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ABSTRACT: In this work, we have developed an injectable
and biodegradable material using CPC containing Fe;O,
nanoparticles for minimally invasive and efficiently magnetic
hyperthermia ablation of tumors. When exposed to an
alternating magnetic field, the MCPC could quickly generate
heat. The temperature of PBS and the excised bovine liver
increased with the MCPC weight, iron content, and time. The
ablated liver tissue volume for 0.36 g of 10% MCPC was 0.2 +
0.03, 1.01 + 0.07, and 1.96 + 0.19 cm?, respectively, at the
time point of 60, 180, and 300 s. In our in vivo experiment, the
MCPC could be directly injected into the center of the tumors
under the guidance of ultrasound imaging. The formed MCPC
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was well-restricted within the tumor tissues without leakage, and the tumors were completely ablated by 0.36 g of 10% injectable

MCPC after 180 s of induction heating.
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B INTRODUCTION

For most cancer patients, the first choice for treatment is still
surgery, although its physical and psychosocial impacts on
patients (such as large trauma, surgery-related complications,"
and the cosmetic outcome, especially for women)” have
aroused wide concern. Thus, minimally invasive treatment has
become increasingly attractive in recent years.’ > Radio-
frequency ablation, laser-induced thermal therapy, microwave
ablation, cryoablation, and focused ultrasound are currently the
most widely used minimally invasive procedures.* However,
these strategies have their limitations, such as tumor
reoccurrence, skin burns, ecchymosis, and skin puckering,
which restrict their extensive clinical applications.’

As a potential minimally invasive choice, magnetic induction
hyperthermia has been extensively studied by Gilchrist et al.
since 1957.%7 Gilchrist proposed the hypothesis that tumors
might be treated using heat generated by a magnetic substance
upon exposure to an alternating magnetic field, which was taken
as an efficient strategy without systemic toxicity.” The currently
used magnetic media for magnetic induction hyperthermla
includes implanted ferromagnetic thermoseeds, intravenous
magnetic nanoparticles, and magnetic fluid.'® The thermoseeds
require precise and relatively complex calculation and control,'!
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and the removal of magnetic thermoseeds needs an additional
surgical operation due to the lack of degradation in the body.
For the nanoparticles or magnetic fluid, it is difficult to
accumulate a sufficient amount of magnetic nanoparticles to the
target tissue,'> and it is easy for them to leak into the
surrounding tissue or blood vessels, which not only lowers the
ablation efficiency but also is a hidden concern for safety. Yu
Chen et al. reported poly(lactic-co-glycolic-acid) carrying iron
powder (S—Fe/PLGA) for the magnetic hyperthermia ablation
of tumors,"® while the organic solvent N-methylpyrrolidone
(NMP) was used in the preparation of S—Fe/PLGA and would
be injected into the tissue. NMP is on the list of chemicals
known to cause cancer or reproductive toxicity as cited in
California Proposition 65 (1986)."*"> Moreover, S—Fe/PLGA
at a low PLGA/NMP ratio will leak into the blood, resulting in
thrombus in the vasculature, which causes potential safety
concerns.

Thus, to develop an injectable magnetic media with a better
capability of confining the iron particles inside the targeting
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tissue to avoid the leakage into blood or surrounding tissues
and without using organic solvent or any other toxic materials,
it is of importance for the bench-to-bed translation of the
magnetic hyperthermia ablation technique. Since its first report
in the 1980s by Brown et al, calcium phosphate cement (CPC)
has attracted great attention worldwide because of its excellent
self-setting ability, biocompatibility, and biodegradation. More-
over, CPC has a low setting temperature, and the phase-
transformation ability to form a solid material in situ'®"
Among the many liquid phases for the calcium phosphate
cement, polyethylene glycol 600 (PEG-600) has a good safety
record and is widely used in drug production to increase the
dispersibility, dissolvability, and biocompatibility of nanoma-
terial."®"?

Inspired by the phase-transformation behavior of CPC, we
therefore consider distributing Fe;O, nanoparticles inside the
calcium phosphate cement with PEG-600 as the liquid phase,
expecting to develop a highly efficient, injectable, and phase-
transitional magnetic material for minimally invasive magnetic
ablation of the tumor. This material was expected to form a
solid in situ that can confine the Fe;O, nanoparticles inside the
tissue, avoiding the leaking into surrounding tissues to further
improve the safety as well as improving the efficiency for
induction heating. By applying an alternating magnetic field, we
expect that magnetic calcium phosphate cement (MCPC) will
quickly and efficiently generate heat and raise the temperature
inside the tumor for tumor ablation therapy. The MCPC is
biodegradable, which can avoid the adverse effects associated
with the long-term retention of foreign materials in tissue.
Moreover, the MCPC set in situ can also be repeatedly used to
generate heat for the ablation of tumor residue or local
recurrence without performing another interventional proce-
dure if the tumor residue or local recurrence was found before
the complete degradation of MCPC.

B MATERIALS AND METHODS

Preparation of Magnetic Calcium Phosphate Cement. The f-
tricalcium phosphate (B-TCP, Cay(PO4),, 55% mass fraction, Ensall
Beijing Co., Ltd.) and monocalcium phosphate monohydrate (MCPM,
Ca(H,P0,),H,0, 45% mass fraction, Tianjin DaMao Chemical
Reagent Factory) were premixed at a molar ratio of 1:1 to obtain
the calcium phosphate cement powder base (CPC).*® The magnetic
calcium phosphate cement (MCPC) was prepared by adding the
Fe;0, magnetic nanoparticles (Chengdu AijkeDa Chemical Reagent
Co., Ltd.) into the CPC at an iron/CPC weight ratio of 0, 5, 10, and
15% and mixed with polyethylene glycol 600 (PEG 600, Wuhan
Boster Biological Technology Co., Ltd.) at the liquid—solid ratio (L/
S) of 0.5.

Volume—Mass Conversion. The MCPC paste was loaded into a
syringe, and then 0.1, 0.2, and 0.3 mL of MCPC were injected. The
weight of the MCPC was measured after drying. All of the following
MCPC weights were calculated based on results of the volume—mass
conversion study.

Morphology Characterization of MCPC. The morphology of
the MCPC (iron content: 10%) was determined by scanning electron
microscope (SEM, AMETEK EDAX, $-3700, 371027—02, America) at
an accelerating voltage of S kV and a working distance of 7.1 mm.
Elemental analysis was performed using an energy dispersive X-ray
spectrometer (EDS, AMETEK, EDAX, S-3700, 371027—02, NJ,
U.S.A.) at an accelerating voltage of 15 kV and a working distance of
10 mm. The magnification for SEM image was 10 000X, and for EDS,
images were 5000X. To improve the surface conductivity, we dried the
sample for 24 h and placed it on carbon conductive tape.**

Washout Resistance Ability Test. The washout resistance was
tested using a method reported by Han, et al.*° In short, the MCPC
paste (iron content: S, 10, and 15%) was manually shaped into an 8

mm diameter ball and then immediately placed into the phosphate-
buffered solution (PBS, pH 7.4) in a glass culture dish on a heating
device. The material was considered to pass the washout resistance test
if the MCPC ball did not visibly disintegrate in aqueous solution until
the temperature increased to 150 °C. The washout resistance of the
MCPC paste was evaluated visibly by the extent of the disintegration.

Injectability. The injectability of MCPC was evaluated by the
“injectable percentage” using a method reported by Burguera EFE.** In
short, the compression started at the time point of 1.5 min after the
start of mixing, and the cement was extruded at a crosshead speed of
15 mm/min. The injection continued until either all of the paste was
extruded or a maximum force of 300 N was reached.

injectable percentage (%) = Vio/ Ve

otal
where V,; is the volume of injected MCPC from the syringe (volume,
10 mL; the inner diameter of the needle, 1.6 mm) and V,, is the total
volume of MCPC in the syringe before injection.

Degradability. The degradability was measured using a method
reported by Han, et al.* In short, the 0.5 g of MCPCs (iron content:
0, S, and 10%) was prepared and put in 4 mL of 37 °C PBS stirred by a
magnetic rotor to generate circulating flow to mimic the blood flow in
vivo. The weights of the MCPCs were measured on the 1st, 3rd, Sth,
8th, 11st, 18th, 25th, 32nd, 38th, and 68th day. The percentage of
weight loss was used to evaluate the degradability using the following
formula:

degradability (%) = (W, — %eg) /W,

where W, is the initial weight of MCPC and W,,, is the weight after
degradation.

Exotherm during the Setting Reaction. The exotherm during
the setting reaction was measured using a method reported by
Kawashita et al.*®> The 5 g of 0, 5, and 10% MCPCs were manually
shaped into a ball within 3 min, and a mercury thermometer was
inserted to continuously measure the temperature change during the
setting reaction. The increased temperature between the room
temperature and the peak temperature of the thermometer was
taken as the exotherm during the setting reaction.

Evaluation of Induction Heating Efficiency in PBS. The
MCPCs with different weights and with different iron contents (0.19 g
of 10%, 0.36 g of 10%, 0.54 g of 10%,0.54 g of 5%, 0.54g of 0%, and
0.54 g of 10% MCPCs after degradation) were placed in 1 mL of PBS
in a cylindrical hole (0.7 cm X 0.7 cm) of an agarose gel (2 cm X 2 cm
X 2 cm). The MCPCs were exposed to an alternating magnetic field
by a homemade magnetic hyperthermia analyzer (frequency 626 kHz,
output Current 28.6 A, coil diameter 3 cm)'® for 300 s, and the peak
surface temperature of PBS was continuously acquired by a far-infrared
thermometer (Fluke Ti32, Fluke Corporation, U.S.A.). The thermal
images were analyzed via the SmartView 3.6 software.

Evaluation of Heating Efficiency in Excised Bovine Liver. On
the basis of the above experiments, 10% MCPC was selected for
further study. The 10% MCPCs with different weights (0.19, 0.36, and
0.54 g of 10%) were implanted into the freshly excised bovine liver
parts (6 cm X 2 cm X 2 cm) and exposed to the same alternating
magnetic field for 300 s. The peak surface temperature of liver was
continuously acquired by a far-infrared thermometer (Fluke Ti32,
Fluke Corporation, U.S.A.), and the temperature at different distances
(0, 1, 2, and 3 cm) to the peak surface temperature was recorded at the
time point of 300s.

Evaluation of Ablation Efficiency in Excised Bovine Liver.
The 0.19, 0.36, and 0.54 g of 10% MCPCs were implanted into the
freshly excised bovine liver (2 cm X 2 cm X 2 cm) and exposed to the
same alternating magnetic field as above for 60, 180, and 300 s. The
ultrasound echo intensities were monitored by ultrasound imaging.
The ablated tissue volumes were calculated using the following
formula:**

V,=DD’/2
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Table 1. Volume—Mass Conversion

0.1 mL

weight after drying (g) 0.19 (0.192 + 0.008)

0.2 mL 0.3 mL
0.36 (0.359 + 0.010) 0.54 (0.539 + 0.009)
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Figure 1. SEM and EDS map scan images for 10% MCPC. (A) The SEM image showed that the MCPC matrix was porous. (B) Element energy
spectrum by EDS map scan. (C) The EDS map scan images showed that the Fe element was well-distributed within the matrix of CPC. The darker

area reflected the rough surface of the MCPC matrix.

where V, is the ablation volume (cm®), Dj is the long diameter of the
ablated tissue measured by ruler, and Dj is the short diameter of the
ablated tissue measured by ruler.

Preparation of Nude Mouse MB231 Human Breast Cancer
Xenograft. The human breast cancer xenografts were built on 12
female SPF nude mice (4 weeks old) with a mean body weight of 15 g
according to a method in the literature.”> The MB231 cancer cells
were collected by centrifugation and dispersed into axenic PBS,
followed by a subcutaneous injection of 1 X 10° cells per tumor into
the backs of 12 female SPF nude mice. The mice were used for
experiments when the tumor volume reached 1.90 + 0.67 cm®. All the
animal procedures were conducted under the guidelines approved by
the Chongqing Medical University.

The tumor volumes were calculated using the following formula:

V,=D\D’/2

where V, is the tumor volume (cm?), D is the long diameter of the
tumor measured by ruler, and D; is the short diameter of the tumor
measured by ruler.

Evaluation of Magnetic Thermal Ablation Efficiency in Vivo.
The 12 nude mice were divided into two groups and were anesthetized
by pentobarbital (0.08—0.1 mL/mouse, 1%). For group 1, eight mice
were randomly selected, and 0.2 mL (0.36 g) of 10% injectable
MCPCs were injected into the tumors under the real time guidance of
ultrasound imaging (Esoate, LS—12 MHz). The ultrasound images
were recorded, and the echo intensities of MCPCs were measured.
Then, the mice were exposed to the alternating magnetic field as above
for 180 s, the surface temperature of the tumors were continuously
acquired by the same infrared thermometer as above, and the
temperature at different distances (0, 0.5, 1, 2, and 3 cm) to the core
surface temperature was recorded at the time point of 180 s.
Immediately after the ablation treatment, three mice were randomly

selected and euthanized for tumor pathology examination by
hexatoxylin and eosin (H & E) staining. The other five mice were
fed for further observation of the tumor growth trend. For group 2, the
other four mice without any treatment were taken as the control
group.

Statistical Analysis. All statistical analysis were performed using
the Statistical Package for the Social Sciences 18.0 (SPSS, Inc,
Chicago, IL), and p value <0.0S was considered statistically significant.
All results are presented as mean + STDEV (standard deviation). For
multiple comparisons, ANOVA (differences in tumor volumes,
injectable percentage, temperature, and echo intensity) was used
when the data were normally distributed and with homogeneous
variance, and rank sum tests were used in other cases. Once significant
differences were detected, Student’s t-tests were used for comparisons
between two groups.

B RESULTS

Volume-to-Mass Calculation. The volume—mass con-
version results showed that the masses after drying were 0.192
+ 0.008, 0.359 =+ 0.010, and 0.539 + 0.009 g for 0.1, 0.2, and
0.3 mL of MCPC separately (Table 1).

Morphology. The SEM image (Figure 1A) showed that the
MCPC matrix was porous. The EDS map scan image (Figure
1C) showed that the Fe element was well-distributed within the
matrix of CPC. The corresponding element energy percentages
spectrum was shown in Figure 1B. The energy percentages for
Ca, P, O, and Fe were 212, 189, 49.85, and 10.05%,
respectively.

Antiwashout. The S and 10% MCPC were resistant to
washout and were kept integrated without any disintegration
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Figure 2. (A) The antiwashout experiment (Al: preheating, A2: postheating). (B) Injectability of MCPC (***: significant difference (p < 0.05)).
(C) The exotherm during the setting reaction for MCPC (RT, room temperature; ***, significant difference (p < 0.05) for different concentrations
of Fe;0, nanoparticles; &, significant difference (p < 0.05) CPC vs RT). (D) The time—weight loss curve of MCPC after 1, 3, S, 8, 11, 18, 25, 32, 38,

and 68 days.

even the temperature reached 150 °C in the washout resistance
test (Figure 2Al1, before heating; Figure 2A2, after heating),
while the 15% MCPC disintegrated into numerous small
fragments when the temperature reached 50 °C.

Injectability. As shown in Figure 2B, the injectable
percentage was 84.68 + 1.13, 87.5 + 0.75, and 90.68 +
0.92% for 0, 5, and 10% MCPC, respectively. The statistical
analysis show that 0% MCPC versus 5% MCPC and 10%
MCPC have significant differences (p < 0.05), and 5% MCPC
versus 10% MCPC also has a significant difference (p < 0.05) in
the injectable percentage, which showed that the injectability
increased with the iron content.

Exotherm during the Setting Reaction. As shown in
Figure 2C, the exotherm during the setting reaction for MCPC
was low. Under room temperature (RT), the exotherms during
the setting reaction were 3.17 + 0.18, 1.99 + 0.17, and 1.36 +
0.14 °C for CPC, 5% MCPC, and 10% MCPC, respectively.
The statistical analysis show that CPC versus RT have
significant differences (p < 0.05), and CPC versus 5% MCPC
and 10% MCPC have significant difference (p < 0.05).
Furthermore, 5% MCPC versus 10% MCPC also has a
significant difference (p < 0.0S) in the exotherm during the
setting reaction, which means that the Fe;O, nanoparticles may
reduce the exotherm in the setting reaction.

Degradability. The time—weight loss curve of MCPC
(Figure 2D) showed that the MCPC was degradable with time.
In Figure 2D, the percentages of weight loss were 24.23 + 0.02,
32.62 + 0.03, and 37.38 + 0.03% for 0.5 g of CPC, 5% MCPC,
and 10% MCPC, respectively, after soaking in PBS for 68 days.

Heating Efficiency in PBS in Vitro. When exposed to the
alternating magnetic field, the color of the thermal images
(Figure 3A) showed the 10% MCPC could quickly generate a
lot of heat to increase the temperature of PBS, and this

temperature increased with the MCPC weight, iron content,
and time. The corresponding time—temperature curve
confirmed this finding (Figure 3B). The temperature reached
to 85.17 + 495, 97.83 + 5.78, and 125.63 + 28.17 °C,
respectively, for the 0.54 g of 10% MCPC at the time point of
60, 180, and 300 s (p < 0.05), but the temperature only reached
35.00 + 0.10 and 84.13 + 4.28 °C for the 0.54 g of 0% and 5%
MCPC, respectively, after 300 s of magnetic induction heating
(p < 0.05). For 0.19 and 0.36 g of 10% MCPC, the temperature
reached 80.83 + 10.49 and 91.73 + 4.1 °C, respectively, after
300 s of induction heating (p < 0.05). Even after 68 days of
degradation, the 0.54 g of 10% MCPC still maintained a good
heating efficiency (Figure 3C).

Heating Efficiency in Excised Bovine Liver. The thermal
images acquired from the surface of the 6 cm X 2 cm X 2 cm
excised bovine liver containing 0.19, 0.36, and 0.54 g of 10%
MCPC showed the surface temperature increased with the time
and the weight of MCPC (Figure 4A). The corresponding
temperature curve confirmed this finding (Figure 4B). The
peak surface temperature of the excised bovine liver containing
0.54 g of 10% MCPC reached 27.67 + 0.61, 45.37 + 3.59, and
68.7 + 9.20 °C, respectively, at the time point of 60, 180, and
300 s (p < 0.05), and the temperature at different distances to
the location of the MCPC decreased significantly with distance
(p < 0.05). We also found the peak surface temperature of the
liver increased with the weight of the MCPC. The peak surface
temperature containing 10% MCPC reached 34.20 + 3.95 and
46.57 + 3.29 °C, respectively, for 0.19 and 0.36 g of MCPC
after 300 s of induction heating (p < 0.05) (Figure 4B).

Ablation Efficiency in the Excised Bovine Liver. The
excised bovine liver parts containing the 10% MCPCs were
visible under ultrasound imaging. The ultrasound echo intensity
had a tendency to increase with the weight of the MCPCs and
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Figure 3. Heating efficiency of the MCPC. (A) The thermal images for different weights and iron contents of MCPC at different magnetic induction
times. (The “deg 0.54 g 10%” in parts A and C of Figure 3 represents 0.54 g of 10% MCPC after degradation for 68 days.) (B) The corresponding
time—temperature curve of the MCPCs with different weight and iron content. (C) The corresponding time—temperature curve for 0.54 g of 10%

MCPC after 68 days of degradation.

the extended time under the alternating magnetic field, and it
was difficult to give a quantitative analysis because of the effects
of the ultrasound shadowing behind the MCPCs (Figure SA).
After 60, 180, and 360 s of magnetic induction heating, the
ablated liver tissue around the MCPC showed a pale color
when observed with the naked eye when each of the bovine
liver part was split into two parts for observation (Figure SB).
The ablated area increased with the weight of the MCPC and
the extended time under alternating magnetic field. The ablated
tissue volumes for the 0.36 g 10% MCPC were 0.2 + 0.03, 1.01
+ 0.07, and 1.96 + 0.19 cm®, respectively, at the time point of
60, 180, and 360 s (p < 0.05) (Figure 5C).

Magnetic Hyperthermia Ablation Efficiency in Tumor
Xenograft. As Figure 6A showed, the tumors were elliptical in
shape and appeared hypoechoic in ultrasound imaging. The
needle was clearly visible under real time ultrasound imaging,
which ensured precision in the in situ injection of the MCPC.
The MCPC was hyperechoic, with an acoustic shadow after the
injection. The ultrasound images showed a good distribution of
the MCPC inside the tumor, with a wirelike shape on the
longitudinal section and a spotlike shape on the transverse
section. The thermal images (Figure 6B) and the correspond-
ing time—temperature curve (Figure 6C) obtained from the
tumor area confirmed the heating efficiency of 0.36 g of 10%
MCPC. The peak surface temperature of the tumor containing
the MCPC could reach to 74.73 + 9.12 °C after magnetic
induction heating for 180 s. Figure 6 D shows that the
temperature at different distances to the core temperature

13870

decreased significantly with distance after 180 s of magnetic
induction heating (p < 0.05).

As shown in Figure 7A, the significantly macroscopic changes
of the tumors were observed after the magnetic ablation. The
color of the skin on top of the tumors turned into a pale white
color immediately after the magnetic hyperthermia ablation
treatment. On the first day after the ablation treatment, the
color of the tumors including the above skin turning into black,
with a clear boundary between the ablated and nonablated
tissue. During the next 2 days, the tumor tissue (including the
skin above) began to form a scab. On the fourth day, the crust
of the black necrotic tissue began to desquamate. After 1 week,
the size of the tumors was obviously diminishing. After 2 weeks,
the black necrotic tissue began to separate from the body and
tell off. The microscopic therapeutic outcomes of tumor cells
were evaluated by the typical H & E staining. Large areas of
disorder tissue with remarkably destructed cells and uniformly
red-stained cytoplasm were found in the tumor tissue that
received MCPC followed by magnetic ablation. Comparatively,
the control mouse showed no obvious cell destruction, and had
an integrated nucleus and cytoplasm (Figure 7B). The time—
tumor volume curve revealed the manifested reduction
tendency in the tumor volume after magnetic ablation, while
the tumor volume in the control group continued to increase
(Figure 7C).

B DISCUSSION

In this study, we have developed an injectable and phase-
transitional magnetic material by distributing Fe;O, nano-
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Figure 4. Heating efficiency in the 6 cm X 2 cm X 2 cm excised bovine liver. (A) Thermal images of the excised bovine liver containing 0.19, 0.36,
and 0.54 g of 10% MCPC when exposed to the alternating magnetic field for 300 s. (B) The corresponding time—temperature curve. (C) The
distance—temperature curve for 0.54 g of 10% MCPC embedded in the excised bovine liver after 300 s of induction heating.
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Figure S. Ablation efficiency correlated to the MCPC weight and the extended time under the alternating magnetic field. (A) The ultrasound
imaging of the excised bovine liver containing 0.19, 0.36, and 0.54 g of 10% MCPC at the time point of 60, 180, and 300 s after ablation. (B) The
corresponding macroscopic photos. (C) The corresponding necrosis volume.

particles inside the calcium phosphate cement for the minimally which should add value to its safety use in future clinical
invasive magnetic ablation of tumors. We used PEG-600 with a application. Furthermore, the MCPC showed a high-efficiency
good safety record as the liquid phase to prepare the MCPC property in the magnetic hyperthermia ablation of tumor.
without using organic solvent. The injection of this The CPC is a hydroxyapatite compound with a structure
biodegradable MCPC was guided and monitored by real-time similar to that of human bone, which has been extensively
ultrasound, and the MCPC was visible to CT imaging as well, applied in the field of clinical orthopedics, such as
13871 DOI: 10.1021/acsami.5b02077
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Figure 7. Magnetic hyperthermia ablation efficiency in tumor model. (A) The macroscopic changes of tumor during the 2 weeks after the magnetic
hyperthermia ablation treatment. (B) The microscopic structure of the ablated and nonablated tumor tissue. (C) The time—tumor volume curve.

osteoporosis,*® bone tumors with pathologic fractures,”” and
chronic osteomyelitis.”® In this study, the microstructure of the
MCPC was porous, and the Fe;O, nanoparticles were
uniformly distributed within the CPC. The amount of Fe;O,
nanoparticles inside the CPC should be controlled because the

15% MCPC did not behave well in the antiwashout test, which
means that the Fe;O, nanoparticles could “escape” from the
MCPC once the amount of Fe;O, nanoparticles reached a
certain threshold (for example, 15%). The 5% and 10% MCPCs
were resistant to washout and stayed integrated even when the
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temperature increased to 150 °C, which means they might
prevent the Fe;O, magnetic nanoparticles from permeating
into the surrounding tissues or blood vessels in vivo, and they
could be kept integrated during the magnetic induction
hyperthermia treatment.

The injectability study showed the injectable percentage of
the 10% MCPC was 90.68 + 0.92%, which guaranteed the local
injection of the MCPC in a minimally invasive manner. The
exotherm during the setting reaction was considerably low for
the 10% MCPC, which was 1.36 + 0.14 °C and should be
much safer than PMMA, which has a much higher exotherm of
95 °C in polymerization.”” The degradability test showed that
the MCPC was degraded with time. The in vitro magnetic
heating efficiency study showed that the MCPC could quickly
heat the PBS and the excised bovine liver under an alternating
magnetic field, and the ablation efficiency increased with the
time, the MCPC weight, and the iron content, which means the
ablation volume is controllable. We found that even when the
heating efficiency of the MCPC gradually decreased after a
period of time, it still could increase the local temperature to
the specific level needed for the ablation of tumors. Thus, the
MCPC might be able to be used repeatedly for the ablation of
the locally recurrent tumor without the need for the reinjection
of the MCPC. Further in vivo study showed the injectable and
biocompatible MCPC could efficiently generate enough heat to
completely ablate the tumor model. However, a shorter time is
needed to ablate tumor tissue than for the same volume of the
excised bovine liver tissue. The reason might owe to the
heterogeneity between tumor tissue and excised bovine liver
tissue, which leads to a nonuniform response to heat treatment.
The tumor cells were reported to be more sensitive to heat than
the normal cells; thus, the tumor tissue could be completely
ablated in a shorter time and lower temperature.*

For the future clinical translation, the safety issue of MCPC
has to be a concern, especially the degradability of the MCPC.
Some research in the literature has shown that the CPC
implant could be biodegraded in soft tissues. Bing Han et al.*’
reported the implantation of this brushite in the subcutaneous
tissue in rabbits and found that 43% of the initial amount of the
subcutaneously implanted brushite in rabbits had degraded in
12 weeks. Uwe Klammert et al.*® reported the effects of a long-
term intramuscular implantation regime on the dissolution of
various low-temperature-setting calcium phosphate cements
including brushite in vivo and found no indication for wound
infections, inflammation, or rejection until the retrieval of the
implants after 15 months; they found that the implanted
volume showed a significant reduction, too. Ooms et al¥
implanted the CPC in the back of goats and found small areas
of calcification in the fibrous capsule surrounding the implants
in 4 to 8 weeks. On the basis of this finding, they proposed that
the CPC is biocompatible and can be used next to soft tissue.
On the issue of the biodegradation mechanism of CPC, Uwe
Klammert et al.’>® reported that the degradation was
accompanied by both a distinct extent of cement dissolution
as well as the changes of the phase composition of the retrieved
cement implants. Jianxi Lu et al.>* reported that biodegradation
of the Ca—P biomaterials in tissue might be a combination of
the following processes: (1) physical (abrasion, fracture,
disintegration); (2) chemical (dissolution, increases of Ca and
P locally at the surface); and (3) biological (reductions in pH
caused by cellular and phagocytic activities resulting in
increases in the rate of biodegradation due to the dissolution
of the Ca—P biomaterials). However, the possibility of inducing

calcification in soft tissue for MCPC is still a potential safety
issue and needs to be further studied. The another main
component of the MCPC is the Fe;O, nanoparticles, which
have a good biocompatibility and safety profile*® and have been
authorized for clinical application by the FDA as a magnetic
resonance imaging contrast agent.”* Another safety issue is the
damage to the normal tissue, which is the same safety issue for
the other hyperthermia techniques such as radiofrequency
ablation or microwave ablation. Fortunately, in clinical
applications, to avoid potential recurrence of tumor the normal
tissue beyond the tumor was routinely ablated as well.*® In this
study, we found that sometimes, the normal skin tissue close to
the subcutaneous tumor was damaged and peeled off with the
necrotic tumor, while the muscle tissue close to the tumor was
not significantly affected by the complete ablation of tumor.
The detailed mechanism is unknown. We would like to
investigate these mechanisms in our future study.

Finally, the safety issue of the leakage of MCPC into the
surrounding tissue is of concern too. In our preliminary study,
we compared the MCPC with pure Fe;O, nanoparticles in the
capability of leakage. We put the pure Fe;O, nanoparticles and
the MCPC into the holes of an agarose gel for magnetic
induction heating. The results showed that the flow ability of
the pure Fe;O, nanoparticles was significantly increased with
the temperature rise, and they flowed everywhere when the
temperature reached 90—100 °C (file “SI-movie 17, Supporting
Information). For the MCPC, however, the Fe;O, nano-
particles were tightly confined in the CPC even when the
temperature was increased to 124 °C (file “SI-movie 27,
Supporting Information), and the MCPC stayed integrated
during the whole magnetic induction heating process. Thus, we
propose that it has a better safety record compared to that of
the pure Fe;O, nanoparticles, which have been well-employed
in much research via direct tumor injection.

Although we have proved the feasibility of using the novel
MCPC material for the treatment of tumors, there are still
some limitations for this study. First, the surface temperature
acquired by the thermal images could not accurately reflect the
internal temperature. The recently developed MR thermometry
has been shown as an encouraging prospect, and is considered
to be a very useful method for the precise method for the
intraprocedural evaluation of temperature.***” Second, incom-
plete ablation might happen if the tumor is irregular and in
deep tissue. In this study, the superficial xenograft tumor model
with a good shape was used, and the injection of MCPC was
guided by real-time ultrasound imaging to deliver the MCPC
homogeneously inside the tumor along the long axis of the
tumor so that the incomplete ablation of tumor was successfully
avoided.

B CONCLUSIONS

We have developed an injectable and biodegradable material
using CPC containing Fe;O, nanoparticles for the highly
efficient and minimally invasive magnetic ablation of tumor. We
expect that this developed magnetic hyperthermia ablation
technique could contribute to the clinical application of
minimally invasive techniques for the treatment of tumors
and offer a better cosmetic outcome with fewer complications.

B ASSOCIATED CONTENT

© Supporting Information
Videos showing the magnetic induction heating of pure Fe;0,
nanoparticles and the MCPC in the holes of an agarose gel

DOI: 10.1021/acsami.5b02077
ACS Appl. Mater. Interfaces 2015, 7, 13866—13875


http://dx.doi.org/10.1021/acsami.5b02077

ACS Applied Materials & Interfaces

Research Article

phantom. The Supporting Information is available free of
charge on the ACS Publications website at DOI: 10.1021/
acsami.5b02077.
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