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Abstract

Purpose: Magnetic targeting refers to the attachment of therapeutic agents to magnetizable par-
ticles such as magnetic nanoparticles (MNPs) and then applying magnetic fields to concentrate
them to the targeted region such as solid tumors. The purpose of this study was to investigate the
usefulness of magnetic particle imaging (MPI) for monitoring the effect of magnetic targeting us-
ing tumor-bearing mice. Materials and Methods: Colon-26 cells (1 x 10¢ cells) were implanted into
the backs of eight-week-old male BALB/c mice. When the tumor volume reached approximately
100 mm3, the mice were divided into treated (n = 8) and untreated groups (n = 8). The tumors in
the treated group were directly injected with MNPs (Resovist®, 250 mM) and a neodymium mag-
net was attached to the tumor surface, whereas the magnet was not attached to the tumor in the
untreated group. The mice were imaged using our MPI scanner and the average and maximum
MPI values were obtained by drawing a region of interest (ROI) on the tumor, with the threshold
value for extracting the contour of the tumor being taken as 40% of the maximum MPI value in the
ROI The relative tumor volume growth (RTVG) was calculated from (V - Vy)/Vy, where Vy and V
represented the tumor volume immediately before and after the injection of MNPs, respectively.
Results: The average and maximum MPI values in the treated group were significantly higher than
those in the untreated group 3 days after the injection of MNPs, suggesting the effectiveness of
magnetic targeting. There were no significant differences in RTVG between the two groups. Con-
clusion: Our preliminary results suggest that MPI is useful for monitoring the effect of magnetic
targeting.
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1. Introduction

Molecular transport based on magnetic nanoparticles (MNPs) has been the subject of recent strategies to en-
hance drug delivery and reduce drug toxicity in diverse medical fields [1] [2]. MNPs are actively being devel-
oped based on their unique properties to respond to magnetic fields including static and alternating magnetic
fields [2] [3].

Magnetic targeting refers to the attachment of therapeutic agents to magnetizable particles such as MNPs and
then applying magnetic fields to concentrate them to the targeted region such as solid tumors and regions of in-
fection [4]. The magnetic targeting of therapeutic agents results in the concentration of the therapy at the tar-
geted site consequently reducing or eliminating the systemic drug side effects [5].

Accurate knowledge of the distribution and quantity of MNPs within the targeted tumor is crucial for effec-
tive and safe treatment planning of cancer therapy based on magnetic targeting [6]. Thus, the development of a
readily available, noninvasive, and quantitative imaging technique will be necessary for the success of magnetic
targeting. In 2005, a new imaging method called magnetic particle imaging (MPI) was introduced [7]. MPI al-
lows imaging of the spatial distribution of MNPs, such as superparamagnetic iron oxide nanoparticles, with high
sensitivity, spatial resolution, and imaging speed [7]. MPI uses the nonlinear response of MNPs to detect their
presence in an alternating magnetic field, which is referred to here as the drive magnetic field. Spatial encoding
is accomplished by saturating the MNPs over most of the imaged region using a static magnetic field (selection
magnetic field), except in the vicinity of a special position called the field-free point [7] or field-free line [8]. We
have developed a system for MPI with a field-free-line encoding scheme, in which the field-free line is generat-
ed using two opposing neodymium magnets, and transverse images are reconstructed from the third-harmonic
signals received by a gradiometer coil using the maximum likelihood-expectation maximization (ML-EM) algo-
rithm [9] [10].

The purpose of this study was to investigate the usefulness of MPI for monitoring the effect of magnetic tar-
geting using tumor-bearing mice.

2. Materials and Methods
2.1. System for Magnetic Particle Imaging

The details of our MPI1 system are described in our previous papers [9] [10]. In brief, a drive magnetic field was
generated using an excitation coil (solenoid coil 100 mm in length, 80 mm in inner diameter, and 110 mm in
outer diameter). AC power was supplied to the excitation coil by a programmable power supply (EC1000S, NF
CO., Yokohama, Japan), and was controlled using a sinusoidal wave generated by a digital function generator
(DF1906, NF Co., Yokohama, Japan). The frequency and peak-to-peak strength of the drive magnetic field were
taken as 400 Hz and 20 mT, respectively. The signal generated by MNPs was received by a gradiometer coil (50
mm in length, 35 mm in inner diameter, and 40 mm in outer diameter), and the third-harmonic signal was ex-
tracted using a preamplifier (T-AMPO3HC, Turtle Industry Co., Ibaragi, Japan) and a lock-in amplifier (L15640,
NF Co., Yokohama, Japan). The output of the lock-in amplifier was converted to digital data by a personal
computer connected to a multifunction data acquisition device with a universal serial bus port (USB-6212, Na-
tional Instruments Co., TX, USA). The sampling time was taken as 10 ms. When measuring signals using the
gradiometer coil, a sample was placed 12.5 mm (i.e., a quarter of the coil length) from the center of the gradi-
ometer coil and the coil, including the sample, was moved such that the center of the sample coincided with the
position of the field-free line. The selection magnetic field was generated by two opposing neodymium magnets
(Neomax Engineering Co., Gunma, Japan). The field-free line can be generated at the center of the two neody-
mium magnets.

To acquire projection data for image reconstruction, a sample (mouse) in the receiving coil was automatically
rotated around the z-axis over 180° in steps of 5° and translated in the x-direction from —16 mm to 16 mm in
steps of 1 mm, using an XYZ-axis rotary stage (HPS80-50X-M5, Sigma Koki Co., Tokyo, Japan), which was
controlled using LabVIEW (National Instruments Co., TX, USA). Each projection data set was then transformed
into 64 bins by linear interpolation. Both the inhomogeneous sensitivity of a receiving coil and feedthrough in-
terference were corrected using the method described in [11]. Transverse images were reconstructed from the
projection data using the ML-EM algorithm over 15 iterations, in which the initial concentration of MNPs was

assumed to be uniform [9] [10].
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2.2. Magnetic Nanoparticles

Resovist® (FUJIFILM RI Pharma Co., Ltd., Tokyo, Japan) was used as the source of MNPs. Resovist® consists
of MNPs (maghemite, y-Fe,03) coated with carboxydextran [12]. It is an organ-specific contrast agent for mag-
netic resonance imaging (MRI), used especially for the detection of hepatocellular carcinoma and liver metasta-
sis [12].

2.3. Neodymium Magnet for Magnetic Targeting

For magnetic targeting, a neodymium magnet (10 mm in diameter and 30 mm in length) (Sangyo Supply Co.,
Miyagi, Japan) was used.

Figure 1(a) shows the magnetic flux density perpendicular to the face of the neodymium magnet along the
central axis. The closed circles and solid line represent the magnetic flux density measured using a Gauss meter
(GM-301, Denshijiki Industry Co., Ltd., Tokyo, Japan) and that calculated using a software program based on
the finite element method (COMSOL Multiphysics®, COMSOL Inc., Stockholm, Sweden), respectively. The
magnetic field strength on the surface of the neodymium magnet was 0.55 T. Figure 1(b) shows the contour plot
of the magnetic flux density around the neodymium magnet, which was computed using COMSOL Multiphys-
ics® (COMSOL Inc., Stockholm, Sweden).

2.4. Animal Experiments

All animal experiments were approved by the animal ethics committee at Osaka University School of Medicine.
Seven-week-old male BALB/c mice weighing 23.9 + 2.2 g (mean + standard deviation (SD)) were used. They were
purchased from Charles River Laboratories Japan, Inc. (Yokohama, Japan), and were habituated to rearing envi-
ronment for 1 week before the experiment. The animals had free access to food and water, and were kept under
standard laboratory conditions of 22 - 23 degree room temperatures, around 50% humidity, and a 12:12 hour
light/dark cycle. Colon-26 cells (1 x 10° cells) were implanted subcutaneously into the mice under anesthesia by
pentobarbital sodium (Somnopentyl, Kyoritsu Seiyaku Co., Tokyo, Japan) (0.012 mL/g body weight). Tumor vo-
lumes in all mice were measured by a caliper every day. The mice were divided into two groups and were used for
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Figure 1. (a) Magnetic flux density perpendicular to the face of a neodymium magnet along the central axis. Closed circles
and solid line represent the magnetic flux density measured using a Gauss meter and that calculated using a software pro-
gram based on the finite element method (COMSOL Multiphysics®, COMSOL Inc., Stockholm, Sweden), respectively; (b)
Contour plot of the magnetic flux density around the neodymium magnet, computed by COMSOL Multiphysics®. The num-
bers in the figure represent the magnetic flux density in Tesla. Scale bar = 10 mm.
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experiments 7 to 10 days after implantation when the tumor volume reached approximately 100 mm?. The tumors
in one group (treated group, n = 8) were directly injected with Resovist® with a concentration of 250 mM (0.2 mL)
under anesthesia by pentobarbital sodium (Somnopentyl, Kyoritsu Seiyaku Co., Tokyo, Japan) (0.012 mL/g body
weight) and the neodymium magnet (Figure 1(b)) was attached. The tumors in the other group (untreated group, n
= 8) were also directly injected with Resovist® in the same manner as in the treated group but the neodymium
magnet was not attached. Figure 2 shows a photograph of our experimental setup for magnetic targeting. In the
treated group, the neodymium magnet (Figure 1(b)) was attached to the tumor surface as shown in Figure 2.

Figure 3 shows the time schedule for data acquisition in this study. Each tumor-bearing mouse was scanned 5
times using our MPI scanner [9] [10]; 2 min, 37 min, 1 day, 3 days, and 7 days after the injection of Resovist®
(Figure 3). After the MPI studies, X-ray CT images were obtained using a 4-row multi-slice CT scanner (As-
teion, Toshiba Medical Systems Co., Tochigi, Japan) with a tube voltage of 120 kV, a tube current of 210 mA,
and a slice thickness of 0.5 mm. The MPI image was co-registered with the X-ray CT image using the parame-
ters for magnification and rotation, which were obtained using a phantom with 3 point sources with a diameter
of 0.5 mm and filled with 200 mM MNPs [13]. It should be noted that the neodymium magnet (Figure 1(b))
was attached to the tumor surface for 20 min per event in the treated group and that the X-ray CT image after the
first MPI study was substituted by that obtained after the second MPI study.

As previously described, tumor volumes in all mice were measured by a caliper every day. The tumor volume
(V in mm®) was calculated as V = (n/6) x L, x L, x L,, where L,, L,, and L, denote the vertical diameter, the ho-
rizontal diameter, and the height in mm, respectively. The relative tumor volume growth (RTVG) was calculated
from (V — V)/V,, where V, represents the tumor volume immediately before the injection of Resovist®.

Figure 2. Photograph of our experimental setup for magnetic targeting.
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Figure 3. Time schedule for data acquisition. MNPs: magnetic nanoparticles, MPI: magnetic particle
imaging, Magnet: attachment of a neodymium magnet to the tumor surface, and CT: X-ray computed
tomography. In the treated group, the neodymium magnet was attached to the tumor surface for 20 min
per event, whereas the magnet was not attached to the tumor in the untreated group.
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2.5. Data and Statistical Analyses

After the MPI studies, we drew a region of interest (ROI) on the tumor in the MPI image and calculated the av-
erage and maximum MPI values within the ROI by taking the threshold value for extracting the contour of the
tumor as 40% of the maximum MPI value in the ROI. The average MPI value was calculated by dividing the
total pixel values by the number of pixels within the ROI. In this study, the MPI value was defined as the pixel
value of the transverse image reconstructed from the third-harmonic signals. The average MPI value had an ex-
cellent linear correlation with the iron concentration of Resovist® [13].

The RTVG, average MPI value, and maximum MPI value were expressed as mean + standard error (SE).
Differences in these parameters between the untreated and treated groups were analyzed by unpaired Student’s
t-test. A p-value less than 0.05 was considered statistically significant. When a p-value was greater than 0.05 and
less than 0.1, it was considered marginally significant.

3. Results

Figure 4 shows typical examples of the MPI images of tumor-bearing mice injected with 250 mM Resovist® 2
min, 37 min, 1 day, 3 days, and 7 days after the injection of Resovist®, which were superimposed on the X-ray
CT images. The upper and lower panels show the images in the untreated and treated groups, respectively. As
shown in Figure 4, the pixel values in the MPI images decreased with time in both groups. When the neody-
mium magnet was attached to the tumor surface (lower panels), the clearance of Resovist® in the tumor was
somewhat reduced as compared to the case when the magnet was not attached (upper panels).

Figure 5 shows the time courses of the RTVG value in the untreated (closed circles) and treated groups (open
circles). There were no significant differences between the two groups throughout the study period.

Figure 6 shows the comparison of the average MPI values between the untreated and treated groups 2 min, 37
min, 1 day, 3 days, and 7 days after the injection of Resovist®. It should be noted that the average MPI value 2
min after the injection of Resovist® was normalized as unity. The average MPI value in the treated group was sig-
nificantly higher (p = 0.044) than that in the untreated group 3 days after the injection of Resovist®. There was a
marginally significant difference (p = 0.089) between the two groups 1 day after the injection of Resovist®.

Figure 7 shows the comparison of the maximum MPI values between two groups 2 min, 37 min, 1 day, 3
days, and 7 days after the injection of Resovist®. As in Figure 6, the maximum MPI value 2 min after the injec-
tion of Resovist® was normalized as unity. The maximum MPI value in the treated group was significantly
higher (p = 0.037) than that in the untreated group 3 days after the injection of Resovist®. There was a margi-
nally significant difference (p = 0.076) between the two groups 1 day after the injection of Resovist®.

2 min 37 min Day 1 Day 3 Day 7

I1.2
0.8

Figure 4. Typical examples of the MPI images superimposed on the X-ray CT images in the untreated (up-
per panels) and treated groups (lower panels) 2 min, 37 min, 1 day, 3 days, and 7 days after the injection of
Resovist®. The mice in the treated group were intratumorally injected with 250 mM Resovist® (0.2 mL) and
a neodymium magnet was attached to the tumor surface for 20 min per event (refer to Figure 3), whereas
the magnet was not attached to the tumor surface in the untreated group.
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Figure 5. Time courses of the relative tumor volume growth (RTVG) in the untreated (closed circles) and
treated groups (open circles). The RTVG was calculated from (V — V)/V,, where Vg and V represent the tu-

mor volume immediately before and after the injection of Resovist®, respectively. Data are represented by
mean = standard error (SE) for n = 8.
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Figure 6. Comparison of the average MPI values between the untreated (closed bars) and treated groups
(open bars) 2 min, 37 min, 1 day, 3 days, and 7 days after the injection of Resovist®. Bar and error bar
represent mean and SE for n = 8, respectively. Note that the average MPI value 2 min after the injection of
Resovist® was normalized as unity. ‘p < 0.05 and “p = 0.089.
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Figure 7. Comparison of the maximum MPI values between the untreated (closed bars) and treated groups
(open bars) 2 min, 37 min, 1 day, 3 days, and 7 days after the injection of Resovist®. Bar and error bar
represent mean and SE for n=8, respectively. Note that the maximum MPI value 2 min after the injection of
Resovist® was normalized as unity. ‘p < 0.05 and “p = 0.076.
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4. Discussion

In this study, we investigated the usefulness of MPI for monitoring the effect of magnetic targeting using tumor-
bearing mice. Our preliminary results (Figure 6 and Figure 7) demonstrated that when a neodymium magnet
was attached to the tumor surface, the average and maximum MPI values in the tumor were significantly higher
than those when the magnet was not attached, 3 days after the injection of Resovist®. These results suggest that
MPI is applicable and useful for monitoring the effect of magnetic targeting. To the best of our knowledge, this
is the first report on the application of MPI to monitoring the effect of magnetic targeting.

We previously reported that there is an excellent linear correlation between the average MPI value and the
iron concentration of Resovist® in phantom studies [13]. From this finding, it appears that the change in the av-
erage MPI value corresponds to that in the amount of MNPs per voxel in the selected slice of the tumor. Thus,
the results shown in Figure 6 and Figure 7 suggest that when a magnet was attached to the tumor surface, a
greater amount of MNPs was retained in the tumor than the case when the magnet was not attached.

As shown in Figure 5, there were no significant differences in the RTVG value between the untreated and
treated groups. Thus, it appears that the above findings shown in Figure 6 and Figure 7 are not related to the
tumor volume growth.

The success of MNP-based cancer therapy depends on the ability to deliver MNPs systematically to tumor
cells in sufficient concentrations. This is due in part to the presence of the inherent leakiness of the tumor vas-
culature, the so-called enhanced permeability and retention (EPR) effect. Although the EPR effect is present in
varying degrees in many tumors, it has not resulted in the consistent level of MNP tumor uptake [14]. Thus, the
delivery of adequate numbers of MNPs to the tumor site via systemic administration remains challenging. If
MNPs were adsorbed only to tumor cells, the MNPs could be administered intravenously. This feature would be
of great advantage in terms of the quality of life of patients. However, because the administered MNPs migrate
passively to a mononuclear phagocyte system such as the Kupffer cells of the liver and spleen, the passive tar-
geting of MNPs for cancer is a very important issue for the establishment of MNP-based cancer therapy. With
regard to the delivery of MNPs, magnetoliposomes may be a promising tool for passive targeting. Shinkai et al.
[15] developed magnetite cationic liposomes (MCLs) with improved absorption and accumulation properties
within tumors. Administration of the MCLs, however, is limited to direct injection into the tumor tissue [16].
The conjugation of antibodies to MNPs is a possible approach to achieving the passive targeting of MNPs for
cancer. Le et al. [17] and Shinkai et al. [18] have developed MNPs conjugated to the Fab’ fragments of an-
ti-human MN antigen-specific antibody. However, because the target concentration is very low in antibody tar-
geting of tumors [19], this approach cannot yet be translated successfully from research to the clinical stage. If
we combined these approaches and magnetic targeting, it might be able to contribute to the success of MNP-
based cancer therapy.

lonizing radiation, anticancer drugs such as cisplatin, and vascular disrupting agents are being used to modify
the tumor environment/vasculature barrier to improve MNP uptake in tumors and subsequently tumor treatment
[14]. Recently, we investigated the usefulness of the combination of ionizing radiation or vascular disrupting
agent and magnetic hyperthermia treatment (MHT) using tumor-bearing mice, and reported that these methods
are useful not only for improving the therapeutic effect of MHT but also for enhancing the retention of MNPs in
the tumor [20] [21], which will be useful especially for repeated applications of MHT. Magnetic targeting with
use of an external static magnetic field as done in this study, however, appears to be easier to implement and
more advantageous in terms of safety than the use of ionizing radiation or vascular disrupting agent.

The limitation of this study is that the average and maximum MPI values were obtained from a single slice
with the maximum signal intensity. For more detailed analysis, three-dimensional (multi-slice) data will be ne-
cessary. If these three-dimensional data are obtained, the accuracy of MPI for monitoring the effect of magnetic
targeting will be further enhanced. These studies are now in progress. In addition, we injected Resovist® directly
into the tumor in this study, because an intravenous-injection approach to achieving the passive targeting of
MNPs for cancer is not yet available in the clinical setting, as previously described. Thus, the present results are
limited to the case when the MNPs were injected directly into the tumor. We are also currently studying the case
when the MNPs are injected intravenously.

Another imaging method to detect MNPs is magnetic resonance imaging (MRI). Some investigators at-
tempted to use MRI for tracking the location of magnetically labeled cells [22] [23]. They also attempted to use
the magnetic field gradient coils inherent to all MRI systems, for steering MNPs to a targeted site [22] [23].
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When we attempted to image MNPs using MRI with a conventional transverse relaxation time (T,)-weighted
imaging sequence, it was almost impossible due to large susceptibility-induced MR signal loss and image distor-
tions in the regions near the MNPs. Recently, however, MRI pulse sequences capable of preserving signal from
spins with ultrashort T,, such as ultrashort echo time (UTE) [24] and sweep imaging with Fourier transforma-
tion (SWIFT) sequences [25], have been developed. With these pulse sequences, MNPs can be detected and
quantified based on the shortening of the longitudinal relaxation time of water (T;) [25]. Zhang et al. [26] re-
ported that the reciprocal of T, measured using the SWIFT sequence combined with the Look-Locker method
has a linear relationship with MNPs concentration up to 53.6 mM of iron. Although their method also appears to
be promising and useful for monitoring the effect of magnetic targeting, significant research and technology de-
velopment remain to be done for establishing the effectiveness of their method when translated to animal and/or
human studies [14].

5. Conclusion

Our preliminary results suggest that MPI can be useful for monitoring the effect of magnetic targeting and will
provide a new imaging strategy for establishing MNP-based cancer therapy as well as MNP-based drug delivery
using magnetic targeting in the clinical setting.
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