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Magnetic hyperthermia (MH) induced by magnetic particles has been widely used to treat tumors. However,
the limited heating conversion efficiency inspires the design and synthesis of versatile magnetic materials for
enhancing the performance of MH. Herein, we developed rugby ball-shaped magnetic microcapsules as
efficient MH agents. The size and shape of the microcapsules can be precisely controlled by adjusting the
reaction time and temperature without surfactant assistance. Because of their high saturation
magnetization and uniform size/morphology, the microcapsules showed excellent thermal conversion
efficiency, with a specific absorption rate of 2391 W g~. Additionally, we performed in vivo anti-tumor
studies on mice and found that MH mediated by magnetic microcapsules effectively inhibited the
advancement of hepatocellular carcinoma. The microcapsules’ porous structure might allow them to
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1. Introduction

Hepatocellular carcinoma (HCC) is one of the most common
malignant tumors in the world," with high morbidity and
mortality. Surgical resection, liver transplantation and physical
ablation have been the traditional aggressive treatments for
early-stage HCC, which can significantly improve the survival of
HCC patients. Physical thermal ablation has been widely
utilized in treating HCC because of its advantages of simple
operation, less harm to the body and multiple therapy sessions.
However, microwave, laser and radiofrequency therapeutic
methods (1) cause uneven tissue heating, (2) lack selectivity in
killing tumor cells and (3) make conformal ablation difficult,
which limits their clinical efficacy. Furthermore, these modali-
ties always induce a temperature higher than 65 °C, resulting in
severe damage to normal cells.” Therefore, continuous efforts
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should still be exerted to develop efficient HCC treatment
approaches, as highlighted in tumor management.?

Magnetic hyperthermia (MH) is an effective anti-tumor
modality. The European Union has authorized MH for treating
glioblastoma multiforme.*” Recently, the U.S. Food and Drug
Administration has initiated clinical trials to treat prostate® and
pancreatic® cancers. The MH heating mechanism is based on the
ability of magnetic particles to demonstrate hysteresis loss under
an alternating magnetic field (AMF). Since tumor cells are more
sensitive to high temperatures than normal cells, magnetic
particles used as a heat source induce tumor apoptosis.'***
Contrary to conventional thermal ablation, in which heating is
targeted at the tissue level, MH is characterized by magnetic
particles as a heat source and the intracellular effects of heating.
Based on this, MH possesses the following unique advantages:
(1) mild treatment temperature (39-45 °C); (2) uniform heating
as particles are localized inside cells; (3) selective tumor cell
killing; (4) well-defined biosafety and (5) deep tissue penetration.
Undoubtedly, MH is an alternative and effective cancer treat-
ment that deserves more research and enhancement.’*®
However, the limited heating conversion efficiency inspires the
design and synthesis of versatile magnetic materials for
improving the performance of MH.

In recent years, iron oxide materials have garnered consid-
erable attention. Although many magnetic materials have been
developed for MH, most studies only focus on its preparation
methods, enhanced biocompatibility, low coercivity and
colloidal stability.’**® Most iron oxide nanoparticles require
a low thermal conversion efficiency and a high injection dosage
(milligram level).” Many research efforts has shown the
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maximum specific absorption rate (SAR) value of ferric oxide
particles with different sizes (7.6-416 nm) in the diplomatic
magnetic field (80 kHz, 32.5 kA m™ ") is 75.6 W g~ '. And the SAR
value decrease with the increase of particle size.'>*" It usually
used template** or etching method for fabrication of porous
materials, however, the reaction process was complex and
poorly controllable. Interestingly, researchers achieved iron
oxide microparticles possessing high magnetic permeability,
high saturation magnetization and low coercivity®® by designing
their chemical components and modulating their size** and
shape,” which have the potential to significantly improve
heating conversion efficiency.?**”

In this study, rugby ball-shaped magnetic microcapsules
with superior heating conversion efficiency were prepared for
MH-triggered cancer treatment. The ‘hydrothermal and reduc-
tion’ method prepared microcapsules resembling rugby balls by
adding inorganic salt to Fe®" as a reaction precursor in a closed
reactor while controlling the reaction time and temperature.
Controlling the reaction parameters to modify the pore size and
volume enabled a comprehensive investigation of the structural
optimization of microcapsules for MH applications. The
optimal magnetic microcapsules possessed a high SAR value
and low coercivity, demonstrating a significant heating-
generation capacity when exposed to AMF. When synthesized
magnetic microcapsules were employed for in vivo anti-tumor
treatment, the performance of magnetic agents in relieving
HCC was achieved.

2. Experimental
2.1 Synthesis of magnetic particles

The ellipsoidal magnetic microcapsules were synthesized by
hydrothermal growth of ellipsoidal hematite (a-Fe,O3) micro-
capsules and then used a gas reduction process to convert o-
Fe,O; into the other phase. The a-Fe,O; microcapsules were
synthesized by hydrothermally treating 3.0 mL of aqueous FeCl;
solution (0.5 M) and 0.72 mL of aqueous NH,H,PO, (0.02 M)
solution at 220 °C for different times. Distilled water was added
to a final volume of 40 mL. After stirring for 10 min, the mixture
was transferred into a Teflon hydrothermal reaction kettle with
a capacity of 50 mL for hydrothermal treatment at 220 °C. The
autoclave was naturally cooled down to room temperature about
25 °C. The precipitate was collected by centrifugation, washed
with anhydrous ethanol and de-ionized water and dried under
vacuum at 60 °C.

Then, 100 mg of a-Fe,O; microcapsules were annealed in
a horizontal quartz tube furnace at 430 °C, 450 °C and 500 °C
under a constant flow of 5% H,/95% Ar for 120 min, respec-
tively. The tube furnace was cooled to room temperature while
maintaining the same gas atmosphere.

Microcapsules after reduction was coated with oleic acid.
30 mg microcapsules, 10 g octadecene and 0.4 mL oleic acid
were mixed and heated to 280 °C for 50 min in argon environ-
ment. After the temperature of reaction system dropped to room
temperature, anhydrous ethanol was added to the system, and
then centrifuged at 8000 rpm min " for 10 min. The sediment
was retrieved, and then it was washed three times with hexane
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and anhydrous ethanol. In order to better use in a physical
environment, we convert the oil phase microcapsules into water
phase by dopamine. 30 mg wrapped in oleic acid, 4 mL tetra-
hydrofuran and 200 mg dopamine were mixed and heated to
60 °C for 6 h in argon environment. After the completion of
reaction, the tetrahydrofuran was volatilized and cleaned to
obtain a completely dry microcapsules powder. The dried
particles were then dispersed in water.

2.2 Characterization of magnetic microcapsules

The crystal phase of magnetic microcapsules was verified by X-
ray diffraction (XRD, Bruker D8 Advanced Diffractometer
System). The morphology and size of the microcapsules were
observed via transmission electron microscopy (TEM, FEI Tec-
nai F30) and scanning electron microscopy (SEM, S-570, Hita-
chi). X-ray photoelectron spectroscopy (XPS) measurement was
performed using a PHI-5000 VersaProbe III XPS (ULVAC-PHI,
Inc., Japan) with Al Ko X-ray radiation as the X-ray source. The
magnetic properties of magnetic microcapsules were charac-
terized using a vibrating sample magnetometer (VSM, Beijing
Xinke Technology Developments Co., Ltd.).

2.3 Measurement of SAR value

Magnetic microcapsules with 0.2 mg mL~" Fe were placed in
a 1.5 mL EP tube and inserted in a water-cooled magnetic
induction coil. A fibre probe (SPG-10AB-II) connected to
a computer was used to monitor the real-time temperature. The
SAR value was calculated using the following equation:

AT 1

AR = Co2
S CAZ Mge

where C is the specific heat capacity of agarose gel, AT/At is the
initial slope of the temperature vs. time dependence, and m. is
the weight fraction of Fe.

2.4 Pore analysis

The surface area of magnetic microcapsules was measured by
the Brunauer-Emmett-Teller (BET) method, followed analyzed
by Tristar II 3020 for the absorption of nitrogen. The pore size
and volume of microcapsules were calculated using the BJH
method.

2.5 Cell culture

Mouse H22 hepatoma cells were supplied by the American type
culture collection and cultured in RPMI 1640 complete media
(Gibco, Carlsbad, CA, USA) supplemented with 10% (v/v) heat-
inactivated fetal bovine serum (Biological Industries, USA)
and 100 U mL " penicillin-streptomycin solutions (Hyclone
Laboratories Inc., USA) at 37 °C in a humidified atmosphere
containing 5% CO,.

2.6 Invitro cell cytotoxicity

The Fe ion concentration was determined using ICP-MS. The
100 pL per well H22 cells suspension (1 x 10* cells per well) was
inoculated into a 96-well plate for culturing another 24 h.

RSC Adv, 2023, 13, 13886-13891 | 13887
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Different concentration of magnetic microcapsules suspension
(10, 20, 30, 40, 50, 75, 100 pg mL ") were added to each well, and
the cells were incubated for 8 h. To remove excess suspension
material, cells were washed by PBS. Cell viability was deter-
mined by CCK-8, and the absorbance was measured at 570 nm
by microplate reader (Thermo Fisher Scientific, Wilmington,
DE, USA).

2.7 H22 tumor-bearing mice model

Six-week-old female BALB/c mice were purchased from Beijing
Vital River Laboratory Animal Technology Co., Ltd. (Beijing,
China). The Animal Care and Use Committee of Northwest
University approved the animal experiment protocols and
complied with all relevant ethical regulations. H22 cells (5 x 10°
cells per mice) were subcutaneously inoculated at the back of
BALB/c mice (right side) to establish the subcutaneous H22
tumor model. When the tumor volumes reached approximately
100 mm?®, mice were randomly divided into four groups: PBS
(isotype control), microcapsules only, AMF only and microcap-
sules plus AMF (seven mice for each group). Tumor-bearing mice
were subjected to one injection of microcapsules (0.1 mg of Fe
per cm®) and three AMF treatments on days 1, 3 and 5. The mice
were anaesthetized with 2% (v/v) isoflurane and then exposed to
an AMF with a frequency of 365 kHz for 10 min. The tumor
volume was calculated by the equation (length x width?®)/2.

All animal experimental protocols were reviewed and
approved by the Animal Care and Use Committee of the Insti-
tute of Process Engineering, Northwest University, and they
complied with all relevant ethical regulations.

3. Result and discussion
3.1 Synthesis and characterization of «-Fe,O; microcapsules

The magnetic microcapsules resembling rugby balls were
synthesized using the hydrothermal and reduction method. The
hematite (o-Fe,O;) microcapsules were prepared and then
thermally reduced to produce Fe;O, or iron-containing micro-
particles. The morphology of a-Fe,O; microcapsules with
different reaction times at 220 °C was observed via SEM. As
shown in Fig. 1a-c, the size of the obtained a-Fe,O; microcap-
sules did not significantly change during the prolonged reaction
time. However, numerous pores appeared on the surface of a-
Fe,O; microcapsules at 60 h, and the pores were glaring. The
surface area of a-Fe,O3; microcapsule was calculated according
to the BET, and pore size were measured using the BJH method.
As shown in Fig. 1d, the BET surface area reached 23 m”> g*
under a reaction time of 0.5 h, which could be due to the various
minute particles maintained in the mixture for inadequate
reaction times. After that, remarkably, the specific surface area
of the microcapsule generally increased within 10 h and
reached its maximum when the reaction time was prolonged to
60 h. The pore size of the a-Fe,O; microcapsules increased in
a similar trend as the reaction time increased (Fig. 1e).

The a-Fe,O3; microcapsules prepared under 220 °C for 60 h
showed uniform elliptical spherical shape and size distribution,
suggesting good experimental reproducibility (Fig. 1f). The XRD
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Fig. 1 SEM images of the a-Fe,Os microcapsules after different
reaction times at 220 °C for (a) 1 h, (b) 4 h and (c) 60 h. (d) BET surface
area and (e) pore size of the a-Fe,Oz microcapsules with different
reaction times. (f) SEM image under low magnification of the a-Fe,O3
microcapsules with a photograph of a-Fe,Oz powder positioned in the
upper-left corner. (g) XRD pattern, (h) TEM image, (i) UV absorption
spectra and (j) Fe 2p spectra of a-Fe,Os microcapsules fabricated at
220 °C for 60 h.

results showed that the synthesized o-Fe,O; microcapsules
exclusively corresponded to the trigonal a-Fe,O; (JCPDS 87-
1165), and no other impurity peak was observed (Fig. 1g).
Particularly, TEM images showed the obtained microcapsule
had a rugby ball-shaped pattern with ~2 pm in width and ~3
pum in length (Fig. 1h), respectively. It was also observed that the
aspect ratio of microcapsules resembling rugby balls was
approximately 1.5.

As shown in Fig. 1i, compared with the superparamagnetic
iron oxide (Fig. S11), a-Fe,03; microcapsules had the absorption
at 860 nm. The samples were characterized using XPS to further
verify the Fe element valence state of the obtained o-Fe,O3
species. The high-resolution Fe 2p spectra showed that two
peaks at 724 eV (Fe 2p,,,) and 710 eV (Fe 2ps,) were assigned to
a Fe** species (Fig. 1j), which was consistent with the previous
report.?s3°

3.2 Characterization of magnetic microcapsules after
reduction of o-Fe,O3; microcapsule

The XRD patterns of the prepared microcapsules under
different reduction temperatures are shown in Fig. 2a. Clearly,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) XRD of the microcapsules after the reduction with different
temperatures (430 °C, 450 °C and 500 °C). (b) Hysteresis loop of the
microcapsules at 300 K after the reduction with different temperatures
(430 °C, 450 °C and 500 °C). SEM image of microcapsules with
different reduction temperatures (c) 430 °C, (d) 450 °C and (e) 500 °C.
(f) Zeta potential of magnetic microcapsules in solution. (g) Zeta
potential measured as a function of time upon incubation in solution.

the reduction temperature would have a significant impact on
the formation of the final products. The Fe and Fe;0, appeared
when the reduction temperature was between 430 °C and 500 ©
C. At 450 °C, all of the diffraction peaks can be exclusively
indexed as the cubic inverse spinel Fe;0,4 (JCPDS no. 19-0629),
and no other impurities were observed. Therefore, we propose
that the composition-controlled synthesis of microcapsules
could be achieved by adjusting the reduction temperature.

Next, the morphology of microcapsules at various reduction
temperatures was examined using SEM. As the SEM images are
shown in Fig. 2c, all the porous microcapsules were uniform in
their rugby ball shape. The large-scale microcapsules were
observed clearly with uneven and rough surfaces at reduction
temperature of 430 °C. When the reduction temperature
increased to 450 °C, the high-magnification SEM image of the
microcapsules showed that the size of the microcapsules was
uniform and well dispersed, with an average width of ~2 and ~3
pm for length (Fig. 2d). Interestingly, the micropores appeared
on the surface of the microcapsules and became noticeably
rougher when the reduction temperature was changed to 500 °C
(Fig. 2e). However, the morphology of microcapsules was not
significantly changed.

The magnetic hysteresis loop of microcapsules was charac-
terized using a VSM in order to examine the underlying rela-
tionship between the magnetic properties and the reduction
temperature. As shown in Fig. 2b, the highest saturation
magnetization (M) was recorded at ~94 emu g~ ' under the
500 °C reduction temperature. And microcapsules magnetized

© 2023 The Author(s). Published by the Royal Society of Chemistry
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from 1500 to —1500 Oe, which lead to magnetic field energy loss
and heat generation by hysteresis (Fig. S21). Meanwhile, as the
temperature was reduced, the My of microcapsules increased
while the coercivity decreased (Table 1). As the M is the
dominant factor for higher magnetic heating generation, the
magnetic microcapsules synthesized under a 500 °C reduction
temperature were chosen for the following experiments.

The zeta potential of magnetic microcapsules is 30.62 +
3.13 mV (Fig. 2f), which suggested the successful surface
modification. Fig. 2g showed that the zeta potential of the
magnetic microcapsules did not change for 24 days, indicating
the good colloidal stability of the magnetic microcapsules.

3.3 Magnetic hyperthermia properties of magnetic
microcapsules

To evaluate the heat induction capability of magnetic micro-
capsules under AMF, the temperature of magnetic microcap-
sules dispersed in agarose gel was monitored using an
induction heating system. Briefly, 1 mL of magnetic microcap-
sules with a concentration of 0.2 mg mL " [Fe] were subjected to
AMF with a frequency fixed at 365 kHz and an amplitude varying
from 20 to 50 kA m~'. As shown in Fig. 3a, the temperature of
magnetic microcapsules increased rapidly at different ampli-
tudes. When the amplitude was set to 50 kA m ™, the temper-
ature of the microcapsules could reach above 47 °C within 30 s.
The calculated SAR of magnetic microcapsules based on
temperature-time curves is shown in Fig. 3b. The larger SAR
value can be detected with the higher amplitude of AMF. The
largest SAR value of magnetic microcapsules was obtained for
2391 W g~ with a Fe concentration of 0.2 mg mL~ " under AMF
(365 kHz, 50 kA m™"), which is more significantly higher than
the reported previously. These results indicated that magnetic
microcapsules possessed an attractive magnetic heating
generation ability.

We utilized H22 cells to evaluate whether magnetic micro-
capsules induced concentration-dependent cytotoxicity (Fig.
3c). After H22 cells being incubated with microcapsules at
different Fe concentration, it was found that the cell viabilities
of H22 was above 85% from 5 to 50 ug mL™ " of Fe concentra-
tion, which indicated that cytotoxicity below 50 ug mL™"' is
negligible. Quantitative study of cellular uptake at a dosage of
50 pg mL~" showed that the maximum accumulation of
magnetic microcapsules occurred at a co-incubation time of 8 h,
which could be the optimal time for cell hyperthermia
(Fig. S37). As shown in Fig. 3d, after co-incubation with 50 pg
mL ™" microcapsules for 12 h, and cells exposed to different
magnetic field intensity for 10 min, it showed magnetic field

Table 1 The Mg and coercivity of the magnetic microcapsules with
different temperature reductions (430 °C, 450 °C and 500 °C)

Reduction

temperature M, (emu g™ ) Coercivity (Oe)
430 °C 50 419

450 °C 70 324

500 °C 94 241

RSC Adv, 2023, 13, 13886-13891 | 13889
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Fig. 3 (a) Temperature versus time graphs and (b) SAR of magnetic

microcapsules under different field intensities. (c) Cell viability of H22
exposed to magnetic microcapsules. 5-100 pg mL~* concentration of
Fe incubated with H22 for 24 h. (d) Cell viability of H22 cells subjected
to magnetic microcapsules mediated hyperthermia under different
magnetic field intensity. The frequency was 365 kHz.

intensity-dependent cell death trends. At a magnetic field
intensity of 40 kA m ™, the cell viabilities decreased to ~48%.

3.4 Antitumor efficacy of magnetic microcapsule-mediated
magnetic hyperthermia in hepatoma H22-bearing mice

Magnetic microcapsules with high SAR values can be used for
many applications. To investigate the potential of magnetic
microcapsules to induce a magnetic hyperthermia-mediated
anti-tumor effect, in vivo experiments were performed on H22
tumor-bearing mice. In several experimental groups (n = 7),
H22 cancer cells were xenografted onto the back of BALB/c mice

/
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Fig. 4 (a) Schematic illustration of experimental design. (b) Tumor
images from each group after the animals were sacrificed. (c) H22
tumor growth curves after different treatment. The error bars repre-
sent the means + SD. Differences among groups are determined using
one-way ANOVA analysis **p < 0.01, ***p < 0.001, ****p < 0.0001.
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(right side). Magnetic microcapsules were injected subcutane-
ously into the tumor (100 mm?®). The mouse was placed in
a water-cooled magnetic induction coil. An a.c. magnetic field of
365 kHz at 40 kA m~* was applied for 10 min. The experimental
design for the animal is shown in Fig. 4a. Following treatment,
the tumor burden was monitored for up to 20 days. For the
untreated control group of mice, tumor size increased 3-fold by
day 19 (Fig. 4b). The mice treated with either AMF or magnetic
microcapsules showed growth behaviors similar to the
untreated control. However, for the group that received the
hyperthermia treatment with magnetic microcapsule nano-
particles, the tumor growth was delayed during the same
period. We also photographed the tumor tissues at the end of
treatment (Fig. 4c), which visually confirmed that magnetic
microcapsule plus AMF was most effective in suppressing
tumor growth.

4. Conclusions

We have successfully constructed a magnetic microcapsule
resembling a rugby ball with high M; and magnetic thermal
conversion properties. The composition and morphology of
microcapsules could be accurately controlled by controlling the
reaction time and temperature, demonstrating superior dis-
persibility and dimensional homogeneity. As a customized
magnetic induction hyperthermia agent for tumor treatment,
magnetic microcapsules resembling rugby balls obtained
a well-defined heating generation efficiency. In an in vivo
experiment, microcapsules induced an efficient hepatocellular
carcinoma inhibition effect, indicating magnetic microcapsules
could be used as a promising magnetic hyperthermia agent.
Therefore, our synthetic rugby ball-shaped magnetic micro-
capsules provide an alternative agent for future biological
applications.
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