
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
D

ec
em

be
r 

20
16

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 8
:2

0:
48

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Highly efficient m
aSecond Affiliated Hospital of Chongqin

Laboratory of Ultrasound Molecular Imagin
bShanghai Institute of Ultrasound in Medicin

Shanghai Sixth People's Hospital, Shanghai
cSchool of Metallurgy and Materials Enginee

Technology, Chongqing 401331, China

Cite this: RSC Adv., 2017, 7, 2913

Received 19th August 2016
Accepted 28th November 2016

DOI: 10.1039/c6ra20860f

www.rsc.org/advances

This journal is © The Royal Society of C
agnetic hyperthermia ablation of
tumors using injectable polymethylmethacrylate–
Fe3O4

Yi Ling,a Xiuzhen Tang,a Fengjuan Wang,a Xiaohan Zhou,a Ronghui Wang,a

Liming Deng,a Tingting Shang,a Bing Liang,a Pan Li,a Haitao Ran,a Zhigang Wang,a

Bing Hu,b Chunhong Li,*c Guoqing Zuo*a and Yuanyi Zheng*ab

Magnetic hyperthermia is a promising minimally invasive technique for tumor therapy which has drawn

much attention. However, the currently used magnetic materials have their limitations. In this study, we

developed an injectable, liquid to solid phase transitional magnetic material, polymethylmethacrylate

(PMMA)–Fe3O4 designed for highly efficient magnetic hyperthermia ablation of tumors. The PMMA–

Fe3O4 was prepared by the incorporation of PMMA and the Fe3O4. The morphology characterization, the

magnetic properties and the heating efficiency of PMMA–Fe3O4 were studied. The Fe3O4 particles were

evenly distributed in the PMMA and the hysteresis curve of Fe3O4 and PMMA–Fe3O4 indicated that they

were magnetic materials. When exposed to an alternating current magnetic field in vitro, the magnetic

PMMA–Fe3O4 generated heat. The increased temperature of excised bovine liver was positively

correlated to the iron content and time, which suggested that the temperature inside the tumor was

controllable. The ablated liver tissue area for 0.1 ml 10% PMMA–Fe3O4 was 1.24 � 0.28, 1.70 � 0.57, 2.76

� 0.31, 4.17 � 1.07 cm3, respectively, at 60, 120, 180 and 240 s time points. In the in vivo animal

experiments, a MB-231 breast cancer xenograft model was obtained in nude mice. In this tumor model,

PMMA–Fe3O4 was injected precisely using guided ultrasound imaging. After the injection, the computer

tomography images showed that it was well confined in the tumor tissues without any leakage. The

tumors were completely ablated by a dose of 0.1 ml, 10% PMMA–Fe3O4 with 180 s exposure time in the

magnetic field. Our results demonstrated that PMMA–Fe3O4 was an excellent magnetic material for the

localized magnetic hyperthermia ablation of tumors.
1. Introduction

Cancer is a major public health problem in the world1 and the
incidence of cancer has increased with the arrival of aging and
augmented standards of living.2,3 For most cancer patients,
surgical treatment is oen the rst choice, though surgical
resection has limitations and potential complications.4 Thus,
minimally invasive techniques such as radio-frequency abla-
tion, microwave ablation and high intensity focused ultrasound
(HIFU) has aroused more and more concerns.5 However, they
have their limitations as well. For example, HIFU is affected by
gas and bone, microwave ablation is not very suitable for deep
tumor ablation, and the needle used for radio-frequency abla-
tion is too big, which might cause potential safety problems.6,7
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Magnetic hyperthermia is an adjuvant in cancer treatment
that is used to improve the treatment effects.8 A temperature
range of 41–43 �C is employed for most of the hyperthermia
therapy.9 The physical principle of magnetic heating is owed to
the Brownian and Neel relaxation,10 which is not affected by gas
or bone and is suitable for both supercial and deep tumor
ablation. Thus, the technique of magnetic hyperthermia
develops very fast and has been applied in clinic already.11,12 The
magnetic media is the key factor for magnetic hyperthermia,
which includes magnetic nanoparticles, magnetic uid and
ferromagnetic thermoseeds.13,14 For magnetic uid or magnetic
nanoparticles, it is difficult to selectively accumulate in tumor
tissue15,16 and can easily leak into the surrounding tissues or
blood vessel, which might cause potential safety problems and
decrease the therapy efficiency. Ferromagnetic thermoseeds
need precision and are relatively big, complex calculating and
controlling.17 Recently, Chunyan Xu18 reported a novel material,
the calcium phosphate cement (CPC) containing Fe3O4, as an
injectable and biodegradable media for the ablation of tumor.
This material could form a solid implant inside the tumor to
decrease the Fe3O4 leakage from the tumor to the surrounding
RSC Adv., 2017, 7, 2913–2918 | 2913
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tissues. However, the setting time19 for CPC is 30–60 minutes20

and the relatively long setting time might permit some of the
Fe3O4 particles leak into the surrounding tissues before the
liquid material transform to solid implant.

Bearing these limitations in mind, to develop an injectable
magnetic media with a faster liquid to solid phase trans-
formation time and without losing the other advantages of CPC is
of importance. Polymethylmethacrylate (PMMA) is a material
approved by FDA for clinical use. It has good compressive
strength, safety and biocompatibility records, which has attrac-
ted wide publicity21 and has been used in orthopedic surgery and
trauma for xing arthroplasties.22,23 Moreover, PMMA possesses
an ability to transform from liquid to solid state in a much
shorter time than CPC (the setting time of PMMA is 12.5 � 1
minute).24,25We supposed themagneticmediamade from PMMA
might conne the Fe3O4 nanoparticles well in the tumor tissue
aer injection, which should further improve the treatment
efficiency of hyperthermia ablation of tumor.

Aer a careful review of the literature, we found M. Kawashita
has already tested the magnetic heating efficiency of the PMMA
containing Fe3O4 in vitro. The temperature of PMMA–Fe3O4 could
be increased rapidly to over 70 �C within a period of several tens
of seconds25 and they thought PMMA–Fe3O4 could be used for
high efficient cancer hyperthermia therapy. Unfortunately, they
had not tested PMMA–Fe3O4 for cancer treatment neither in vitro
cell experiments nor in vivo animal model experiments.

In this study, the injectable and fast liquid–solid phase
transitional PMMA–Fe3O4 was prepared and its high efficiency
for tumor hyperthermia therapy was studied in vivo.
2. Experimental section
2.1. Preparation of PMMA–Fe3O4

Fe3O4 powder (Chengdu Aike reagent, China) with an average
diameter of 20–50 nm, PMMA powder and MMA liquid (Her-
aeus, Germany) were used. Four kinds of cement were prepared
by mixing the PMMA, MMA liquid with the different proportion
of iron oxide. The weight ratio of PMMA and MMA liquid was
2/3 (Table 1).26
2.2. Structure characteristics of PMMA–Fe3O4

The microstructure of PMMA–Fe3O4 was tested using scanning
electron microscope (SEM, JEOC-7800F) and the element anal-
ysis was observed by an energy dispersive X-ray spectrometer
(EDS, x-MaxN).
Table 1 Composition of PMMA–Fe3O4

Cement

Powder (wt%)

Liquid (wt%)Fe3O4 PMMA

PMMA-0 0 40 60
PMMA-5c 5 38 57
PMMA-10c 10 36 54
PMMA-15c 15 34 51

2914 | RSC Adv., 2017, 7, 2913–2918
2.3. Magnetic properties of the Fe3O4 and PMMA–Fe3O4

powder

PMMA–Fe3O4 was prepared by PMMA and Fe3O4 nanoparticles.
Themagnetic properties of Fe3O4 and PMMA–Fe3O4 powder were
tested by Physical Property Measurement System (PPMS-9) at
room temperature. PPMS was developed by Quantum Design
which can be used to measure the basic physical properties of
materials.27
2.4. Injectability

The liquid PMMA–Fe3O4 was poured into a 2 ml syringe. Then,
the PMMA–Fe3O4 was injected into the water to observe the
progress of liquid–solid phase transformation.
2.5. Heating efficiency in excised bovine liver

PMMA–Fe3O4 with different iron contents were prepared into 6
mm diameter balls and dried for 24 h. They were embedded
into the excised bovine liver pieces (2.5 cm � 2 cm � 2 cm) and
exposed to the altering current magnetic eld generated by
a homemade magnetic hyperthermia machine (frequency 626
kHz, output current 28.6 A, coil diameter 3 cm)28 for 300 s at
room temperature. The surface temperature of PMMA–Fe3O4

was acquired by a far-infrared thermometer (Fluke Ti32, Fluke
Corporation, USA). The thermal images were analyzed using the
Smart View 3.6 soware. During treatment and measurement
period, liver piece did not show signicant shrinkage.

According to the above experiments, the 10% PMMA (PMMA-
10c) was the best choice for next experiment. 0.1 ml PMMA-10c
was shaped into balls and dried for 24 h. They were implanted
into the excised bovine liverpieces (2.5 cm � 2 cm � 2 cm) and
exposed to the same altering current magnetic eld for 60, 120,
180 and 240 s. Then, the excised bovine liver was split into 2
parts and the coagulation necrosis area was measured by ruler.
Based on the following formula, the area was calculated.

S1 ¼ pD1D2 (1)

where S1 is the coagulation necrosis area (cm2), D1 and D2 (cm)
is the long and short diameter.
2.6. MB-231 human breast cancer xenogra in nude mice

Nine female nude mice (4 weeks old, 19.3 � 0.8 g) were selected
randomly. MB-231 breast cancer cells were collected by centri-
fugation, dispersed into DMEM cell culture medium and
1 � 105 cells were injected into the back of each nude mouse
subcutaneously. Aer 4 weeks, the tumor volume reached to
0.453 � 0.109 cm3 which were used to the next experiment.
Animals were maintained in accordance with the guidelines of
theMinistry of Science and Technology of Health Guide for Care
and Use of Laboratory Animals, China, and approved by the
institutional ethical committee (IEC) of Second Affiliated
Hospital of Chongqing Medical University. Based on the
following formula, the tumor volume was calculated.29

V1 ¼ D1D2
2/2 (2)
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 The process of liquid–solid phase transformation; (a) before the
injection; (b–e) injecting liquid PMMA–Fe3O4 through a needle; (f)
after the injection. The PMMA–Fe3O4 transformed into solid implant
which could be taken out by a tweezers.
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where V1 is the tumor volume (cm3), D1 and D2 (cm) is the long
and short diameter.

2.7. Nude mice MB-231 human breast cancer xenogra

The 9 nude mice were divided into two groups. For group 1, 6
nude mice were selected randomly and were anesthetized by
pentobarbital (0.1–0.18 ml/mouse, 1%). 0.1 ml PMMA-10c was
injected into the tumor tissues under the real time ultrasound
induction (Esoate, L5-12 MHz). Aer that, CT images (Quantum
FX) were acquired to observe the position of PMMA-10c. Then,
the nudemice were exposed to the altering currentmagnetic eld
for 180 s and the surface temperature of tumor was obtained by
infrared thermometer. To acquire the microstructure of ablated
tumors, 3 nudemice were euthanized in 24 h aer treatment. For
group 2, 3 nude mice as control group had no treatment.

3. Results
3.1. Characteristic of PMMA–Fe3O4

As showed in the SEM images [Fig. 1(a)], the Fe3O4 nanoparticles
were evenly distributed in PMMA. The element mapping of
PMMA–Fe3O4 [Fig. 1(b)] showed that every element was well
dispersed in PMMA and the correspondingmolecular percentages
for C, O and Fe were 48.64, 40.90, 10.46, respectively, [Fig. 1(c)].

3.2. Injectability

Fig. 2(a–f) illustrated that liquid PMMA–Fe3O4 could be injected
from syringe (the inner diameter of needle: 1.2 mm). When
contacted with water, PMMA–Fe3O4 would not be defeated and
dispersed. The liquid–solid phase transformation happened
aer setting time.

3.3. Magnetic properties

The hysteresis curve (Fig. 3) showed that the pure Fe3O4 nano-
particles and the PMMA–Fe3O4 were ferromagnetic. The satu-
ration magnetization value (Ms) and the coercive force (Hc) for
the pure Fe3O4 nanoparticles were�15.3 emu g�1 and 126.9 Oe.
However, the PMMA–Fe3O4 had an Ms of �0.3 emu g�1 and an
Hc of 64.5 Oe.
Fig. 1 (a) SEM photographs; (b) and (c) corresponding EDS map scan
images for the PMMA–Fe3O4.

This journal is © The Royal Society of Chemistry 2017
3.4. Heating efficiency in vitro

Fig. 4(a) showed that the surface temperature of 0.1 ml PMMA-
10c in excised bovine liver increased with the iron contents and
time. But for the control group, the temperature of pure PMMA
was not changing with the time. The corresponding time–
temperature curve [Fig. 4(b)] showed that the surface tempera-
ture of PMMA-10c was 44.20 � 1.13, 51.65 � 1.62, 56.25 �
1.2 �C, respectively, at the time point of 60, 180 and 300 s. While
the surface temperature of 5% PMMA–Fe3O4 (PMMA-5c) and
15% PMMA–Fe3O4 (PMMA-15c) were 30.70 � 1.153, 35.83 �
0.87, 38.60 � 1.51 �C and 59.25 � 2.19, 73.15 � 0.49, 79.70 �
2.40 �C, at the time point of 60, 180 and 300 s. Aer being
exposed to the altering current magnetic eld, the heat gener-
ated by the PMMA-10c embedded inside the excised bovine liver
changed the color of the surround tissue from a dark red color
into a pale white color [Fig. 4(c)]. The coagulation necrosis areas
for 0.1 ml PMMA-10c were 1.24 � 0.23, 1.70 � 0.57, 2.76 � 0.31,
4.17 � 1.07 cm2, respectively, at the time points of 60, 120, 180
and 240 s [Fig. 4(d)].
3.5. Heating efficiency in vivo

The ultrasound images [Fig. 5(a)] showed that the echo of the
tumor was hypoechoic. The hyperechoic needle was clearly
visible in ultrasound imaging which guaranteed the precisely
injection of PMMA–Fe3O4 into the tumor. Aer injection, the
PMMA–Fe3O4 appeared hyperechoic inside the tumor tissue.
The CT images [Fig. 5(b)] illustrated that PMMA-10c with high
intensity inside the tumor. The thermal images [Fig. 5(c)]
showed that the surface temperature of the tumor increased
with the time when exposed to the altering current magnetic
eld and reached to 53.05 � 3.18 �C at 180 s [Fig. 5(d)].

The macroscopic image [Fig. 6(a)] showed the tumor volume
was changing with the time aer the magnetic hyperthermia
ablation in vivo. Aer the ablation of the tumor for 180 s, the
color of the skin on the tumor turned into a pale color
RSC Adv., 2017, 7, 2913–2918 | 2915
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Fig. 3 (a) The hysteresis curve of pure Fe3O4 nanoparticles; (b) the hysteresis curve of PMMA–Fe3O4.

Fig. 4 (a) The thermal images of the PMMA–Fe3O4 with different iron contents at different magnetic induction time point (the pure PMMA was
taken as the control group); (b) the corresponding time–temperature curve of PMMA–Fe3O4; (c) macroscopic photos of excised bovine liver (the
tissue with a pale white color around the PMMA-10c was the coagulation necrosis tissue); (d) the corresponding coagulation necrosis area.

Fig. 5 (a) 0.1 ml PMMA-10c was injected into the tumor under real
time guidance of ultrasound imaging. The ultrasound images showed
the procedures for injection at two different sections (L section:
longitudinal section, T section: transverse section, Pre inj: pre injec-
tion, Post inj: post injection, the red dotted line: tumor, the blue dotted
line: PMMA-10c); (b) CT images of PMMA-10c (red dotted line: PMMA–
Fe3O4); (c) the thermal imaging of the tumor was exposed to the
altering current magnetic field for 180 s after injection; (d) the corre-
sponding time–temperature curve.

2916 | RSC Adv., 2017, 7, 2913–2918
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immediately. On the rst day, the color of the skin on the tumor
gradually turned from pale color into black color, and
a boundary between the ablated tissue and the non-ablated
tissue could be clearly observed. On the third day, the tumor
tissue began to form a scab and on the tenth day, the scab began
to desquamate. Until the eenth day, the scab separated from
mice and fell down. Corresponding time–tumor volume curve
was showed in [Fig. 6(b)], which revealed that tumor volume
decreased with the time aer treatment. While in the control
group, the tumor volume had an upward tendency. Fig. 6(c)
showed that the whole body weights of the mice didn't change
with the time. The pathology images showed there was
a signicant difference between the ablated and non-ablated
tumor tissue [Fig. 6(d)]. It could be observed from the tumor
tissue that received PMMA-10c followed by ablation that
disorder tissue with distinct destructed cells existed. On the
other hand, an integrated nucleus and cytoplasm was found in
the control group while no evident cell destruction discovered.
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 (a) The macroscopic images showed the change of tumor
volume within 15 days after the magnetic hyperthermia ablation; (b)
the time–tumor volume curve; (c) the time–body weight curve; (d) the
HE staining of the non-ablated and ablated tumor tissue (red dotted
line: the ablated tissue, black arrow: boundary between ablated tissue
and non-ablated tissue).
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4. Discussion

In this study, we prepared an injectable, fast liquid to solid
phase transitional material, the PMMA–Fe3O4, and conrmed
its high efficiency for the magnetic hyperthermia therapy of
tumor in vivo.

The results showed that the Fe3O4 nanoparticles could be
uniformly distributed inside the PMMA, which was thought to be
the underneath reason for the relatively high compressive
strength of PMMA–Fe3O4.25 When the PMMA–Fe3O4 contacted
with water, it could keep integrated and form a solid implant aer
the setting time. The setting time of PMMA was found to be
signicantly shorter than the reported setting time of CPC. The
PMMA–Fe3O4 could transform from liquid to solid rapidly. Thus,
Fe3O4 nanoparticles were quickly trapped inside the implant,
which means PMMA–Fe3O4 could well conne the Fe3O4 nano-
particles inside the tumor decreasing the risk of leaking to the
surrounding tissue or blood vessel. The hysteresis curve of Fe3O4

powder and PMMA-10c powder showed that both of them were
ferromagnetic, while the Fe3O4 had a much higher Ms value and
Oe value. As we know, the heat-generating ability of ferromagnetic
This journal is © The Royal Society of Chemistry 2017
materials is positively correlated to the magnitude of the coercive
force of ferromagnetic materials and the alternating current
magnetic eld strength.30 Briey, if the coercive force of the Fe3O4

is bigger than the applied magnetic eld, then no heat would be
generated by Fe3O4. The heating efficiency in vitro showed that the
surface temperature and coagulation necrosis area of tissue were
positively correlated to the time and the iron contents, which
suggested that temperature and ablated area could be controlled
to further improve its efficiency and safety. Aer heating, the
PMMA-10c could still keep its integrity, which was different from
the other reported magnetic materials which had a melting
phenomenon aer heating. Thus, PMMA-10c might be able to be
repeated used for the magnetic ablation of residue tumor or
reoccurrence tumor. Furthermore, the PMMA-10c was visible
under real time ultrasound imaging which guaranteed the
precisely injection of PMMA-10c inside the tumor, which further
improved its efficiency for the completely ablation of tumor.

Interestingly, we found the ablated area of tumor was larger
than the ablated area of the excised bovine liver using the same
magnetic eld at the same time. The reason might be that the
tumor tissue was more sensitive to heat than the normal liver
tissue.

For the bench to bed translation of this novel material, the
safety issue of PMMA-10c should be concerned. The PMMA-10c
was composed of PMMA and Fe3O4 nanoparticles. PMMA has
been reported as a safe and biocompatible bone cement which
has been used in clinic more than 50 years, especially for
percutaneous vertebroplasty (PVP) and percutaneous kypho-
plasty (PKP).31,32 On the other hand, Fe3O4 nanoparticles, as
a magnetic resonance imaging (MRI) contrast agent, have been
authorized by the FDA for clinical application.33 They are biode-
gradable in vivo and can be assimilated by physiological metab-
olism.34 Thus, we think the PMMA-10c should inherit their good
safety properties.Whilemore studies on safety, such as long-term
toxicity study, need to be performed in future.

The efficiency of the injectable and phase transitional PMMA–
Fe3O4 was proved in vivo in this study for the hyperthermia
therapy of tumor. However, there are some limitations in this
study as well, which need to be further studied. Firstly, only the
surface temperature of the skin on the tumor was measured by
a far-infrared thermometer, which should be lower than the
temperature inside the tumor. The MR thermometry or other
non-invasive methods might be useful for the measurement of
the internal temperature of the tumor. Secondly, like the other
minimally invasive techniques, the magnetic hyperthermia
technique will also face the residual tumor problem if the tumor
is too large or the magnetic materials are not homogeneously
distributed inside the tumor. To combine the magnetic hyper-
thermia with chemotherapymight be a very good choice since the
increased temperature should double the efficiency of chemo-
therapy to prevent the tumor from reoccurrence.35

5. Conclusion

The injectable and fast liquid–solid phase transitional PMMA–
Fe3O4 was prepared and its high efficiency for tumor hyper-
thermia therapy was conrmed in vivo.
RSC Adv., 2017, 7, 2913–2918 | 2917
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