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Figure 4. Fe concentration of contrast agents in blood. Fe concentrations
were calculated from the intensities of T,-weighed images (TR = 2000
ms, TE = 69 ms) of mouse blood samples. (0) Feridex, (O) Au/Feridex,
and (A) PEG-Au/Feridex were intravenously administered and blood
samples were collected at 2, 5, 10, 30, and 60 min. The error bars
represent the SEM (n = 5). *P < 0.001, **P < 0.000 01 by two-tailed
t-test.
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Figure 5. Accumulation of contrast agents in the liver and tumor. Au/
Feridex and PEG-Au/Feridex were intravenously injected into tumor-
bearing mice, and the livers and tumors were extracted | h postinjection.
The quantity of (O) Au/Feridex and (M) PEG-Au/Feridex accumulated
in the (a) liver or (b) tumor was measured by radiochemical neutron
activation analysis of the Au element. Each bar represents SEM
n=23).

activation analysis of the Au element (Figure 5). Liver
accumulation of Au/Feridex was decreased by PEG conjuga-
tion (Figure 5a), suggesting that PEG conjugation inhibited
uptake of the SPIO by the Kupffer cells in the liver. In the
tumor, the accumulation of PEG-Au/Feridex was approxi-
mately 10-fold higher than that of Au/Feridex (Figure 5b).
Accumulation of PEG-Au/Feridex in the tumor at 24 h was
slightly increased compared with that at 1 h. The findings
suggest that PEG conjugation efficiently enhanced the
targeting of Feridex to the tumor.
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Figure 7. Analysis of tumor-accumulating mechanism of PEG-Au/
Feridex. Ex vivo Prussian blue-stained images of tumor tissues extracted
from tumor-bearing mice (a,b: Meth-A. c,d: BI6BL6) at | h postin-
jection of 1 mg Fe of (a,c) Feridex or (b,d) PEG-Au/Feridex (coun-
terstaining: eosin staining). Narrow arrowhead indicates tumor blood
vessel in which erythrocytes are observed. Bold arrowhead indicates
location of contrast agents.

PEG-Au/Feridex Enhances Tumor Contrast by an EPR
Effect in MR Imaging. We used MR imaging to visualize
the efficacy of PEG-conjugated Au/Feridex. MRI of Meth-A
tumor-bearing mice was performed | h postinjection of
Feridex, Au/Feridex, and PEG-Au/Feridex. T,-weighted
images showed that PEG-Au/Feridex decreased the signal
intensity of the tumor, leading to the clear identification of
a Meth-A tumor, whereas Feridex and Au/Feridex did not
improve the tumor contrast (Figure 6a—f). Similar results
were obtained using B16BL6 melanoma bearing mice (Figure
6g—1). These results suggested that our PEG-Au/Feridex was
effective for identifying various tumor types.

We also tried to determine the mechanism of accumulation
in the tumor by analyzing the location of these contrast agents
in the tumor tissue. Tumor tissues were extracted from the same
mice used to take the MR images, and then slices of the tissues
were stained using the Prussian blue staining method to detect
the Fe molecules. In both Meth-A and B16BL6-injected mice,
PEG-Au/Feridex was distributed around the tumor blood vessels
(Figure 7), suggesting that PEG-Au/Feridex leaked from the
tumor blood vessels to the outside through the leaky tumor
vascular walls. On the other hand, Feridex was not detected in
the tumor sections (Figure 6). These results suggest that PEG-
Au/Feridex has a decreased liver uptake and accumulated in
the tumor by the EPR eftfect.

Feridex Au/Feridex

PEG-Au/Feridex

Meth-A

B16BL6

Figure 6. In vivo MRI tumor imaging. T>-weighted images (1.5 T, spin-echo sequence: TR = 2000 ms, TE = 69 ms) of tumor-bearing mice (a—f,
Meth-A; g—I, BI6BL6) taken pre- and | h postinjection of 1 mg Fe of contrast agent (a,d.g,j: Feridex. b,e,h.k: Au/Feridex. c.f,i,l: PEG-Au/
Feridex). Images a—c and g—i were obtained preinjection, and images d—f and j—I were obtained | h postinjection. Arrowhead indicates tumor.

All images were obtained using MRminiSA.
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DISCUSSION

Several studies have been performed in an effort to develop
tumor-targeted SPIO (7). Most of the previously: developed
methods, however, require polymers containing special func-
tional ‘groups- and some reaction: steps - that complicate the
synthesis of surface-modified SPIO. Moreover, the low yield
at each step of the reaction limits the usefulness (19). In the
present study; these problems were overcome by the use of our
original nanomaterial, an’ Au/Fe magnetic nanoparticle. We
desigried Au/Feridex from Feridex, a clinically used SPIO coated
with dextran; - Au. immobilization on Feridex- was achieved
simply (an electron beam irradiation) and its efficiency was
almost 100% based on TEM ‘observation (Figure 1). This Au
immobilization method is also successful for other iron oxide
nanoparticles that do not contain surface dextran (23), suggesting
that this technology is applicable to various types of SPIO. PEG
conjugation via Au—S bonds proceeded under mild conditions
at room temperature, without any catalysts or special chemical
reactions. The number of PEG-SH molecules on PEG-Au/
Feridex was estimated to be approximately 3000 molecules/
particle (100 molecules/colloidal gold) based on the assumption
that Au/Feridex is a 150-nm-diameter sphere and colloidal gold
is a 3.4-nm diameter sphere, which was supported by TEM
images (Figure 1). Moreover, the efficiency of PEG conjugation
was also estimated to be almost 100%, supported by the clear
supernatant in the PVA test (Figure 2). Therefore, this conjuga-
tion method is simpler, easier, and more efficient than previously
described methods (13, 14, 16—19, 29). In this aspect, Au/Fe
magnetic nanoparticles are an innovative tool that retains the
activity of the conjugated molecules (23). The efficacy of PEG
conjugation was demonstrated by the pharmacokinetics (Figure
4). The higher Fe concentration of PEG-Au/Feridex in the early
phase suggests that the distribution volume was decreased and
indicates that PEG conjugation inhibited uptake of Au/Feridex
into liver (Figure 5). These results clearly show that Au
immobilization and surface modification of SPIO is useful for
creating a novel MRI tumor confrast agent.

On the other hand, the size of the PEG-conjugated contrast
agents is important for tumor targeting (27). The size of the
gold/iron magnetic nanoparticles can be easily altered by
changing the core particle size (23). This feature might allow
for better control of the pharmacokinetics of the contrast
agent (15, 27). An effective tumor-targeting method may thus
be developed by controlling two parameters: the particle size
and the targeting agent. In the future, innovative methods to
target various diseases may be developed by synthesizing
smaller gold/iron magnetic nanoparticles to decrease the ac-
cumulation in the liver, and by applying various targeting agents
to control the pharmacokinetics. Our novel MRI contrast agents
have high potential for the diagnosis of various diseases.

CONCLUSION

The present paper reports a novel MRI tumor contrast agent
(PEG-Au/Feridex) produced using a unique technique. Here,
we showed that Au/Feridex can be simply and easily conjugated
with PEG-SH. At each reaction step (synthesis of Au/Feridex
and modification with PEG-SH); the yield was approximately
100%. PEG-Au/Feridex uptake was decreased in the liver and
its accumulation in the tumor was approximately 10-fold greater
than that of Au/Feridex, which led to clear identification of the
tumor on Ty-weighted images that could not be achieved with
Feridex alone. This newly developed contrast agent can be
modified with various targeting agents containing a thiol group
and will thus be potentially very useful for the diagnosis of
various diseases.
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We describe here the facile and robust preparation methods for the multiple-SPIO-containing silica-coated core/shell
type nanoparticles which can serve as a highly sensitive MRI contrast agent. The imidazolium-tethered core/shell type
particles were synthesized, and the centrifugal selection for the multiple-SPIO-containing particles and the etching
process to fabricate thin silica layers were carried out to improve the proton relaxivity of water tissue. We found that the
synthetic particles can provide ~7-fold clearer contrasts than that of the particles before treatments. In addition. the

particles can show good dispersibility at least for | week in aqueous media.

Introduction

Magnetic resonance imaging (MRI) is one of the powerful
diagnostic tools in modern clinical medicine, and contrast agents
can improve sensitivity and specificity in the detection. Super-
paramagnetic iron oxide (SPIO) particles can accelerate the
proton transverse relaxation of water tissue in aqueous media
and consequently provide hypointense (dark) contrast in mag-
netic resonance images on T>- and T)*-weighted sequences.’
Various advanced techniques using SPIO particles such as the
cell labeling, biosensors,” and in vivo imaging® with MRI have
been developed. Thus, the SPIO-based contrast agents can be a
suitable platform for the advanced imaging probes. However,
the improvement of the sensitivity of contrast agents has still re-
mained as a critical issue to ensure the accuracy in the detection
and reduce burdens in loaded organisms.

The naked SPIO particles are extremely reactive, and aggrega-
tion or nonspecific adsorption with proteins or other substances
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would spoil the sensitivity under biological conditions. Therefore,
the surface modifications of SPIO particles, for example, with
dextran and organic or inorganic polymers, are necessary to
maintain dispersion state and prevent from signal 10ss.">> The
silica-coated core/shell type particles are one of potential plat-
forms for multifunctional molecular probes.® The size, shape, and
the surface modification which dominate the characteristics,
distribution, and toxicity of the particles can be readily tuned.’
We have reported the preparation method of the MRI contrast
agents based on the silica-coated corefshell type SPIO particles
which can show good biocompatibility in the mice.® However, the
sensitivity in MRI was inevitably reduced by the silica coating on
the surfaces. The regulation of the thickness of the shell in the
core/shell type particles as well as the maximizing the SPTO core
content should be still critical issue to overcome the trade-off
relationship between the sensitivity and stability of the particles.

Herein, we report the facile method for improving the sensi-
tivity of the core/shell type silica-coated SPIO as MRI contrast
agents. Initially, the multiple SPIO particles were accumulated
and immobilized into the nanoparticles covered with the silica
shell. After the centrifugal separation, the core/shell particles
which include multiple SPIO-cores were isolated. Subsequently to
minimize the shell thickness, the etching under the alkaline con-
dition was executed, and the multiple SPIO-containing core/shell
type nanoparticles with thin silica shell were obtained. Finally,
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it was confirmed from the evaluation of the relaxivity of the
synthetic particles as a MRI contrast agent that the sensitivity of
the resulting SPIO can be improved by 8-fold by our method.

Experimental Section

General. "H NMR spectra were obtained with a JEOL EX-400
spectrometer (400 MHz). Transmission electron microscopy (TEM)
measurements were performed using a JEOL JEM-100SX ope-
rated at 100 kV electron beam accelerating voltage. One drop of
the sample solution was deposited onto a copper grid, and the
excess of the droplet was blotted off the grids with filter paper:;
then the sample was dried under ambient conditions. FT-IR spec-
tra were recorded on a Perkin-Elmer 1600 infrared spectrophoto-
meter using a KBr disk dispersed with the powdered sample.
UV—vis absorption spectra were obtained with a Shimadzu UV-
3600 UV—vis—NIR spectrophotometer.

Materials. Iron(I11) chloride hexahydrate, iron(I1I) chloride
tetrahydrate, 28% aqueous ammonium hydroxylate solution, and
oleic acid were purchased from Wako Pure Chemical Industries,
Ltd. I-Methylimidazole, 3-chloropropyltriethoxysilane, and Igepal
CO-520 were purchased from Aldrich Chemical Co. Tetraethoxy-
silane was purchased from Tokyo Chemical Industry Co., Ltd.
1-Methylimidazole was dried and distilled under reduced pressure
over sodium in a nitrogen atmosphere. The other reagents and
solvents were used as supplied, unless stated otherwise.

Synthesis of Iron Oxide Nanoparticles. Preparation of the
SPIO particles was according to our previous report.* Iron(III)
chloride hexahydrate (1.081 g, 4 mmol) and iron(II) chloride
tetrahydrate (0.3976 g, 2 mmol) were dissolved in water (120 mL).
After the addition of oleic acid (0.2 mL) with mechanically stirring
at 1000 rpm, 15 mL of aqueous ammonium hydroxylate (28%)
was added to the solution all at once. Oleic acid (0.2 mL) was
continuously added to the solution in four additions every 5 min
with stirring at 1000 rpm at 80 °C. After stirring for 30 min, the resul-
ting dark brown suspension was cooled to room temperature.

Silica Coating on the Iron Oxide Nanoparticles. The pre-
paration of the core/shell type nanoparticles was according to our
previous report.® Ina 50 mL glass vial, 2.3 g of Igepal CO-520 was
dissolved in45 mL of cyclohexane. The solution was mechanically
stirring at 700 rpm with sonication for 2 min. After dispersing
the SPIO particles, 0.3 mL of the mixture was added to the cyclo-
hexane solution, and then the mixture was stirred at room tem-
perature for 5 min with sonication. The resulting mixture was
turned to transparent light brown liquid, and then 0.3 mL of
tetracthoxysilane was added. The mixture was gently stirred by
hand using a spatura until tetraethoxysilane was completely
dissolved, and the mixture was left for 3 days at room temperature
to form a thick silica shell.

Surface Modification on the Core/Shell Nanoparticles.
The surface modification was according to our previous report.”
In a 1000 mL round-bottom flask, the imidazolium'® (2.0 g) was
dissolved in 200 mL of ethanol. The mixture containing the core/
shell particles was rapidly added to the ethanol solution with
mechanical stirring at 700 rpm. After the mixture was stirred for
12 h at room temperature, the upper transparent layer was
removed, and the light-brown products were separated by cen-
trifuging at 6000 rpm. After washing with 200 mL of methanol
three times, the desired core/shell particles were obtained as a
brown suspension in methanol.

Centrifugal Selections. The particles (100 mg) were dispersed
in methanol (10 mL) and centrifuged for S min at 25 °C. Recovery
yields were calculated from the weight of the precipitations. The
number of SPIO cores was counted in TEM images, and the
diameters and the number of the SPIO particles were described
from the averages of 100 particles in three sets of experiments. The
errors represent standard deviation.

Etching of Silica Layer on the Particles under Alkaline
Conditions. The 1 M sodium hydroxide solution (0.02 mL) was
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Scheme 1. Schematic Illustration for Preparing the Thin
Silica-Coated Core/Shell Type Nanoparticles Encapsulating
Multiple SPIO Particles
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added to the nanoparticle-dispersed mixture (2 mL, I mg/mL),
and then the mixture was incubated at 25 °C. The reaction was
quenched by the neutralization with HCl. The diameters were
calculated as the average of 100 particles in TEM images in three
sets of experiments. The errors represent standard deviation.

MR Imaging. For the MR imaging and 7> calculation, all
particles were dispersed with ultrasonic waves in Milli-Q water.
Agarose XP (Nippon gene) was dissolved in hot Milli-Q water at
the concentration of 1 wt %. Nanoparticle dispersions and
agarose XP solutions of 250 4L each were vortex-mixed in glass
vials and kept cool until their fluidity disappeared. MR imaging of
the samples was carried out using a 7 T Unity Inova MR Scanner
(Varian, Palo Alto, CA). Coronal images of the samples were
obtained with a T>-weighted spin—echo sequence. Repetition
time (TR) was 3000 ms, echo time (TE) was 40 ms, and the field
of view was 40 mm, with an image matrix of 256 x 256 pixels. Slice
thickness was 3 mm.

Results and Discussion

The schematic procedure is summarized in Scheme 1. The
assembly of SPIO particles can enhance the magnetism,” result-

35 . 7 3b—
ing in clear contrasts in MRI>*"%!° Thus, the first purpose to

(9) (a) Philipse, A. P.; van Bruggen, M. P. B.; Pathmamanoharan, C. Langmuir
1994, 10, 92-94. (b) Srivastava, S.; Samanta, B.; Jordan, B. J.; Hong, R.; Xiao, Q.;
Tuominen, M. T.; Rotello, V. M. J. Am. Chem. Soc. 2007, 129, 11776-11780.
(c) Ditsch, A.; Laibinis, P. E.; Wang, D. I. C.; Hatton, T. A. Langmuir 2005, 21,
6006-6018. (d) Woo, E.; Ponvel, K. M.; Ahn, L.-S.; Lee, C.-H. J. Mater. Chem. 2010,
20, 1511-1515. (e) Matsumoto, Y.; Jasanoft, A. Magn. Reson. Imaging 2008, 26,994
998. () Qiang, Y.; Antony, J.; Sharma, A.; Nutting, J.; Sikes, D.; Meyer, D. J. Nanopart.
Res. 2006, 8, 489-496.

(10) (a) Tromsdorf, U. L.; Bigall, N. C.: Kaul, M. G.; Bruns. O. T.: Nikolic,
M. S.; Mollwitz, B.; Sperling. R. A.; Reimer, R.; Hohenberg, H.: Parak, W. J.;
Forster, S.: Beisiegel, U.: Adam, G.: Weller, H. Nano Lett. 2007, 7, 2422-2427.
(b) Berret, J.-F.; Schonbeck, N.; Gazeau, F.; El Kharrat, D.; Sandre, O.; Vacher, A.;
Airiau, M. J. Am. Chem. Soc. 2006, 128, 1755-1761. (c) Zhang, C.; Wingler, B.;
Morgenstern, B.; Zentgraf, H.; Eisenhut, M.; Untenecker, H.; Kriiger, R.; Huss, R.;
Seliger, C.; Semmler, W.; Kiessling, F. Langnuir 2007, 23, 1427-1434. (d) Taboada, E.;
Solanas, R.; Rodriguez, E.; Weissleder, R.; Roig, A. Adv. Funct. Mater. 2009, 19,
2319-2324.
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Figure 1. TEM images of the core/shell particles (a) before treat-
ments, (b) after the centrifuge selection, and (c) after the alkaline
etching.

improve sensitivity of the particles is to encapsulate as many as
SPIO particles in the single core/shell particle.’ ' The silica-coated
SPIO particles were preparéd via a reverse-micelle sol—gel tech-
nique according to our previous work.® We explored the condi-
tions to load the maximum amount of SPIO in_reverse micelles,
and imidazolium-tethered core/shell nanoparticles were obtained.
The thickness of the shell and the number of the SPIO core were
counted in TEM images and calculated as an average of 100 parti-
cles. The diameter of the SPIO particles at the core was ~7 & 4 nm,
and the dispersed size of the resulting core/shell particles was
obtained (24.2 &+ 13.0 nm, Figure la).

Initially, we aimed to select multicore particles. The multicore
particles were defined as the particles which included at least five
SPIOs inside the silica shell because of the difficulty to clearly
distinguish two or three SPIO inside the core/shell particles. We
executed the centrifugal separation in the isopycnic density media,
and the recovery yields were calculated from the amount of the
precipitation.'? By the increase of the rotational speed, the recovery
rate of the synthetic particles as a precipitation was improved;
however, the proportion of the multicore particles in the products
was reduced.!® It represents that silica and single-core particles
were efficiently excluded, and the recovery rate was relatively

Article
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Figure 2. Time course of diameter change of the core/shell nano-
particles in 10 mM sodium hydroxide solutions. The diameters of
the particles were calculated as the averages of 100 particles in
TEM images in the three sets of experiments. Error bars represent
the standard deviation.

Table 1. Components and Diameters of the Core/Shell Particles
in the Alkaline Etching Treatment”

proportion of the

incubation time [h] multicore NPs [%]" diameter [nm + SD}

0 50 41.14+14.0
1 51 26.7+9.9
2 50 25774
4 nd.f 25.5+8.5
6 n.d.‘ 251469
8 n.d. 240472

“ Alkaline etching was carried out in [0 mM aqueous sodium hydro-
xide at 25 °C. * All values were calculated as the averages of 100 particles
in TEM images. “ Not determined.

higher at 2200g. Therefore, we adopted this centrifugal condition
for next operations. The centrifugal separation was carried out at
2200g three times, and the samples containing 41 + 14 nm
diameter core/shell nanoparticles were obtained (Figure Ib).
The elimination of small silica fragments contributed to reducing
the range of size dispersion, though the apparent diameter in-
creased by ~17 nm by the centrifugal selection.

The relaxation enhancement to water molecules by ferromag-
netic materials significantly depends on the distance.”*" Thus,
the second purpose is to minimize the thickness of the silica layer
on the core/shell particles. Etching treatment was executed in the
10 mM NaOH solution at 23 °C. Figure 2 shows time course of
diameter change of the core/shell particles. The average size of the
particles decreased by ~15 nm and reached a plateau at 2 h. On
the other hand, excess alkaline solution collapsed the core/shell
particles (Table 1). After the incubation, the surface of the parti-
cles was modified with imidazolium, and a well-dispersed suspen-
sion can be prepared (Figure 1c). The iron content in the particles
was significantly improved by the etching process (Table 2).

Figure 3 shows the Th-weighted MR image of the samples
containing the SPIO particles at 7 T at 25 °C, and detection limits
of the SPIO particles for contrast enhancement were evaluated.
The sample without both treatments showed less dark contrast. In
contrast, the samples after the selection step showed the enhance-
ment of the proton relaxation. Particularly, the multicore SPTO
particles after etching gave much clearer contrast even at 3.5 ug/mL
of iron concentration. These results suggest that the sensitivity to
create negative contrast was improved at least 7 times larger than

(11) (a) Bromberg, L.; Raduyk, S.; Hatton, T. A. Anal. Chem. 2009, 81, 5637-
5645. (b) Woo, E.; Ponvel, K. M.; Ahn, L-S.; Lee, C.-H. J. Mater. Chem. 2610, 20,
15H-1515.

{12) Sun, X.; Tabakman, S. M_; Seo, W.-S.; Zhang, L.; Zhang, G.; Sherlock, S.;
Bai, L.; Dai, H. Adngew. Chem., Int. Ed. 2009, 48, 939-942.

(13) See Table S1 in the Supporting Information.
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(14) (a) Vogt, C.; Toprak, M. S.; Muhammed, M.; Laurent, S.; Bridot, J.-L.;
Miiller, R. N. J. Nanopart. Res. DOI: 10.1007/s11051-009-9661-7.(b) Yi, D. K.; Lee,
S. S.; Papaefthymiou, G. C.; Ying, 1. Y. Chem. Muter. 2006, 18, 614-619. (c) Chen,
D.-X.; Sun, N.; Huang, Z -J.; Cheng, C.-M.; Xu, H.; Gu, H-C. J. Magn. Magn. Mater.
2010, 322, 548-556. (d)y Zhang, M.; Cushing, B. L.; O'Connor, C. J. Nanotechnology
2008, /9, 1-5.
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Table 2. Properties of the Synthetic Particles

selection
sample none selection and etching
Fe component [%] 25 27 42
diameter [nm + SD] 242+ 130 411140 257+74
shell thickness [nm += SDJ*  17.2 £ 10.0 341+ 11.0 18.7+5.4
5> [FemM 's '] 179 779 1395
detection limit [ug/mL]" 215 12.8 4.1

“All values were calculated as the averages of 100 particles in TEM
images. ” Detection limits of the synthetic particles were determined
from the MR imaging in 7 T at 25 °C.

[Fe ug/mL]
140 70 35 18 09 O

No Treatment

After Centrifugal
Selection

After
Etching

Figure 3. MR imaging ol various concentration of the core/shell
particles. All samples were sealed into 5 mm of glass tubes, and the
T>-weighted phantom image was taken at 7 T at 25 °C.

that of the sample before treatments. The relaxivity can be im-
proved ~3-fold higher than that of previous system reported as a
highly sensitive MRI sensor.'®

In order to compare the signal enhancement ability, the proton
relaxivity (1) of each SPIO particles was determined from the 75
measurements (Table 2).'® The selection by centrifuging can
improve the relaxivity four times. In addition, the etching treat-
ment can significantly improve the relaxivity ~2 times compared
to the sample before treatments. These data show good agreement

with those of Figure 3. These results indicate that the assembly of

SPIO to the core and the minimum thickness of the surface in
core/shell particles to improve the iron content can realize the
significant enhancement of the relaxivity of water tissue around
the particles.

The dispersibility of the particles is an important issue for
practical usages. We investigated the surface of the SPIO particles
after etching. The particles were dissolved in 10 M NaOH aque-
ous solution, and the supernatants after neutralizing were analyzed

(15) (a) Nasongkla. N.; Bey. E.; Ren, J.; Ai, H.; Khemtong, C.; Guthi, J. S.;
Chin, S.-F.; Sherry. A. D.; Boothman, D. A.; Gao. J. Nano Lett. 2006, 6, 2427
2430. (b) Lee, J.-H.; Huh, Y.-M.; Jun, Y.-W.; Seo, J.-W.; Jang, J.-T.; Song, H.-T.; Kim,
S.; Cho, E.-J.; Yoon, H.-G.; Suh, J.-S.; Cheon, J. Nature Med.(N. Y., NY, U. S.) 2007,
13,95-99.

(16) The relaxivity > [Fe mM ™" s™'] was calculated from the slope of T»
dependency on the concentration of iron. See Figure S1 in the Supporting
Information.
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Before After
etching  etching

Figure 4. Samples containing the SPIO particles before (left) and
aflter (right) the etching treatment. The SPIO particles were dis-
persed in S0 mM sodium phosphate bulfer (pH = 7.0), and the
image was taken alter 1 week standing at 25 °C.

with UV—vis absorption measurements to confirm the existence
of imidazolium cation.'” The absorption bands from the imida-
zolium cation were observed from the synthetic particles after
etching. In addition, the dispersion state of the SPIO particles
with and without etching after | week in PBS was not significantly
changed from the naked eye observation (Figure 4). These data
suggest that the synthetic particles possess the surface modifica-
tion after etching and can maintain good dispersibility.

Conclusion

In conclusion, we present the simple preparation technique for
improving the sensitivity of MRI negative contrast agents using
SPIO. The selection for the multicore nanoparticles and etching of
the shell are the key processes for enhancing the proton relaxivity
of the silica-coated SPTIO in MRI. Our strategy described here can
be feasible to enhance the sensitivity of other core/shell type nano-
particles including the previous reports and contribute to improve
accuracy in material science as well as in the advanced functional
MR imaging methods.
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