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Abstract

Superparamagnetic nanoparticles (SPIONs) could enable cancer theranostics if magnetic reso-
nance imaging (MRI) and magnetic hyperthermia treatment (MHT) were combined. However, the
particle size of SPIONs is smaller than the pores of fenestrated capillaries in normal tissues because
superparamagnetism is expressed only at a particle size <|0 nm. Therefore, SPIONs leak from the
capillaries of normal tissues, resulting in low accumulation in tumors. Furthermore, MHT studies
have been conducted in an impractical way: direct injection of magnetic materials into tumor and
application of hazardous alternating current (AC) magnetic fields. To accomplish effective en-
hancement of MRI contrast agents in tumors and inhibition of tumor growth by MHT with in-
travenous injection and a safe AC magnetic field, we clustered SPIONs not only to prevent their
leakage from fenestrated capillaries in normal tissues, but also for increasing their relaxivity and the
specific absorption rate. We modified the clusters with folic acid (FA) and polyethylene glycol
(PEG) to promote their accumulation in tumors. SPION clustering and cluster modification with
FA and PEG were achieved simultaneously via the thiol-ene click reaction. Twenty-four hours after
intravenous injection of FA- and PEG-modified SPION nanoclusters (FA-PEG-SPION NCs), they
accumulated locally in cancer (not necrotic) tissues within the tumor and enhanced the MRI
contrast. Furthermore, 24 h after intravenous injection of the NCs, the mice were placed in an AC
magnetic field with H = 8 kA/m and f= 230 kHz (Hf = 1.8%10° A/m-s) for 20 min. The tumors of the
mice underwent local heating by application of an AC magnetic field. The temperature of the
tumor was higher than the surrounding tissues by ~6°C at 20 min after treatment. Thirty-five days
after treatment, the tumor volume of treated mice was one-tenth that of the control mice. Fur-
thermore, the treated mice were alive after 12 weeks; control mice died up to 8 weeks after
treatment.
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INTRODUCTION

“Theranostics” is a combination of diagnostic =~ to change the current medical paradigm of “see and

and local treatment of lesions.l'5! It has the potential  treat” to “detect and inhibit”. Magnetic nanoparticles
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can potentially achieve the theranostics combining
magnetic resonance imaging (MRI) and magnetic
hyperthermia treatment (MHT) because they not only
shorten the transverse relaxation time (12) of protons
and lead to a darkening in the reconstructed image,
but also generate heat by the application of alternat-
ing current (AC) magnetic fields.[6-]

MRI is a diagnostic imaging modality and pro-
vides anatomical information.[0131 Superparamag-
netic iron oxide nanoparticles (SPIONs) are used as
negative contrast agents for MRI, but their application
is limited mainly to the detection of liver cancer.
Therefore, MRI contrast agents for the detection of
non-liver cancer have been studied. In the develop-
ment of MRI contrast agents, ensuring safety is the
primary issue. In this regard, SPION-based materials
are promising as MRI contrast agents because SPIONs
are already used in clinical practice and are believed
to be non-toxic.

MRI contrast agents are also required to have
high relaxivity (r» = T>™) for shortening the T> effec-
tively. Experiments have shown that the clustering of
SPIONSs is an effective approach for increasing r»
dramatically.[416l Moreover, cancer tissues and ne-
crotic tissues are distributed heterogeneously within
the tumor. Therefore, confirmation as to whether MRI
contrast agents are located in cancer tissues should be
sought.

MHT is a promising cancer thermotherapy be-
cause magnetic materials produce heat under AC
magnetic fields.'”l MHT enables the local treatment of
tumors without damage to normal tissue because
tumors are not only susceptible to heat but are also
readily heated compared with normal tissue. The
number of surviving cancer cells decrease gradually
below 42°C, but decrease rapidly above 42°C. Nu-
merous in vitro studies on MHT have been reported,
but few in vivo studies gave been conducted.l'820 [n
vivo studies on MHT have hitherto been carried out by
direct injection of magnetic nanoparticles into the
tumor, which is not particularly practical. MHT in-
volving intravenous injection of magnetic nanoparti-
cles has practical advantages. Furthermore, this type
of MHT can be carried out directly after MRIL

Most of the studies on MHT used harmful AC
magnetic fields for patients. Experiments have shown
that the product of the amplitude (H) and frequency
() of a magnetic field should be <5x10° Am~1s1.121.22]
Therefore, data on the therapeutic effect of MHT as-
sessed under AC magnetic fields with Hf of <5x10°
Am-s7! is required. We have revealed that SPIONs
are more suitable than ferromagnetic magnetic na-
noparticles as heating elements for MHT. This is be-
cause the amount of heat generated by SPIONs is

readily controllable by tuning H and f outside the
body,[2324] whereas that of ferromagnetic magnetic
nanoparticles is difficult to control because it is largely
dependent upon particle size and is markedly de-
creased at >16 nm.[?] However, superparamagnetism
is expressed only at a particle size <10 nm, so SPIONs
“leak” from the pores of fenestrated capillaries in
normal tissues: the pores are a few dozen nanometers
and are smaller than the pores of the vascular walls in
tumors. Hence, SPIONs do not accumulate in tumors.
However, the clustering of SPIONs can be a way out
of this dilemma. SPION clustering increases the par-
ticle size up to the optimum size for making use of the
enhanced permeability and retention (EPR) effect, 2]
while maintaining their superparamagnetic proper-
ties.

The effective delivery of nanoparticles to tumors
is absolutely imperative for theranostic systems com-
bining MRI and MHT. The surface modification of
nanoparticles with polyethylene glycol (PEG), known
as PEGylation, inhibits phagocytosis by the reticulo-
endothelial system (RES), and prolongs the retention
time in blood; these factors promote the EPR effect.[’]
Folic acid (FA) binds to folate receptors, which are
overexpressed in various types of human cancer cells
but which, in general, are absent in most normal
cells.28] Therefore, the surface modification of nano-
particles with FA increases their accumulation in tu-
mors.

The aims of the present study were the: (1)
clustering of SPIONs and modification of the clusters
with PEG and FA; (2) enhancement of MRI contrast in
tumors by the use of PEGylated SPION nanoclusters
(PEG-SPION NCs) and FA-modified PEGylated
SPION nanoclusters (FA-PEG-SPION NCs) as con-
trast agents; (3) clarification of the location of NCs
within tumors by histological analyses; (4) evaluation
of the therapeutic effect of MHT with intravenous
injection of NCs and a safe AC magnetic field; (5) as-
sessment of the hepatotoxicity and nephrotoxicity of
NCs.

RESULTS AND DISCUSSION

We established the method for the one-pot syn-
thesis of allyl-functionalized SPIONs (allyl-SPIONs)
via hydrolysis-condensation of a uniquely prepared
allyl group-bound iron complex, iron (III)
3-allylacetylacetonate (IAA), at low tempera-
ture.[?3%29 Unlike vinyl groups, allyl groups do not
undergo polymerization by heating. Furthermore,
they react selectively with thiol groups in high yield
of almost 100% via the thiol-ene click (TEC) reaction
regardless of the environment.”l We achieved the
modification of SPIONs with the amino acid cysteine
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in aqueous solution via the TEC reaction between the
allyl groups on the surface of SPIONs and the thiol
group of cysteine. The clustering of SPIONs and
modification of these clusters with PEG and FA were
attained simultaneously as follows: (1) allyl-SPIONs
were synthesized via the hydrolysis-condensation of
IAA; (2) several allyl-SPIONs became enclosed by
PEG via the TEC reaction with thiol-functionalized
PEG (SH-PEQG), resulting in the clustering of SPIONs
and PEGylation of the clusters to form PEG-SPION
NCs (Figure 1). FA-PEG-SPION NCs were produced
when we used thiol- and FA-heterobifunctionalized
PEG (SH-PEG-FA) instead of SH-PEG.

Allyl-SPIONs were composed of single-phase
magnetite as shown by their X-ray diffraction (XRD)
patterns (Supplementary Material: Figure S1). The
crystallite size (D311) was 9.3 nm, as determined using
the Scherrer equation. This finding indicated that the
crystallinity was relatively high despite the low tem-
perature and short duration of the synthesis.

In the Fourier-transform infrared (FTIR) spec-
trum of IAA, the absorption bands attributed to the
allyl group were observed at 1024 cm™ and 933 cm™,
and the bands ascribed to [3-diketone were present at
1573 cm™ and 1459 cm™ (Supplementary Material:
Figure S2).130 The band due to the Fe—O bond of the
iron complex was observed at 445 cm™!. These results
suggested that IAA was prepared successfully. In the
spectrum of allyl-SPIONSs, the bands due to the allyl
group remained at 1020 cm and 937 cm~ and those
due to B-diketone also remained 1601 cm™ and 1455
cm™!. In addition, the bands derived from v Fe—O of
magnetite appeared at 592 cm™ and 457 cm. These
results suggested that allyl-SPIONs were functional-
ized with allyl groups via the coordinate bond of the
B-diketone. In the spectrum of SH-PEG, the bands
attributed to thiol and ether groups were observed at
2512 cm™ and 1121 cm™, respectively. In the spectrum
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Figure |. Synthesis scheme for PEG-SPION NCs and FA-PEG-SPION NCs.

of PEG-SPION NCs, the bands derived from thiol and
allyl groups disappeared and the bands ascribed to
ether, B-diketone and magnetite remained: the band
due to ether was found at 1122 cm™; the bands due to
B-diketone were found at 1597 cm™ and 1470 cm™;
and the bands due to magnetite were found at 600
cm~and 430 cm™. These findings demonstrated that
allyl-SPIONs reacted successfully with SH-PEG via
the TEC reaction and that PEGylation of SPIONs was
accomplished. In the spectrum of SH-PEG-FA, the
bands attributed to the carboxylic acid of FA, thiol
and ether were observed at 1682 cm™, 2516 cm™! and
1120 cm™, respectively. In the spectrum of
FA-PEG-SPION NCs, the bands derived from thiol
and allyl groups disappeared. The bands attributed to
carboxylic acid, ether, p-diketone, and magnetite re-
mained: the band due to carboxylic acid was found at
1656 cm™; the band due to ether was found at 1118
cm™; the bands due to B-diketone were found at 1595
cm™! and 1465 cm™!; and the bands due to magnetite
were found at 608 cm~and 421 cm™. These findings
demonstrated that SPIONs were modified success-
fully with PEG and FA via the TEC reaction between
allyl-SPIONs and SH-PEG-FA.

The transmission electron microscopy (TEM)
images of PEG-SPION NCs (Supplementary Material:
Figure S3) and FA-PEG-SPION NCs (Figure 2)
showed that SPIONs with a particle size of 7-9 nm
were clustered to have a diameter of 60-100 nm.
Furthermore, the clusters were coated with an organic
layer, which comprised mainly PEG or FA-PEG, and
had a thickness of 4-7 nm. There was little difference
in particle size between PEG-SPION NCs and
FA-PEG-SPION NCs. The size of PEG-SPION NCs
became approximately the same as that of
FA-PEG-SPION NCs because the length of the PEG
chain of SH-PEG was equal to that of SH-PEG-FA.

Clustering and PEGylation
via TEC reaction

.~ PEG

>
>

SH-PEG

PEG-SPION NCs

Clustering, PEGylation
and FA-modification via
TEC reaction

SH-PEG-FA

FA-PEG-SPION NCs
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Figure 2. (A) TEM image of FA-PEG-SPION NCs. (B) Close-up image of
Figure 2A.

The hydrodynamic diameters (Dsp) of al-
lyl-SPIONs, PEG-SPION NCs and FA-PEG-SPION
NCs were 8.9, 84.4 and 98.9 nm, respectively, as esti-
mated using dynamic light scattering (DLS) in phos-
phate-buffered saline (PBS) (Figure 3A). Thus, SPION
clustering and surface modification of the clusters
created an approximate tenfold increase in the hy-
drodynamic diameter. Adjustment of the size of the
clusters to prevent their leakage from capillaries in
normal tissues and making use of the EPR effect
would therefore be possible. Moreover, these hydro-
dynamic diameters agreed with the particle sizes es-
timated from the TEM images. The Dsy of
FA-PEG-SPION NCs at 3 months after its synthesis
was 323 nm (Supplementary Material: Figure S4), in-
dicating that they gradually formed aggregates over
time. However, they were uniformly redispersed in
PBS by ultrasonic treatment.
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Figure 3. (A) DLS curves of allyl-SPIONs, PEG-SPION NCs and
FA-PEG-SPION NCs. (B) Zeta potentials of allyl-SPIONs, SH-PEG,
PEG-SPION NCs, SH-PEG-FA and FA-PEG-SPION NCs. (C) TG curves of
allyl-SPIONs, PEG-SPION NCs and FA-PEG-SPION NCs.

The zeta potentials of allyl-SPIONs, SH-PEG,
PEG-SPION NCs, SH-PEG-FA and FA-PEG-SPION
NCs were —4.2, —25.9, =15.7, 7.0 and —0.2 mV, respec-
tively, in PBS (Figure 3B). The zeta potential of
PEG-SPION NCs was lower than that of allyl-SPIONs
due to the highly negative charge of PEG, indicating
that NCs were covered by PEG. FA-PEG-SPION NCs
had a higher zeta potential than allyl-SPIONs because
NCs were covered with positively-charged FA-PEG.

The proportions of organic phase in al-
lyl-SPIONs, PEG-SPION NCs and FA-PEG-SPION
NCs were 4.0, 26.1 and 29.3%, respectively, as meas-
ured by thermogravimetry (TG) (Figure 3C). Thus, the
fractions of PEG and FA-PEG in these NCs were es-
timated to be 22.1% and 25.3%, respectively. Based on
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these values, the abundances of allyl groups, PEG and
FA-PEG were 2.9x1074, 7.4x10-> and 7.4x10-> mol/g,
respectively. Considering that there was little differ-
ence in particle size between PEG-SPION NCs and
FA-PEG-SPION NCs, as shown in the TEM results,
dboth NCs had a nearly equal amount of PEG per not
only gram but also particle. Furthermore, a quarter of
all allyl groups reacted with SH-PEG or SH-PEG-FA.
The magnetic properties of PEG-SPION NCs,
FA-PEG-SPION NCs and the clinical MRI contrast
agent Resovist® were measured using a vibrating
sample magnetometer (VSM) at room temperature.
The magnetization curves of PEG-SPION NCs,
FA-PEG-SPION NCs and Resovist showed neither
coercivity nor remanent magnetization, indicating
that they were superparamagnetic (Supplementary
Material: Figure S5). The saturation magnetization
(Ms) of PEG-SPION NCs, FA-PEG-SPION NCs and
Resovist were 48.6, 44.4 and 2.4 emu/g, respectively.
Thus, PEG-SPION NCs and FA-PEG-SPION NCs had
an approximate 20-fold greater Ms than Resovist.
Previously, we reported that 8 nm-SPIONs with 28.5%
of organic phase provided 24 emu/g of Ms, which
was almost half of the Ms of FA-PEG-SPION NCs.[?]
This was despite the fact that the 8 nm-SPIONs were
synthesized by the same method as used in the pre-
sent study and had a nearly equal particle size and
organic phase to FA-PEG-SPION NCs. These findings
demonstrated that the clustering of SPIONs could
induce a significant increase in Ms for FA-PEG-SPION
NCs, which was consistent with the fact that the

FA-PEG-SPION NCs PEG-SPION NCs

75 1

60 4

45 -

rals™

30

clustered magnetic nanoparticles has a much higher
magnetic moment than individual magnetic nanopar-
ticles.[16]

The relaxivities of PEG-SPION NCs,
FA-PEG-SPION NCs and Resovist were measured in
agar phantom at 7 T. PEG-SPION NCs and
FA-PEG-SPION NCs significantly decreased the MR
signal compared with Resovist at an equivalent con-
centration of iron (Figure 4A). The r, of PEG-SPION
NCs and FA-PEG-SPION NCs were markedly higher
than that of Resovist (Figure 4B). At the same r,, the
concentration of PEG-SPION NCs and
FA-PEG-SPION NCs were one-tenth of that of Reso-
vist. Thus, PEG-SPION NCs and FA-PEG-SPION NCs
had effective relaxivity to ten-times the mass of Reso-
vist. It has been reported that the clustering of SPIONs
transfers the size regimes of r» from the motional av-
erage regime to the static dephasing regime (SDR) and
the value of r; reaches a maximum in the SDR:[1415] the
clusters comprising SPIONs with a diameter of 7-9
nm have the SDR in 60-110 nm.["*l In PEG-SPION
NCs and FA-PEG-SPION NCs, SPIONs with a particle
size of 7-9 nm were clustered to have a diameter of
60-100 nm, as shown in the TEM results. Thus, their
cluster sizes were within the SDR. Furthermore,
PEG-SPION NCs and FA-PEG-SPION NCs had sig-
nificantly greater Ms than Resovist, as shown in the
VSM results. For these two reasons, the r, of
PEG-SPION NCs and FA-PEG-SPION NCs were sig-
nificantly higher than that of Resovist.

Resovist

B PEG-SPION NCs
A FA-PEG-SPION NCs
@ Resovist

Iron concentration / pg mL"

Figure 4. (A) T, MRI of phantoms containing FA-PEG-SPION NCs, PEG-SPION NCs and Resovist. (B) Dependency of the relaxivity of FA-PEG-SPION

NCs, PEG-SPION NCs and Resovist upon iron concentration.
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PEG-SPION NCs and FA-PEG-SPION NCs were
dissolved in PBS and then injected intravenously into
mice bearing subcutaneous xenograft tumors derived
from the RPMI8226 multiple myeloma cell line.
Twenty-four hours after injection, PEG-SPION NCs

MRI corresponded to cancer tissues. Moreover,
FA-PEG-SPION NCs occupied ~#12% of the area of the
cancer tissues in this histological image according to
the software (Image-Pro plus). In addition,
FA-PEG-SPION NCs were somewhat present in the

and FA-PEG-SPION NCs decreased the MR signal in
regions enclosed in the red dot-lined interior of the
tumor and heterogeneously en-
hanced the contrast in the tumor
(Figure 5A). In  particular,
FA-PEG-SPION NCs strongly and
extensively enhanced the contrast.
By estimating the T, value from the
MR images, the T, of the tumor
was significantly decreased by in-
jection of PEG-SPION NCs and
FA-PEG-SPION NCs, but that of
the muscle was unchanged (Figure
5B). In particular, FA-PEG-SPION
NCs drastically decreased the T> of

liver and spleen but were not observed in the heart,
lung and kidney (Supplementary Material: Figure S7).

FA-PEG-SPION NCs

PEG-SPION NCs

FA-PEG-SPION NCs

the tumor. Furthermore, histolog- B ) REG-SPIONNGs ) ) _
ical analyses revealed . Axial . Sagittal o Axial .. Sagittal
FA-PEG-SPION NCs to be located 60 1 50 60 50 |

in cancer tissues (not necrotic tis- . 50 1 , 40 . 50 , 401

sues) inside the tumor (Figure 5C g £ E® £ 20

and Supplementary Material: Fig- " :3 S " Zz e

ure S6). Hence, only the MRI signal 10 4 10 i 10 1

in the cancer tissues was de- 04 0 0 0
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oy S, L B

Muscle  Tumor Muscle  Tumor
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the contrast in the tumor. Thus, the
contrast-enhanced regions in the

Figure 5. (A) In vivo T, axial and sagittal maps of
mice before and 24 h after intravenous injection
of PEG-SPION NCs and FA-PEG-SPION NCs:
M and T indicate muscle and tumor, respectively.
(B) Changes in T, values in the tumors and
muscles of mice before and 24 h after intrave-
nous injection of PEG-SPION NCs and
FA-PEG-SPION NCs. (C) Histological observa-
tion of tumors 24 h after intravenous injection of D

FA-PEG-SPION NCs visualized using hematox-
ylin and eosin staining (left) and Prussian Blue
L . . . - 50 -
nuclear fast red staining (right): iron is stained
blue as indicated by the arrow. (D) Biodistribu-
tions of FA-PEG-SPION NCs at 24 h postinjec- 40 1
tion. The iron amounts in tissue samples were 2
assessed by nitroso-PSAP (n = 3). 2 30 4
x
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0
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The biodistribution of FA-PEG-SPION NCs in
major organs including tumor was assessed by nitro-
s0-PSAP method at 24 h postinjection. As shown in
Figure 5D, the tumor had the highest uptake followed
by the spleen, liver and kidney. Approximately 50%
injected dose/gram of tissue (% ID/g) was found in
the tumor, and the concentration of FA-PEG-SPION
NCs in the tumor was 24 nmol Fe/g. Whereas nano-
particles generally accumulate in the liver and spleen
because of reticuloendothelial system (RES) uptake,
FA-PEG-SPION NCs were likely to accumulate in the
tumor rather than the RES. Few FA-PEG-SPION NCs
accumulated in the heart, lung, stomach and intestine.
Furthermore, about 6% ID/g was not found in the
above organs, suggesting that FA-PEG-SPION NCs
were excreted in the urine or feces.

FA-PEG-SPION NCs were hydrophilic and dis-
persed uniformly in water (Figure 6A). They gener-
ated heat by application of an AC magnetic field with
H =8 kA/m and f = 230 kHz (Hf = 1.8x10° A/m:s)
(Figure 6B) and they increased the temperature of the
solution by ~20°C for 10 min (Figure 6C). Similarly,
allyl-SPIONs also increased the temperature of the
solution by ~18°C for 10 min at the same concentra-
tion level. The specific absorption rate (SAR) was
calculated using the following equation:

SAR = (C/m) (dT/d¥),

where C, is the specific heat of water and m is the
concentration of SPIONSs in solution. The average SAR
values of FA-PEG-SPION NCs and allyl-SPIONs were
248 and 156 W/ gg., respectively. In addition, we pre-
viously revealed that 8-nm SPIONs also had a SAR of
156 W/gge.®) Thus, FA-PEG-SPIONs provided a
1.6-fold greater SAR than non-clustered SPIONS.
These findings demonstrated that SPION clustering
could induce an increase in not only r> but also the
SAR.

FA-PEG-SPION NCs were dissolved in PBS, and
then injected intravenously into tumor-bearing mice.
Twenty-four hours after injection, the mice were
placed in an AC magnetic field with H =8 kA/m and f
= 230 kHz (Hf = 1.8x10° A/m:s) for 20 min. The
groups (n = 5) were as follows: mice without treat-
ment; mice injected intravenously with
FA-PEG-SPION NCs; mice placed in an AC magnetic
field for 20 min; mice placed in an AC magnetic field
for 20 min the day after intravenous injection of
FA-PEG-SPION NCs. The tumors of mice injected
with FA-PEG-SPION NCs underwent local heating by
application of an AC magnetic field (Figure 7A). The
temperature of the tumor was higher than the sur-
rounding tissues by ~6°C at 20 min after treatment.
Based on the temperature-time curve of the tumor
(Supplementary Material: Figure S8), the SAR of

FA-PEG-SPION NCs in the tumor was calculated us-
ing the following equation:

SAR = (C/my) (dT/d#),

where C; is the specific heat of tissue (=3.5 J/g-K at
37°C)B and m; is the concentration of SPIONSs in the
tumor. The average SAR was 104 W/ gr., which was
lower than the SAR in water. This may be because of
the thermal diffusion caused by blood flow. As shown
in Figure 7B, tumor growth was significantly inhibit-
ed in mice placed in an AC magnetic field after injec-
tion of FA-PEG-SPION NCs. There was little differ-
ence in the growth behavior of tumors between con-
trol mice. Thirty-five days after treatment, the tumor
volume of mice placed in an AC magnetic field after
injection of FA-PEG-SPION NCs was one-tenth that of
the control mice. The photographs of mice 35 days
after treatment also demonstrated that mice placed in
an AC magnetic field after injection of
FA-PEG-SPION NCs had appreciably smaller tumors
than control mice (Figure 7D). Furthermore, mice
placed in an AC magnetic field after injection of
FA-PEG-SPION NCs were alive after 12 weeks; con-
trol mice died up to 8 weeks after treatment (Figure
7C). These results demonstrated that MHT involving
intravenous injection of FA-PEG-SPION NCs and
application of a safe AC magnetic field inhibited tu-
mor growth and improved survival. MHT could be a
new treatment for multiple myeloma, which is hard to
cure because the cancer cells have marked resistance

to chemotherapeutic agents.[32
B

10 min 1KY

o % FA-PEG-SPION NCs
50
[
g 40 Allyl-SPIONs
§ 35

30 + T T T T 3
0 2 4 6 8 10
Time / min

Figure 6. (A) Photograph of FA-PEG-SPION NCs in water. (B) Thermal
images of FA-PEG-SPION NCs in water before and |10 min after application
of an AC magnetic field with H = 8 kA/m and f = 230 kHz. (C) Temper-
ature—time curves of FA-PEG-SPION NCs and allyl-SPIONs in water
under the AC magnetic field.
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Figure 7. (A) Photograph (left) and thermal image (right) of a mouse 24 h after intravenous injection of FA-PEG-SPION NCs under an AC magnetic field
with H = 8 kA/m and f = 230 kHz. (B) Tumor-growth behavior and (C) survival period of mice without treatment and treated by intravenous injection of
FA-PEG-SPION NCs, application of an AC magnetic field, and application of an AC magnetic field 24 h after intravenous injection of FA-PEG-SPION NCs

(n = 5). (D) Photographs of mice 35 days after treatment.

The hepatotoxicity and nephrotoxicity of
FA-PEG-SPION NCs were evaluated using biochem-
ical assays in the sera of mice 1 month after injection.
There was little difference between the levels of blood
urea nitrogen (BUN), alkaline phosphatase (ALP),
alanine aminotransferase (ALT), and aspartate ami-

notransferase (AST) in the sera of mice injected with
FA-PEG-SPION NCs, and those in the sera of mice
injected with PBS (Figure 8). These results suggested
that FA-PEG-SPION NCs were neither hepatotoxic
nor nephrotoxic.
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Figure 8. Biochemical assays in the sera of mice injected with PBS and
FA-PEG-SPION NCs. One month after injection, (A) BUN, (B) AST, (C)
ALT, and (D) ALP values were measured.

CONCLUSION

In summary, the TEC reaction of allyl-SPIONs
with SH-PEG or SH-PEG-FA led to SPION clustering
and modification of PEG or FA-PEG to produce
PEG-SPION NCs and FA-PEG-SPION NCs. SPION
clustering could increase the Ms of these NCs, result-
ing in an increase in r, and the SAR. PEG-SPION NCs
and FA-PEG-SPION NCs provided higher relaxivity
than Resovist. Twenty-four hours after intravenous
injection of PEG-SPION NCs and FA-PEG-SPION
NCs into mice bearing tumors derived from a multi-
ple myeloma cell line, NCs accumulated locally in
cancer (not necrotic) tissues within the tumor. As a
result, in the cancer tissues, T> was significantly de-
creased and contrast enhanced. In particular,
FA-PEG-SPION NCs strongly and extensively en-
hanced the contrast of cancer tissues. Furthermore,
application of a safe AC magnetic field with H = 8
kA/m and f= 230 kHz (Hf = 1.8x10° A/m:s) to tu-
mor-bearing mice the day after intravenous admin-
istration of FA-PEG-SPION NCs significantly inhib-
ited tumor growth. In addition, FA-PEG-SPION NCs
were neither hepatotoxic nor nephrotoxic. Multiple
myeloma remains an incurable malignancy because of
marked resistance of cancer cells to chemotherapeutic
agents. FA-PEG-SPION NCs could be used to enable
the detection of multiple myeloma using MRI, and the
growth of multiple myeloma could be inhibited using
MHT.

METHODS

Chemicals

IAA was prepared by the method described in
the literature.[®¥ Hydrazine was purchased from To-
kyo Chemical Industry (Tokyo,  Japan).
2,2'-azobis[2-(2-imidazolin-2-yl)propane]dihydrochlo
ride (AIPD) was obtained from Wako Pure Chemicals
(Osaka, Japan). SH-PEG (Mw=3000) was purchased
from NOF (Tokyo, Japan). SH-PEG-FA (Mw=3000)
was from Nanocs (NY, USA).

Synthesis of Allyl-SPIONs

Synthesis was carried out according to a previ-
ously reported procedure.[?3-252934 Briefly, 35 pmol of
hydrazine and 102 pmol of water were added to an
ethanolic solution of IAA (7.0 mM). The solution was
heated at 80°C for 2 h and then centrifuged at
20,000xg for 10 min to precipitate allyl-SPIONs. The
separated allyl-SPIONs were washed thrice with wa-
ter and dispersed in water.

Formation of PEG-SPION NCs and
FA-PEG-SPION NCs by the TEC Reaction

PEG-SPION NCs and FA-PEG-SPION NCs were
produced by making improvements to the methods
described in our previous study.[?! AIPD (26 pmol)
and 1.7 pmol of SH-PEG or SH-PEG-FA were added
to an aqueous solution of allyl-SPIONs. The solution
was heated at 60°C for 3 h and then centrifuged at
20,000xg for 10 min to precipitate PEG-SPION NCs
and FA-PEG-SPION NCs. PEG-SPION NCs and
FA-PEG-SPION NCs were washed thrice with water
and dispersed in PBS.

Characterization

The size and shape of FA-PEG-SPION NCs were
observed by a transmission electron microscope
(H-760, Hitachi, Tokyo, Japan). The hydrodynamic
diameter and zeta potential were measured by DLS
(NICOMP 380 ZLS, Showa Denko, Tokyo, Japan).
FTIR spectra were recorded with a FTIR spectrometer
(Nexus 470, Nicolet, Madison, W1, USA). The amount
of organic phase were measured using TG (TG8120,
Rigaku, Tokyo, Japan) at a heating rate of 10°C/min
from room temperature to 800°C under an oxygen
atmosphere. The crystalline phases were analyzed by
XRD using Cu Ka radiation with a monochromator
(RINT-2500, Rigaku, Tokyo, Japan). Magnetic proper-
ties were measured with a vibrating sample magne-
tometer (Type 5, Toei Kogyo, Tokyo, Japan) at room
temperature.
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Ethics Statement

The study protocol was approved by the Animal
Care and Use Committee of the University of To-
kushima (Tokushima, Japan).

Animals

Female CB17/lcr-Prkdcsd mice aged 4 weeks
were purchased from Charles River Laboratories
(Yokohama, Japan) and maintained in a specific
pathogen-free facility in our Animal Resources Cen-
ter. To eradicate residual natural killer (NK) cells,
mice were injected intraperitoneally with 10 pL of
rabbit anti-asialo GM1 antiserum (Wako Pure Chem-
icals) 1 day before tumor inoculation.*’! Inoculation
with human multiple myeloma cells (5x10°) was ac-
complished by subcutaneous injection into the backs
of mice.

MRI

PEG-SPION NCs or FA-PEG-SPION NCs were
dispersed homogeneously in phantom agar, which
was composed of 1 wt% agar and 99 wt% water. MRIs
of the phantom agar were taken using a 7.0 T Bruker
Biospec 70/20 USR nuclear magnetic resonance spec-
trometer (Ettlingen, Germany). MRIs of mice (n = 3
per cohort) were acquired before and 24 h after in-
travenous injection of PEG-SPION NCs and
FA-PEG-SPION NCs (48 pmol Fe/kg). After anesthe-
tizing the mice with a mixture of oxygen and isoflu-
rane, sagittal and axial images were recorded using a
Bruker BGA-S coil. A T> mapping sequence used was
a multi-slice multi-echo (MSME) sequence, and the
parameters were set as follows: TR=2500.0 ms,
TE=11.0, 22.0, 33.0, 44.0, 55.0 and 66.0 ms; number of
average 2; scan time 16 min; FA=180.0° slice thick-
ness=1.00 mm; FOV=3x3 cm; slices 7, matrix 256x256;
pixel size 117 x117 pm; motion suppression on. All
images were processed with ParaVision software
(Bruker Biospin). T2 was calculated from the
t2vtr-fitting function (Bruker Biospin).

Hyperthermia Experiments

All hyperthermia experiments were carried out
safely using an applied AC field of 8 kA/m and a
frequency of 230 kHz (Hf = 1.8x10° A/m-s). An AC
magnetic field was generated using a transistor in-
verter with field coils (2.4 kW, EasyHeat, Ambrell,
NY, USA). Thermal images were taken using a
Thermograph (Thermo Gear G100EX, NEC Avio In-
frared Technologies, Tokyo, Japan), as were temper-
ature measurements. The SAR values of
FA-PEG-SPION NCs and allyl-SPIONs were evalu-
ated using their aqueous solution (2.2 mg spion/mL).
In vivo hyperthermia experiments were carried out on

mice with tumors of diameter 50 mm3. Tumor vol-
umes were calculated from the formula

V = AB21/6,

where A is the longer and B is the shorter lateral di-
ameter of the tumor. Mice were divided into four
groups (n = 5 per cohort): no treatment; intravenous
administration of FA-PEG-SPION NCs (48 pmol
Fe/kg); application of an AC magnetic field for 20
min; and 24 h after intravenous administration of
FA-PEG-SPION NCs (48 pmol Fe/kg), application of
an AC magnetic field for 20 min. Treatments were
carried out once a day as soon as the tumor reached a
diameter of 50 mm?3. Mice were killed when the tumor
reached a diameter of 3,500 mm?3.

Histological Analyses

Tissue samples obtained for histology were
immediately immersed in 4% paraformaldehyde so-
lution for 24 h. Fixed tissues were encased in paraffin
blocks. Tissue sections (2 pm) were cut from paraffin
blocks and affixed to Superfrost Microscopy Slides.
Prussian Blue staining is a highly sensitive method for
identifying ferric species, and was used with a nuclear
fast red counterstain to visualize FA-PEG-SPION NC
content in the tissue sections. Briefly, microscopy
slides containing tissue sections were sequentially
immersed in xylene to dissolve excess paraffin and
rehydrated through immersion in decreasing concen-
trations (100-50%) of ethanol in water followed by
100% water. Slides were then immersed in a freshly
prepared solution containing equal parts 2% HCI and
2% potassium ferrocyanide for 15 min. Prussian
Blue-stained slides were rinsed in water and im-
mersed in nuclear fast red solution for 5 min. Slides
were then rinsed in water, dehydrated through in-
creasing concentrations (50-100%) of ethanol, and
cleared in xylene. Dehydrated tissues were co-
verslipped with Permount resinous mounting me-
dium and allowed to dry overnight at ambient tem-
perature. Stained slides were observed under light
microscopy. Hematoxylin and eosin staining of tissue
sections was carried out in a conventional manner.

Biodistribution

The tumor-bearing mice were injected intrave-
nously with FA-PEG-SPION NCs (48 pmol Fe/kg)
and PBS. At 24 h postinjection, animals were sacri-
ficed, and the tissues were taken out, washed, and
then weighed. The tissue sample (10 mg) was dis-
solved with 1 mL of aqua regia in a Teflon vials. The
tissue solution (0.1 mL) was diluted with 1.5 mL of
ultrapure water. The iron concentration in the tissue
solution was measured by nitroso-PSAP method us-
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ing an iron assay kit (Metallogenics™, AK] Global
Technology Co., Ltd., Chiba, Japan) according to the
manufacturer’s instructions. Data presented in this
work were obtained from averaging three animals.

Toxicity Evaluation

PBS (100 pL) and the FA-PEG-SPION NCs (48
pmol Fe/kg) were injected intravenously into mice (n
= 5 per cohort). One month after injection, blood
samples were collected, and serum was obtained by
centrifugation of whole blood at 3,000 rpm for 15 min.
Liver function was evaluated based on the serum
levels of ALP, ALT and AST. Nephrotoxicity was de-
termined by BUN. These biochemical parameters
were determined using an automated biochemical
analyzer (Hitachi 7180, Tokyo, Japan).

Supplementary Material
Fig.S1 - S8. http:/ /www.thno.org/v03p0366s1.pdf
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