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Abstract

Purpose: The purpose of this study was to present a novel therapeutic strate-
gy combining use of intracellular magnetic nanoparticles (MNPs) under an
alternating magnetic field (AMF) and bleomycin (BLM), and to evaluate its
therapeutic effect using tumor-bearing mice. Materials and Methods: MNPs
(Resovist®, 1.05 mg iron) were incorporated into the hemagglutinating virus
of Japan-envelope (HVJ-E) vector (~5 x 10° particles) (HVJ-E/MNPs) by
centrifugation at 10,000 x g for 5 min at 4°C. Tumor-bearing mice were pre-
pared by inoculating Colon-26 cells subcutaneously into the backs of BALB/c
mice. When the tumor volume reached ~100 mm?, HVJ-E/MNPs and/or
BLM were injected directly into the tumor. The AMF was applied to the mice
one hour after the injection of agents (AMF treatment). The mice injected
with HVJ-E/MNPs were imaged using our magnetic particle imaging (MPI)
scanner immediately (13 min) before, immediately (22 min) after, and 3, 7,
and 14 days after the injection of agents, and the temporal changes of the av-
erage and maximum MPI pixel values in the tumor were quantitatively eva-
luated. The therapeutic effect was evaluated by calculating the relative tumor
volume growth (RTVG) from the tumor volumes measured each day. Trans-
mission electron microscopic (TEM) observation of resected tumors was also
performed to confirm the intracellular distribution of MNPs. Results: The
AMF treatment combined with BLM significantly decreased the RTVG value
compared with AMF treatment alone at 9 to 14 days, and BLM alone at 3 to 5
days after AMF treatment. The average and maximum MPI pixel values in the
tumor were almost constant for 14 days. TEM observation confirmed that
most of the HV]J-E/MNPs were internalized into tumor cells within one hour
after injection. Conclusion: A novel therapeutic strategy with use of AMF
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treatment and BLM was presented, and the time-dependent change of
MNPs in tumors was evaluated using MPI. The present results suggest that
this novel strategy can suppress tumor volume growth over AMF treatment
or BLM alone, and can be performed repeatedly with a single injection of
HVJ-E/MNPs. They also suggest that HVJ-E is effective for internalizing
MNPs into cancer cells and that MPI allows for longitudinal monitoring of
the distribution of MNPs in tumors.

Keywords

Magnetic Particle Imaging (MPI), Magnetic Nanoparticles (MNPs),
Hemagglutinating Virus of Japan-Envelope (HVJ-E), Intracellular Magnetic
Hyperthermia, Bleomycin (BLM)

1. Introduction

Hyperthermia is a well-established approach to cancer therapy, and is based on
the fact that cancer cells are more sensitive to heat than normal tissues [1]. The
therapeutic effect of hyperthermia depends on the temperature and heating du-
ration; its efficacy increases dramatically at temperatures above 42.5°C [1].
However, conventional hyperthermia treatments such as the use of an external
water bath and radio frequency-capacitive heating cannot easily heat deep-seated
tumors [1].

Magnetic hyperthermia treatment employs magnetic nanoparticles (MNPs) as
a source of localized heat [2]. MNPs heat through hysteresis loss and/or mag-
netic relaxation such as Néel and Brownian relaxation under an alternating
magnetic field (AMF) [3]. In addition to their heating property under an AMF,
MNPs have several biomedical advantages. They are suitable for drug delivery
because their size is small enough to get close to biological entities, and their
surface is easily modified with antibodies, polymers, and functionalized peptides
[4]. Owing to their magnetic property, they can be manipulated by an external
magnetic field to accumulate to targeted regions [5]. If MNPs can be delivered to
tumors, magnetic hyperthermia can then selectively heat tumor cells without
damaging normal tissues [6].

One of the optimal methods to selectively heat tumor cells would be the use of
intracellular MNPs taken up by tumor cells, ie, intracellular magnetic hyper-
thermia. The concept of intracellular magnetic hyperthermia was first proposed
by Gordon et al [7]. Intracellular magnetic hyperthermia showed a more potent
cell-killing effect than heating in a water bath, and the use of functionalized
MNPs provided a promising approach for intracellular magnetic hyperthermia
[8]. Recently, we investigated the usefulness of intracellular magnetic hyper-
thermia in comparison with extracellular magnetic hyperthermia, and reported
that intracellular magnetic hyperthermia is more cytotoxic than extracellular

magnetic hyperthermia despite a lower temperature rise in tumors [9]. Thus, it
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is desirable to develop a method for facilitating the rapid internalization of as
many MNPs as possible into cancer cells, in order to enhance the effectiveness of
intracellular magnetic hyperthermia. To date, various methods for surface mod-
ification [4], and vectors including peptide vectors such as protamine [10], have
been developed to realize the rapid internalization of MNPs into cells.

The hemagglutinating virus of Japan-envelope (HVJ-E) vector was developed
as a versatile vehicle for gene delivery by Kaneda et al [11]. Although it is origi-
nally a rodent pneumonia virus, it can be used as non-viral vector because the
infectivity of this virus is inactivated by ultraviolet (UV) irradiation. The notable
advantage of this novel vector is its capacity for cell membrane fusion, which al-
lows efficient incorporation of encapsulated materials into cells regardless of
cellular condition [11]. The conventional cellular uptake of MNPs mainly occurs
through endocytosis or phagocytosis. Since such uptake pathways depend on the
cellular condition, there is a tendency for the cellular uptake to take several
hours and for its efficiency to be low [12]. With cell membrane fusion, the
HV]J-E vector does not have such a problem and can introduce materials into
cells quickly and efficiently. Thus, it has great potential for a variety of applica-
tions [12] [13] [14].

MNPs have potential not only as a heating source for hyperthermia but also as
imaging agents for magnetic resonance imaging (MRI) or magnetic particle im-
aging (MPI). MPI was introduced as a new imaging method in 2005 [15], and
allowed imaging of the spatial distribution of MNPs with high sensitivity and
high spatial resolution [16] [17] [18]. MPI is superior to MRI in terms of the vi-
sibility of MNPs and quantitative performance, because MPI can image MNPs in
positive contrast and its pixel value linearly correlates with the iron concentra-
tion of MNPs [18].

Bleomycin hydrochloride (BLM) is an anticancer antibiotic [19]. It is known
that a combination of BLM and hyperthermia enhances the antitumor effect of
BLM [20]. BLM has a unique mechanism of cytotoxicity that is caused by
breaking the double helical structure of deoxyribonucleic acid (DNA) [21]. BLM
is activated in the presence of Fe(II) ion and oxygen, which serve as cofactors in
DNA cleavage. BLM and Fe(II) ion make a chelate complex and produce a
pseudo enzyme that reacts with oxygen to produce reactive oxygen species
(ROS) such as superoxide and hydroxide free radicals that can cleave DNA.

The purpose of this study was to present a novel therapeutic strategy using a
combination of intracellular MNPs under an AMF and BLM, and to evaluate its
therapeutic effect using tumor-bearing mice. We also evaluated the usefulness of
MPI for visualizing and quantitatively evaluating the temporal changes of the

MNPs in tumors.

2. Materials and Methods
2.1. Reagents

Resovist® (Ferucarbotran, carboxydextran-coated y-Fe,O; MNPs) was purchased
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from FUJIFILM RI Pharma Co., Ltd. (Tokyo, Japan). HV]J-E (GenomONE™-Neo)
was purchased from ISHIHARA SANGYO Co., Ltd. (Osaka, Japan). Bleomycin
hydrochloride (Bleo®) was purchased from Nippon Kayaku Co., Ltd. (Tokyo,
Japan).

2.2. Cell Line

Colon-26 (a murine colon carcinoma cell line) was obtained from Riken Bio
Resource Center (Ibaraki, Japan). The cells were maintained in 10 mL Roswell
Park Memorial Institute (RPMI) medium containing 10% fetal bovine serum
(FBS) and incubated in a humidified incubator at 37°C filled with air containing
5% carbon dioxide. This cell line was used at a sub-confluent state and for no

more than 20 passages.

2.3. Preparation of HVJ-E/MNPs

MNPs were incorporated into HVJ-E (HV]-E/MNPs) as illustrated in Figure 1
[22]. First, one assay unit (AU) of the HVJ-E vector (GenomONE™-Neo) (40
uL, 1 x 10° particles) was centrifuged at 10,000 x g for 5 min at 4°C. The super-
natant was removed and the HVJ-E pellet was suspended in phosphate buffered
saline (PBS). Second, MNPs (Resovist®) with a volume of 7.5 puL (209 g iron)
and 2-uL reagent B (polyoxyethyleneoctyl phenyl ether, Triton X-100) were
added and gently pipetted. Third, the suspended solution was centrifuged again
at 10,000 x g for 5 min at 4°C to incorporate MNPs into HV]J-E (HV]J-E/MNPs),
and the supernatant was removed. Finally, the HV]J-E/MNPs pellet was washed
with PBS to remove both the reagent B and unincorporated MNPs, and was
suspended in PBS, adjusting the total volume to 100 pL. This sample was used in
subsequent experiments.

The amount of iron encapsulated into HV]-E was quantified by colorimetry
using the thiocyanate method [23]. A 100 uL sample obtained by the procedure
described above (Figure 1) was dissolved in 900 pL of 5-M hydrochloric acid
and 120 pL of 5-M potassium thiocyanate solution was added. The colored solu-
tion (100 puL) was dispensed onto each well of a 96-well microplate (Iwaki & Co.,
Ltd., Tokyo, Japan), and the absorption at 480 nm was measured using an ab-
sorption photometer (xMark™ Microplate Spectrophotometer, Bio-Rad Labor-
atories, Inc., Tokyo, Japan). The amount of iron in the sample was calculated
from the standard curve between the absorbance and amount of iron, measured
in advance. The encapsulation efficiency was calculated by dividing the amount
of iron encapsulated into HVJ-E by that of the added MNPs.

2.4. Animal Experiments

2.4.1. Tumor-Bearing Mice
All animal experiments were approved by the animal ethics committee at Osaka
University School of Medicine.

Seven-week-old male BALB/c mice weighing 27.5 + 1.2 g (mean * standard

deviation) were purchased from Charles River Laboratories Japan, Inc. (Kanagawa,
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Figure 1. Illustration of a procedure for incorporating magnetic nanoparticles (MNPs)
(Resovist®) into the hemagglutinating virus of Japan-envelope (HVJ-E) vector
(HVJ-E/MNPs). The MNPs are incorporated into the HV]J-E vector by centrifugation at
10000 x g for 5 min at 4°C after adding Resovist® and Triton X-100 (polyoxyethylene oc-
tyl phenyl ether) to the HVJ-E vector kit (GenomONE™.-Neo).

Japan), and were housed for seven days before experiments for habituation to
the rearing environment. The animals were allowed free access to food and wa-
ter, and were kept under standard laboratory conditions of 22°C - 23°C room
temperature, around 50% humidity, and a 12:12 hour light/dark cycle.

After Colon-26 cells were enzymatically detached from a culture dish and the
number of cells was counted, the cells (1 x 10° cells) were suspended in 100 uL of
PBS and implanted subcutaneously into the back of each mouse under pento-
barbital sodium anesthesia (Somnopentyl®, Kyoritsu Seiyaku Co., Ltd., Tokyo,
Japan) (0.001 mL/g body weight). Tumors started to appear at 7 to 10 days after

the inoculation.

2.4.2. AMF Treatment

When the tumor volume reached approximately 100 mm?, 5 AUs of HV]-E/MNPs
and/or BLM (20 pg) were directly injected into the tumor. After the injection of
agents, the syringe needle was retracted slowly to avoid leakage. The total in-
jected volume was fixed at 100 pL in all cases.

One hour after the injection of HV]-E/MNPs or both BLM and HVJ-E/MNPs,
each mouse was placed in a holder and set in the coil for generating an AMF
[24]. This coil consists of 19-turned loops (6.5 cm in diameter and 10 cm in
length) of copper pipe (5 mm in diameter) and is cooled with water to ensure con-
stant temperature and impedance. The coil was connected to a high-frequency
power supply (T162-5723BHE, Thamway Co., Ltd., Shizuoka, Japan) and a ma-
nual-matching unit (T020-5723AHE, Thamway Co., Ltd., Shizuoka, Japan). The
amplitude of the AMF generated in the coil can be controlled by changing the
output of the power supply. In this study, the frequency and peak amplitude of
the AMF were fixed at 600 kHz and 3.1 kA/m, respectively, and the AMF was
applied to the above mice for 20 min [9] [18]. Note that we refer to the treatment
using HVJ-E/MNPs and AMF as the AMF treatment. Neither BLM nor AMF
treatment was carried out on the mice in the control group.

During the AMF treatment, the temperatures in the tumor and rectum were
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measured in four mice using two fluorescence-type optical fiber thermometers
(AMOTH FL-2000, Anritsu Meter Co., Ltd., Tokyo, Japan) and two optical fiber
temperature probes. One probe was inserted into the center of the tumor and the
other probe was inserted 1 cm inside the rectum. Both temperatures were rec-

orded every minute until the end of the AMF treatment.

2.4.3. Magnetic Particle Imaging

MPI was performed using our MPI scanner, a photograph of which is shown
in Figure 2. In our MPI scanner, a field-free-line (FFL) encoding scheme was
adopted and the selection magnetic field was generated by two opposing neody-
mium magnets [16] [19]. The gradient strengths of the selection magnetic field
perpendicular and parallel to the FFL were 3.9 T/m and 0.1 T/m, respectively.
An excitation coil for generating a drive magnetic field and a gradiometer-type
receiving coil were placed between the two neodymium magnets. The frequency
and peak-to-peak amplitude of the drive magnetic field were taken as 400 Hz
and 20 mT, respectively [16] [19]. The third-harmonic component was extracted
from the signal received by the gradiometer coil using a lock-in amplifier
(LI5640, NF Co., Ltd., Yokohama, Japan). The output of the lock-in amplifier
was converted to digital data by a personal computer connected to a multifunc-
tion data acquisition device (USB-6212, National Instruments Co., Ltd., TX,
USA).

Figure 3(a) illustrates the protocol for data acquisition in the AMF group in
which HVJ-E/MNPs was injected directly into the tumor, while Figure 3(b) il-
lustrates that in the BLM + AMF group in which both BLM and HV]J-E/MNPs
were injected directly into the tumor. As illustrated in Figure 3, the tumor-bearing
mice injected with HVJ-E/MNPs were scanned using our MPI scanner imme-
diately (13 min) before, immediately (22 min) after, and 3, 7, and 14 days after
AMF treatment. For MPI scans, the anesthetized mouse was placed in the re-
ceiving coil and its position adjusted at the maximum MPI signal intensity to
determine the imaging slice. In order to acquire projection data for image re-
construction, the mouse in the receiving coil was automatically rotated around
the axis of the receiving coil through 180° in steps of 5° and translated in the
direction perpendicular to the axis of the receiving coil from —16 mm to 16
mm in steps of 1 mm, using an XYZ-axes rotary stage (HPS80-50X-M5, Sigma
Koki Co., Ltd., Tokyo, Japan). The rotation and translation were controlled us-
ing LabVIEW (National Instruments Co., Ltd., TX, USA). Data acquisition took
about 12 min. Each projection data set was then transformed into 64 bins by li-
near interpolation. After the inhomogeneous sensitivity of the receiving coil and
feedthrough interference were corrected [25], transverse images were recon-
structed from the projection data using the maximum likelihood-expectation
maximization (ML-EM) algorithm with an iteration number of 15 [16] [17].

After the MPI scans, X-ray CT images were obtained using a 4-row multi-slice

CT scanner (Asteion, Toshiba Medical Systems Co., Ltd., Tokyo, Japan) with a
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Neodymium
magnet

Excitation coil

Figure 2. Photograph of our scanner for magnetic particle im-
aging (MPI). In our MPI scanner, a field-free-line (FFL) en-
coding scheme is used and a selection magnetic field is gener-
ated by two opposing neodymium magnets. An excitation coil
for generating a drive magnetic field and a gradiometer-type
receiving coil are placed between the two neodymium magnets.
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Figure 3. Protocol for data acquisition: (a) for the AMF group in which
HVJ-E/MNPs were injected directly into the tumor and (b) for the BLM + AMF
group in which both bleomycin (BLM) and HVJ-E/MNPs were injected directly
into the tumor. AMF: alternating magnetic field, MPI: magnetic particle imaging,
and CT: X-ray computed tomography.

tube voltage of 120 kV, a tube current of 210 mA, and a slice thickness of 0.5
mm (Figure 3). The X-ray CT image obtained after the second MPI study was
substituted for that after the first MPI study. The MPI images were co-registered
to the X-ray CT images for anatomical identification using the method reported

in our previous paper [18].

2.5. Transmission Electron Microscopic Study

Transmission electron microscopic (TEM) studies were performed to investi-
gate the intracellular distributions of MNPs in the tumors at the time of AMF
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treatment. Separately from the animal experiments described above, sev-
en-week-old male BALB/c mice were purchased for the TEM studies and were
implanted with Colon-26 cells in the same manner as described above. When
the tumor volume reached approximately 100 mm?, the tumor was injected with
HVJ-E/MNPs or only MNPs. The amount of iron and total injected volume were
taken to be the same as described above. The mice were sacrificed one hour after
the injection of agents, and the tumors were resected. The resected tumor tissues
were fixed in mixture of 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1%
PBS (Wako Pure Chemical Industries, Ltd., Osaka, Japan) at 4°C. The micro-
structures of these tumor tissues were observed using an electron microscope
(JEM-1011, JEOL Co., Ltd., Tokyo, Japan).

2.6. Data Analysis

The vertical diameter (L), horizontal diameter (L), and height (L) of
the tumor were measured with a caliper every day until 14 days after AMF

treatment. The tumor volume (V) was calculated using the following formula:
V:%vadehdeh (1)

The relative tumor volume growth (RTVG) was calculated from

RTVG = V-V

)
0

In the control group, V, was taken as the tumor volume immediately after it
exceeded 100 mm’. In the AMF and BLM + AMF groups, V, was taken as the
tumor volume immediately before the AMF treatment. In the BLM group, V,
was taken as the tumor volume immediately before the injection of BLM. In this
study, the RTVG value was used as an index of the therapeutic effect.

To quantitatively evaluate the time-dependent change of the MNPs in the tu-
mor, we drew a region of interest (ROI) on the tumor in the MPI image and
calculated the average and maximum MPI values within the ROI. The threshold
value for extracting the contour of the tumor was taken as 40% of the maximum
MPI value within the ROI. Note that we refer to the pixel value of the MPI image
as the MPI value in this study [18].

2.7. Statistical Analysis

In animal experiments, one-way analysis of variance (ANOVA) was used for
comparison of the RTVG values among groups. As a post-hoc test, the Tu-
key-Kramer multiple comparison test was used to determine significance. The
Student’s rtest was used for comparisons of the average and maximum MPI
values between groups at each time point and between time points in each

group. A pvalue less than 0.05 was considered significant.

3. Results

The amount of iron encapsulated into HVJ-E per one AU was 88.3 + 3.6 ug
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[mean * standard error (SE) for n = 3]. This means that approximately 442 ug
iron was injected into the tumor in animal experiments, because 5 AUs of
HV]J-E/MNPs were injected into the tumor. The encapsulation efficiency was
42.2% * 1.7% (mean + SE for n = 3).

Figure 4 shows the time courses of the temperatures in the tumor and rectum
in the AMF group (n = 4). Although the mean temperature in the tumor rose by
approximately 1.3°C and that in the rectum decreased by approximately 1.9°C
during the AMF treatment, there were no significant differences between the
temperatures at the beginning and end of the AMF treatment in both the tumor
and rectum.

Figure 5 shows the time courses of the RTVG values calculated from Equation
(2) in the control (n = 9), AMF (n = 10), BLM (n = 11), and BLM + AMF groups
(n = 8). The RTVG value in the BLM + AMF group was significantly lower than
that in the control group one day or more after AMF treatment (shown by *),
and was significantly lower than that in the AMF group at 9 to 14 days after
AMF treatment (shown by #). It was also significantly lower than that in the
BLM group at 3 to 5 days after AMF treatment (shown by t). There were signif-
icant differences in the RTVG values between the control and AMF groups at 2
to 6 days (shown by $), and between the control and BLM groups at 3 to 11 days
after AMF treatment (shown by &).

Figure 6 shows the MPI images superimposed on the X-ray CT images im-
mediately (13 min) before, immediately (22 min) after, and 3, 7, and 14 days af-
ter AMF treatment. The upper and lower rows show those in the AMF and BLM
+ AMEF groups, respectively. As shown in Figure 6, the MPI values in the tumors
did not change largely with time in both groups.

Figure 7(a) and Figure 7(b) show the temporal changes of the average and
maximum MPI values, respectively, in the AMF (red bars) and BLM + AMF
groups (blue bars). There were no significant differences in the average and
maximum MPI values between the two groups. There were also no significant
temporal changes in either the average or maximum MPI values.

Figure 8(a) and Figure 8(b) show the TEM images of the resected tumors
one hour after the injection of HV]-E/MNPs and only MNPs, respectively. The
TEM images showed most of the MNPs to be present in the cytoplasm when
HV]J-E/MNPs were injected [Figure 7(a)], while most of the MNPs remained in
the extracellular space when only MNPs were injected [Figure 7(b)].

4. Discussion

In this study, we devised a new therapeutic strategy using intracellular MNPs un-
der an AMF (AMF treatment) combined with an anticancer antibiotic, BLM,
and investigated its therapeutic effect as compared with that of the AMF
treatment or BLM alone. We used HVJ-E to enhance the internalization of
MNPs into tumor cells. We also used MPI to quantitatively investigate the
time-dependent change of the distribution of MNPs in the tumor. The present
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Figure 4. Temporal changes of the temperature in the tu-
mor (red circles) and rectum (blue circles) during AMF
treatment. The AMF treatment was performed for 20 min,
starting one hour after the injection of HVJ-E/MNPs. Data
are represented as the mean + standard error (SE) for n = 4.
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Figure 5. Time courses of the relative tumor volume growth
(RTVG) values in the control (black circles, n = 10), AMF (red cir-
cles, n = 10), BLM (blue circles, n = 11), and BLM + AMF groups
(green circles, n = 8). In the control group, neither BLM nor AMF
treatment was carried out. In the BLM group, BLM was injected
directly into the tumor and the AMF treatment was not performed.
*: p < 0.05 between the control and BLM + AMF groups. #: p <
0.05 between the AMF and BLM + AMF groups. f: p < 0.05 be-
tween the BLM and BLM + AMF groups. $: p < 0.05 between the
AMF and control groups. &: p < 0.05 between the BLM and con-
trol groups. Data are represented as the mean + SE.

results (Figures 4-8) suggested that the AMF treatment combined with BLM is
effective for cancer therapy and that MPI is useful for the in vivo longitudinal

observation of MNPs in tumors.
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Figure 6. MPI images superimposed on the X-ray CT images immediately (13 min) be-
fore, immediately (22 min) after, and 3, 7, and 14 days after AMF treatment. The upper
and lower rows show images from the AMF and BLM + AMF groups, respectively. Scale
bar = 10 mm.

Bl AMF Bl AMF
Hl BLM+AMF Bl BLM+AMF
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Figure 7. Temporal changes of the average (a) and maximum MPI values (b) immediately (13 min) before, immediately (22 min)
after, and 3, 7, and 14 days after AMF treatment. The red and blue bars indicate the AMF (n = 10) and BLM + AMF groups (n =
8), respectively. The error bar represents SE.

As previously described, MNPs (Resovist®) with a volume of 7.5 pL (209 ug
iron) were used per one AU of HV]J-E. In this case, the amount of iron encapsu-
lated into HVJ-E and the encapsulation efficiency were approximately 88 ug and
42%, respectively. Although it was possible to increase the amount of iron en-
capsulated into HVJ-E by increasing the volume of MNPs added, the amount of
encapsulated iron and encapsulation efficiency gradually saturated and de-
creased, respectively, with increasing volume of MNPs added (data not shown).
Thus, we adopted 7.5 pL as the volume of MNPs (Resovist®) added to one AU of
HVTJ-E, to minimize the loss of MNPs.
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(a) (b)

Figure 8. Transmission electron microscopic (TEM) images of resected tumor tissues one
hour after the injection of HVJ-E/MNPs (a) and only MNPs (b). Arrows indicate MNPs.
Scale bar = 2 pm.

As previously described, we measured the temperature of the tumor during
AMF treatment using a fluorescence-type optical fiber thermometer, and found
that it did not significantly increase from the temperature at the start of the AMF
treatment (approximately 34°C) (Figure 4). Because it is generally known that
hyperthermia treatment requires a temperature over approximately 42.5°C to
damage cancer cells, we initially thought that the AMF treatment had no thera-
peutic effect. As shown in Figure 5, however, the RTVG value in the AMF group
was significantly lower than that in the control group at 2 to 6 days after the
treatment, implying that the AMF treatment can damage cancer cells without a
notable temperature rise (Figure 4). Wydra et al reported that, with exposure to
an AMF, MNPs cause a significant increase in cellular ROS and apoptotic cell
death with no measurable increase in temperature in vivo [26]. They presumed
that this is caused by the mechanical motion of the MNPs gathered in lysosomes;
the MNPs rotate physically to realign themselves with the magnetic field in the
presence of the AMF, and these physical motions of MNPs induce stress within
the cells and increase ROS generation [26]. Other reports suggested that, during
intracellular magnetic hyperthermia, the mechanical vibration of MNPs gene-
rates highly localized heat around the MNPs without a bulk temperature rise,
which would damage the cells from the inside and induce apoptosis [27]. The
present results (Figure 5) appear to be related to these phenomena of ROS gen-
eration and highly localized heat due to the mechanical motion and vibration of
MNPs under the AMF. The fact that the AMF treatment had a therapeutic effect
without a significant temperature rise appears to be advantageous, because it
does not induce heat-shock protein. In conventional hyperthermia with temper-
atures above 42.5°C, a significant amount of heat-shock protein is expressed
within and/or around the tumor tissues, resulting in the generation of tumor
hyperthermia resistance [1]. AMF treatment without a significant temperature
rise might permit repeated treatment without generating any hyperthermia re-

sistance.
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The combination of the AMF treatment and BLM resulted in significant tu-
mor growth suppression compared to AMF treatment or BLM alone, because
the RTVG value in the BLM + AMF group was significantly lower than that in
the AMF group at 9 to 14 days and that in the BLM group at 3 to 5 days after the
treatment (Figure 5). This may be due to the fact that the combination of the
AMF treatment and chemotherapy with BLM synergistically increased ROS
generation, and the ROS production exceeded the repair capacity of cancer cells.

BLM is a highly hydrophilic glycoprotein, and no BLM-specific receptors are
expressed on cell membranes [28]. The sensitivity of tumor cells to BLM is
highly variable due to the limited penetration of BLM through the plasma mem-
brane [28]. As in the case of macromolecules, BLM is practically non-permeant
to the plasma membrane and enters the cells by endocytosis, whereby it may be
either degraded in the lysosomes, or due to the slow entrance into the cytosol,
degraded by BLM hydrolase before reaching its therapeutic target in the nucleus
[29] [30]. The use of HV]J-E appears to be a powerful tool for overcoming such
problems; incorporating BLM into HVJ-E would enable much easier penetration
through the plasma membrane and prevent BLM degradation by hydrolytic en-
zymes in late endosomes. Mima ef al reported that BLM could be delivered to
cancer cells by the HVJ-E vector approximately 300-fold more effectively than
by BLM alone [31]. Additionally, it has been reported that a combination thera-
py of BLM and cis-diammine-dichloroplatinum (II) (cisplatin, CDDP), having
different working mechanisms, demonstrated a higher treatment effect than
BLM or CDDP alone [32]. Therefore, BLM has the potential to be a very efficient
and specific chemotherapeutic agent, by combining it with a treatment method
that activates its therapeutic potential only in the target tissue, as seen in this
study (Figure 5).

It has been reported that the cores of MNPs themselves show cytotoxicity,
which is induced by the production of highly reactive hydroxyl radicals under
conditions of the biologically relevant Fenton-like reaction with endogenous
hydrogen peroxide [33]. Voinov et al showed that this free radical production is
attributed primarily to catalytic reactions at the surface of MNPs rather than be-
ing caused by dissolved metal ions released by the MNPs [33]. As described
above, a combination of AMF treatment and BLM appears to synergistically in-
crease ROS generation. The use or development of iron oxide nanoparticles that
efficiently and selectively induce free radical production in cancer cells as a
source for AMF treatment might further enhance the therapeutic effect of our
strategy.

As shown in Figure 7, there were no significant differences in the average and
maximum MPI values between the AMF and BLM + AMF groups. Furthermore,
the MPI values were almost constant until day 14 in both groups (Figure 6 and
Figure 7). This appears to be the main reason why MNPs were rapidly taken up
by tumor cells after the injection of HVJ-E/MNPs into tumors. This feature will
be especially useful when considering repeated applications of AMF treatment.
The results shown in Figure 6 and Figure 7 also appear to suggest that MPI is
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useful for visualizing and quantitatively evaluating the temporal change of the
distribution of MNPs.

To investigate whether HVJ-E/MNPs are internalized into tumor cells within
one hour after the injection, we performed TEM studies (Figure 8). The TEM
image in Figure 8(a) demonstrates that most of the HVJ-E/MNPs introduced
into cells were located in intracellular spaces. We performed AMF treatment one
hour after the injection of HVJ-E/MNPs (Figure 3), and it appears from this
TEM image that most of the HV]J-E/MNPs were located in intracellular spaces at
the time of the AMF treatment. This also appears to support the results de-
scribed above (Figure 6 and Figure 7). In contrast, when MNPs were not in-
corporated into any vectors such as HVJ-E, they remained in extracellular spaces
as shown in Figure 8(b). These results appear to indicate that HV]J-E is effective
for internalizing MNPs into cancer cells. It has been reported that the cellular
engulfment of MNPs via endocytosis-dependent uptake takes about six hours
[34]. Therefore, the results shown in Figure 8 appear to demonstrate that the
use of HVJ-E as a vector promotes quick cellular uptake. HVJ-E has two kinds of
membrane protein [hemagglutinin-neuraminidase (HN) protein and fusion (F)
protein] on its surface to infect living bodies [11]. The HN protein attaches to
cells by binding with sialic acid receptors expressed on cellular surfaces. Then,
the HN protein interacts with the F protein to induce efficient cell membrane
fusion [35]. These mechanisms derived from viral infection appear to promote
the rapid introduction of HVJ-E/MNPs into tumor cells (Figure 8). When we
consider the practical application of our therapeutic strategy, this feature will be
helpful for reducing the burden on patients, because the time for MNPs to be
internalized into tumor cells can be shortened and the AMF treatment can be

started earlier.

5. Conclusion

This study investigated the usefulness of a novel therapeutic strategy combining
the use of intracellular MNPs under an AMF and BLM in tumor-bearing mice,
and quantitatively evaluated the temporal changes of MNPs in tumors using
MPI. This study also investigated the usefulness of HVJ-E for internalizing MNPs
into cancer cells. Our results suggest that this novel strategy is effective for cancer
therapy, because it can suppress tumor growth better than AMF treatment or
BLM alone. They also suggest that this strategy can be performed repeatedly
with a single injection of HV]-E/MNPs and without generating hyperthermia
resistance, because the spatial distribution of HVJ-E/MNPs in the tumor is al-
most constant until day 14 and the temperature of the tumor does not signifi-
cantly increase during AMF treatment. In addition, our results suggest that
HVJ-E is effective for internalizing MNPs into cancer cells and that MPI allows

for in vivolongitudinal monitoring of the distribution of MNPs in tumors.
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