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Magnetic nanoparticle plays an important role in biomedical engineering, especially in tumor
therapy. In this paper, a new technique has been developed by using the rapid moving magnetic
nanoparticle under a low-frequency alternating magnetic field (LFAMF) to kill tumor cells. The
LFAMF system which was used to drive magnetic nanoparticles (MNPs) was setup with the
magnetic field frequency and power range at ~ 10-100 Hz and ~ 10-200 mT, respectively. During
the experiment, the LFAMF was adjusted at different frequencies and power levels. The exper-
imental results show that the liver tumor cells (HepG2) mixed with MNPs (10 ug/mL) became
partial fragments when exposed in the LFAMF with different frequencies (~10-100Hz) and
power (~10-200mT), and the higher the frequency or the power, the more the tumor cells were
killed at the same magnetic nanoparticle concentration. Conclusion: Tumor cells were effectively
damaged by MNPs under LFAMF, which suggests that they had great potential to be applied in

tumor therapy.
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1. Introduction

Radiotherapy and chemotherapy are mostly used
for cancer treatment. However, both methods are
not optimal as they damage normal tissue and
produce a series of adverse reactions while damag-
ing tumor cells. As a result, much effort has been
devoted to the research of more efficient cancer
therapies. Nanotechnology approaches are currently
the most promising.'™ The use of nanoparticles
has attracted more attention due to their inherent

ultra-fine size, optical characteristics, biocompati-
bility, and magnetic properties.” Amongst nano-
particles, magnetic nanoparticles (MNPs) is the
choice of many researchers. MNPs share special
properties such as strong magnetic responsiveness,
high saturation field, and no magnetic interaction
after the external magnetic field is removed.®” The
functional properties of the MNPs can be applied
for specific biological functions, such as drug deliv-
ery, hyperthermia, magnetic targeting, magnetic
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resonance imaging (MRI), cell labeling and sorting,
and immunoassays.'’'? The cytotoxicity and effi-
ciency of MNPs are important criteria to take into
account for their biomedical application, which
depends upon the nanoparticles’ structure, func-
tionality, stability, and dispensability. Results about
toxicity and biological safety of MNPs show that
they are relatively safe.'!*

Nowadays there is a growing concern on heat
treatment, which is one of the most promising ap-
proaches to practical cancer therapy.'”~'” There is
no doubt that MNPs are used as effective heat
generators because of their high degree of incorpo-
ration into cancer cells and heating efficiency under
an external high frequency alternating magnetic
field.'® Therefore, the application of MNPs for hy-
perthermia treatment was investigated in the work
of Chan et al. and Jordan et al. in 1993.'%2Y These
studies experimentally proved the high efficiency of
a magnetic crystal suspension to absorb the energy
of an alternating magnetic field and converted it
into heat. However, hyperthermia is not currently
applied in clinical medical field because it is difficult
to control the temperature of nanoparticles during
tumor treatment and is not easy to get effective
damaging temperatures in vivo. Until now many
researchers have tried to find out new ways to cope
with these difficulties.

On the other hand, the functional/structural
changes of essential cellular components (the plas-
ma membrane and other cellular organelles) which
can be considered a “vulnerable site” may threaten
the functioning of the cellular unit and even induce
cell death. Many studies have shown that there
are ways to produce irreversible effects on cell
membranes. Electric impulses (8 kV /cm, 5 us) were
found to increase greatly the uptake of DNA into
cells, but this was a reversible process.?! If a periodic
electric field is applied on the cell instead, increasing
voltage will change the electrical charge on cell
membrane. When the pulse time is shortened, micro
pore will be difficult to heal and cell membrane
structure will develop irreversible damage.

We propose a special method, based on MNPs
and magnetic fields, to produce irreversible damage
to tumor cell membranes. MNPs will produce rapid
movements or local vibrations along with an ex-
ternal magnetic field.?> A low-frequency alternating
magnetic field (LFAMF), used for its low heating
efficiency, has previously been designed.?*2° The
speed and direction of moving MNPs are changed

by adjusting the magnetic field power and magnetic
field frequency, resulting in tumor cells injury and
cell membrane damage.?° 2 The method has bright
spots as follows: (1) The frequencies and power of
alternating magnetic field take together and pass
harmlessly through the tissues containing MNPs;
(2) This physical way destroys the tumors with no
chemical effect and radiation effect. This additional
feature opens up possibilities for the development of
multi-functional and multi-therapeutic approaches
for treating a number of diseases.

In this study, the sample of liver tumor cell
HepG2 was introduced. HepG2 cell’s injury by
magnetic Fe; O, nanoparticles (MNP-Fe;O,) under
LFAMF with different magnetic field intensities
and frequencies has been investigated.

2. Materials and Methods
2.1. Setup

A LFAMF generator was developed for obtaining
alternating magnetic field gradient. In most cases,
the magnetic field gradient is generated by a ferrite
core in excitation winding. The particles, usually in
the form of a biocompatible ferrofluid are incubated
with cells. When the ferrite core approaches the
culture plate, the MNPs begin rapid movements,
which are caused by external alternating magnetic
fields.

The setup base mentioned above is designed as
follows. MCU drives an H bridge circuit to produce
an alternating current flowing in the coil. Ferrite
core in excitation winding enhances the LFAMF
intensity at the gap between the magnetic poles.
According to wire specifications table, the following
formula in our calculations (Eq. (1)) was adopted,

B = Greek(m)H = Greek(m)NI/L, (1)

where B is the magnetic induction intensity, Greek
(m) is the relative magnetic permeability, H is the
magnetic field intensity, IV is the number of turns of
the coil, [ is the effective magnetic circuit and L is
the current flowing in the coil. From the above
equation, we designed the winding that is composed
of 1250 rounds with 1 mm diameter and a matching
magnetic core with 120 mm length, 80 mm width
and 30 mm thickness. The current flowing in the coil
is 0.5—1.2A. When the current is 1.2A, the magnetic
field power is 359.2mT in theory. During the ex-
periment the maximal value is set to be 1A, and

1550008-2



J. Innov. Opt. Health Sci. 2015.08. Downloaded from www.worldscientific.com
by 103.240.126.9 on 10/21/18. Re-use and distribution is strictly not permitted, except for Open Access articles.

Tumor therapy by fast moving magnetic nanoparticle under LEAMF

-+——Tube

LFAMF

Y

Fig. 1. Schematic diagram of LFAMF generator.

Ferritecore —— g

Power control

MCU
— =

J requency contro

Display [«

magnetic field power is 200 mT measured by gauss
meter, accordingly. The placement is shown in
Fig. 1, and test tube is put into the gap between two
magnetic poles. The gap has a size of 20 mm length,
15 mm width and 30 mm thickness.

2.2. Preparation of MNP-Fe;0,

MNP-Fe; O, was purchased from Nanjing Emperor
Nano Material Limited Company. The particle
diameter was controlled in the range of 10-50 nm.
The morphology of MNP-Fe; O, was characterized
using transmission electron microscopy (TEM).
Before TEM measurement, the nanoparticles were
dispersed into distilled water, and then they were
dropped on a copper-grid-supported perforated
transparent carbon foil. Based on TEM images the
average size of particles was confirmed.

2.2.1. Cell culture

HepG2 hepatica cancer cells were generously pro-
vided by China Pharmaceutical University. These
cells were maintained as monolayer culture in RPMI
1640 medium supplemented with 10% fetal bovine
serum and 1% penicillin—streptomycin at 37°C in a
humidified atmosphere (5% CO,).

2.2.2.  Cellular uptake of MNP-Fe30,

HepG2 cells (5 x 105/mL) were washed twice with
RPMI 1640 and seeded in a culture dish at 37°C (5%
CO,) until adhesion. Then MNP-Fe; O, (10 ug/mL)
was added to the dish. After 8 h of incubation with
particles, the cells were washed with PBS twice, and
observed by an Olympus IX51 microscope.

HepG2 cells were fixed with 2.5% glutaraldehyde
in 0.1mol sodium cacodylate buffer supplement

with 1.4% sucrose, then incorporated in agar and
further processed for standard Epon embedding.
Ultrathin sections (60 nm) were double stained with
1% uranyl acetate and lead citrate. Ultra-structure
examination by TEM was performed with a Mor-
gagni 268 transmission electron microscope (FEI
Co) at 60kV.

2.2.3. Viability assay

Viability assay was carried out in a 96-well plate.
After adhesion, cells were incubated with different
concentrations of the particles for 24 h, then with
MTT (3-(4,5-Dimethylthiazol-2-y1)-2,5-diphenylte-
trazolium bromide) (0.5mg/mL) for another 3h.
Subsequently, after the medium was discarded, the
same volume of DMSO was added to dissolve the
formed formazan crystals. The optical density of
the supernatant was read at 540 nm using a micro-
plate spectrophotometer. Results were expressed as
the percentage of the viability of treated cells rela-
tive to untreated cells.

2.3. LFAMF exposure

HepG2 cells were seeded in a big culture plate at
37°C (5% CO,) until adherence. MNP-Fe;0,
(10 ug/mL) was added to the plates. After 8h of
incubation with particles, the cells were washed
twice with PBS and dispensed into some small
plates after digestion. The cells underwent magnetic
field irradiation at different frequencies and differ-
ent strengths during the same time. The related
parameters are listed in Table 1.

Three kinds of field power were chosen at two
kinds of frequencies, which were 10, 100 and 200 mT
at 10Hz and 10, 100 and 200mT at 100Hz, re-
spectively. The experimental time was 120 min.
Control groups 1 and 2 that exclude MNPs were
irradiated by LFAMF. Cells in control group 3 were

Table 1. Experiment groups.

Control Control Control
group 1 group 2 group 3 10Hz 100Hz

Concentration/ 0 0 10 10 10
(ng/mL)

LAFMF/(mT) 10 100 0 10 10

100 100

200 200
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incubated with MNPs, but without LFAMF' treat-
ment. All of them were observed by the microscopy.

3. Results
3.1. Characteristic of MNP-Fe;0,

MNPs have considerable potential in their various
biomedical applications due to their narrow size and
shape distribution, high magnetization, and inher-
ent biocompatibility.***! Figure 2(a) shows the
purified and unmodified MNP-Fe;O, that is ob-
served with TEM. Average diameter of the particles
is 20nm and particles are relatively homogeneous.
As single domain particles, this magnetite MNPs—
Fe;O4 has a strong and relatively stable magnetic
moment.?? Obviously, the particles are mutually
attracted and aligned with the opposite magnetic
poles facing each other, as shown in Fig. 2(b).

3.2. Uptake and cytotoxicity
of MNP-Fe;0,
Uptake of MNP-Fe3; O, by HepG2 cells was directly

confirmed using the transmission electron micros-
copy (when it first appeared in the TEM) and the

(b)

Fig. 2. TEM image of MNP-Fe;O, (a) and Magnetic at-
traction of MNP-Fe3 O, (b).
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Fig. 3. Observation of MNP-Fe; O, internalized HepG2 cells
using MTT.

optical microscopy. MNP-Fe; O, was successfully
internalized into HepG2 cells. The cytotoxicity of
the MNP-Fe;O, was measured from control cells
without particle treatment, which was normalized
to 100% viability. As shown in Fig. 3, the MNP—
Fe; O, does not affect the viability of HepG2 cells up
to the concentration of 20 pg/mL in 24h. They
belonged to nontoxic biological materials.

Most internalized MNPs-Fe;O, was localized
around cells in all sectional view of the optical mi-
croscopy. In addition, it was observed by TEM that
MNPs-Fe; O, was localized in the cells as shown in
Fig. 4. To further confirm the intracellular localiza-
tion of MNP-Fe;0,4 in HepG2 cells, another TEM
study was performed. After 24 h exposure of HepG2
cells with 10 ug/mL MNP-Fe; Oy, the cells were ex-
amined by TEM. Clusters of MNP-Fe; O, were still
localized in the cells and no other changes of cellular
morphology were observed in both type of investi-
gated MNP-Fe;O,. TEM images confirmed that

MNP-Fe;04

[
Pe -,

b
f

MNP-Fe.0,

Fig. 4. TEM image of MNP-Fe; O, internalized HepG2 cells.
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large quantities of MNPs—Fe;O, crossed cell mem-
branes, consistent with the reported literature.*

3.3. Tumor cells injury induced by
MNP-Fe;0O4 and LFAMF

Control groups 1 and 2 are shown in Figs. 5(a) and
5(b). It is found that little cells become round, and
other adherent cells grow well because the cells are
spindle-shaped and the structure of membranes is
complete. Control group 3 is shown in Fig. 5(c) in
which the cells continue to adhere with uniform size,
shape and maintain the complete cell membranes.
It was noticed that, with increasing magnetic field
power and frequency, there was a corresponding
change in the morphology of cells. Comparing the
cells under irradiation of 10 mT at 10 Hz [Fig. 5(d)]

with the control groups [Figs. 5(a)-5(c)], most cells
were still alive. After irradiation of 100 mT at 10 Hz
[Fig. 5(e)] and 200mT at 10 Hz [Fig. 5(f)], a little
more cells became floating, but most cells did not
turn round. Comparing the cells under irradiation
of 10mT at 100Hz [Fig. 5(g)] with the control
groups, some cells turned round and floated obvi-
ously. Meanwhile, the number of cells declined.
After irradiation of 100mT at 100Hz [Fig. 5(h)]
and 200 mT at 100 Hz [Fig. 5(i)], the cell’s density
displayed a significant decrease over 120 min. Also
due to the increase in field power and frequency, an
irradiation of 200mT at 100 Hz field was able to
enhance the particle’s ability to damage the cell
membranes compared to that of 10mT at 10Hz
field. As shown in Fig. 5(i) HepG2 cells became
partial fragments induced under LFAMF irradiation

(a) (b) (c)
(d) (e) (f)
(e) (h) (i)

Fig. 5. Photomicrographs of cells after treatment under different LEAMF irradiation (x400): (a) control group 1, (b) control
group 2, (c¢) control group 3, (d) at 10mT and 10Hz (e) at 100 mT and 10 Hz (f) at 200 mT and 10 Hz, (g) at 10 mT and 100 Hz (h) at

100 mT and 100 Hz (i) at 200mT and 100 Hz.
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of 200mT and 100 Hz, but the structure was kept
intact at 10mT and 100 Hz [Fig. 5(g)].

4. Discussion

As far as my knowledge is concerned, MNP-Fe; O, is
especially susceptible to induce localized physical
injury based on LFAMF, which may potentially
destroy the tumors with fewer side effects and prior
to radiation or chemo-therapies. MTT was used to
test the toxicity of MNPs, which was proposed in
1983 by Mosmann®* and has been widely used in
activity detection, drug screening, tumor cell toxic-
ity test, and radiation sensitivity measurement. By
this method, the cell viability was achieved, so as to
predict the compatibility of MNP—Fe; O, in biolog-
ical application. The results showed that different
concentrations (2.5, 5, 10, 20 ug/mL) of MNP-
Fe; O, had no obvious effect on cell proliferation.

MNP-Fe;O0, and HepG2 cells were observed
after 8h, and some particles were found in large
bubble structure, while they were not found in the
nucleus. After 24 h, the phenomenon did not change.
Hence, we would better come to the conclusion that
MNP-Fe;0; did not affect important functions
(such as chromosome function), but the mechanism
of particles entering into the cell is not yet very
clear. 3536

During this experiment, cultured cells were di-
vided into nine parts, including three control groups
and six experiment groups. In control groups 1
and 2, the cells were only under LFAMF irradiation
during 120 min. Cells were the same under the op-
tical microscope before irradiation, and especially
the cellular structure was complete. Hence, tumor
cells injury was induced by MNPs and LFAMF.
Under the identical magnetic field intensity, cell
injury effect was enhanced when the frequency of
magnetic field increases. During the same time of
the LFAMEF irradiation, effects of different power on
cell survival were different. Small power caused lit-
tle effect on the cells. With increasing power, cell
proliferation was restrained obviously. We suspect
the reason is that the fast movement of MNPs under
LFAMF would damage the cells physically such as
changing the structure of the plasma membrane
or entering the nucleus, which could be a cause of
cell death.?” Although the new tumor therapy was
proved to be valid, more experiments are needed to
explore the mechanisms on tumor cells damage.

Moreover, the mechanism of LFAMF is needed to
be discussed. Because of the diamagnetic properties
of cell membrane structure, an external static mag-
netic field (SMF) with moderate strength (1mT-
1T) is supposed to influence the viability of cells.*®
In this study, the complete structure of tumor cells
had been destroyed with MNP-Fe;O, under the
exposure of LFAMF. However, extremely low-fre-
quency magnetic fields also have a transient effect on
cells.?**? Differently, this paper applied a higher
magnetic field strength on tumor cells, and this
might cause irreversible tumor cells injuries. In ad-
dition, prolonged stimulation led to more dramatic
decrease in viability, since it had been proved that
the extremely low frequency magnetic fields formed
irreversible membrane pores. It needs more work to
study how the LFAMF works.

Considering hyperthermia treatment, MNPs
generate heat in an alternating magnetic field, which
produces enough effects by heating the tissue in
which MNPs accumulate. When a tumor is subjected
to high temperatures of heat >46°C, it will cause
cells to undergo direct tissue necrosis. From what has
been mentioned above, the answer to the problem if
magnetic hyperthermia can be applied to cancer
therapy depends on the sufficient concentrations and
the high enough frequency and power.** Compared
with hyperthermia treatment, the LFAMF used in
our new tumor therapy has a very low frequency and
power, which makes the temperature change in a
very small range.* In addition, the concentrations of
MNPs used in the experiments were smaller than
that in hyperthermia treatment, which also reduced
the heat generated. The temperature in the plates
was already measured during the experiments. We
found it changed in less than 3°C. Based on the
above reasons, the method to keep the temperature
of the plate suspending tumor cells was not designed
before, but it might be needed in future study.

It is natural to believe that we should not ignore
the size and the property of the magnetic particle
because of the efficiency of delivery and available
magnetic force. Larger magnetic particles, such as
micro beads, can be used to produce more force by an
external field. But they require a different mechanism
for delivery, such as an injection, which has an ad-
verse effect on cells. On the other hand, smaller
particles, such as paramagnetic nanoparticles, can be
delivered relatively easily by endocytosis. However,
the amount of force that can be exerted by an ex-
ternal field is very small. Based on this, the question
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that what size of MNP-Fe;O,4 could be our best
choice becomes one of our important tasks, as well as
how to achieve results more effectively. Much more
research is needed.

5. Conclusion

It was demonstrated that tumor cells growth was
modulated by the cooperation of internalized MNP—
Fe; O, and the external exposure of LFAMF. The
following conclusions could be obtained:

(1) LFAMF does not cause damage to cells, and
MNP-Fe;0O,4 was proved to be safe in clinical
medicine.

(2) LFAMF can drive the MNP-Fe; O, to damage
tumor cells significantly by destroying the in-
tegrity of cell membrane, and the effect is in
connection with the time and power.

In short, it can be said that we find an uncon-
ventional approach for cancer treatment using the
physical therapy. By further improvement, it is
expected that a new cancer treatment instrument
will be developed by combining the magnetic field
control technology with magnetic targeting. One of
its most promising advantages is that it may sig-
nificantly diminish the problems associated with
chemical toxicity and harmful radiation. This ap-
proach could greatly facilitate future biomedical
applications of nanoparticles.
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