expected to be a good
candidate material in applications of magnetic hyperthermia.
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