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Purpose. In this work, the aim was to prepare and characterize a magnetofluorescent polymeric nanoparticle
for prostate cancer imaging in vivo.
Methods. Glycol chitosan (GC) was chemically modified with N-acetyl histidine (NAHis) as a
hydrophobic moiety, and bombesin (BBN) was conjugated to the hydrophobically modified GC for use
in targeting gastric-releasing peptide receptors (GRPR) overexpressed in prostate cancer cells. NAHis-
GC conjugates were labeled with the near-infrared (NIR) fluorophore Cy5.5 (C-NAHis-GC conjugate).
Results. BBN-conjugated C-NAHis-GC nanoparticles (BC-NAHis-GC nanoparticles) showed signifi-
cantly higher binding to the PC3 cell surface than nanoparticles without BBN, and the cellular binding
was clearly inhibited by BBN. The tumor-to-muscle ratios of C- and BC-NAHis-GC nanoparticles were
2.26±0.66 and 5.37±0.43, respectively. The tumor accumulation of BC-NAHis-GC nanoparticles was
clearly reduced by co-injection of BBN. Further, iron oxide nanoparticles (IO) were loaded into BC-
NAHis-GC nanoparticles to investigate the possibility of use as a probe for MRI. IO-BC-NAHis-GC
nanoparticles were well observed in the PC3 cells, and the blocking with BBN significantly reduced the
cellular binding of the nanoparticles.
Conclusion. These results demonstrate that the BBN conjugation to NAHis-GC nanoparticles improves
their tumor accumulation in PC3-bearing mice in comparison to nanoparticles without BBN, suggesting
that BC-NAHis-GC nanoparticles may be useful for prostate cancer imaging.
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INTRODUCTION

Prostate cancer (PC) is one of the most common types of
malignant tumor (1,2). In its early stages, PC rarely causes
symptoms and the majority of men have no specific symp-
toms, resulting in late diagnoses. In general, the prognoses of
men with localized cancer are excellent. However, once the
cancer has spread to other organs, the prognosis of curing PC
is poor. Thus, it is important to detect and treat PC while it is
still asymptomatic. To improve the diagnostic sensitivity for
early prostate cancer, attention has focused on the develop-
ment of novel imaging strategies (3–5).

Polymer-based nanoparticles are a potential artificial nano-
structure for medical applications, such as cancer detection,
diagnosis and treatment, due to low toxicity and biodegradation,

high drug- or gene-loading capacity, and water-solubility (6–9).
Recently, polymer amphiphiles consisting of hydrophilic and
hydrophobic moieties have received much attention in various
biomedical fields, including drug and gene delivery, molecular
imaging, and tissue engineering, because they spontaneously
form nanostructures with hydrophobic cores and a hydrophilic
outer shell in the aqueous phase (10–13). In particular, glycol
chitosan (GC) with hydrophobic segments (such as deoxycholic
acid, cholesterol, and cholanic acid) forms self-assembled nano-
particles in aqueous medium (14,15). The blood half-life of GC
nanoparticles can prolong circulation time due to limited uptake
into the liver and spleen caused by the hydrophilic outer shell
(16,17). The prolonged circulation time in vivo allows the
nanoparticles to extravasate and accumulate in tumor tissues,
because the vascular architecture of tumors is disorganized due
to rapid growth. The enhanced-permeability-and-retention
(EPR) effect caused by the unique vascular structure of tumors
may provide opportunities for tumor-targeted imaging and
selective drug delivery on prolonged nanoparticles. GC nano-
particles show high tumor accumulation that is useful for in vivo
delivery of anticancer drugs, peptides or genes by the EPR effect
(18,19). Furthermore, the nanoparticle surface can be function-
alized to enhance the efficiency of imaging and targeting (20). It
has been demonstrated that the binding characteristics of
nanoparticles can be improved by tagging target-specific ligands
onto the nanoparticle surface (21,22).
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Receptors that are uniquely overexpressed in tumors
have been used as targets for cancer diagnosis and therapy.
The gastrin-releasing peptide receptor (GRPR) is overex-
pressed in several human tumors, particular pancreatic cancer,
prostate cancer and breast cancer (23). Bombesin (BBN) is a 14-
amino-acid peptide that binds to members of the BBN receptor
family, including the neuromedin B receptor, the GRPR, the
orphan receptor subtype and the amphibian receptor. BBN and
its analogues have been studied for diagnosis and therapy of
GRPR-positive tumors (24–26). Therefore, it is expected that
the tumor accumulation of GC nanoparticles in tumor-bearing
mice may be improved by conjugation with BBN on the
nanoparticle surface.

In this study, we investigated whether BBN conjugation
improves the tumor accumulation of GC nanoparticles by the
EPR effect in a prostate tumor model. The binding character-
istics of BBN-conjugated GC nanoparticles were evaluated in
PC3 cells in vitro. We also confirmed the improved tumor
accumulation of BBN-conjugated GC nanoparticles in PC3-
bearing mice through in vivo optical imaging studies. Further,
we propose the possibility of BBN-conjugatedGCnanoparticles
loading iron oxide nanoparticles (IO) as a probe for magnetic
resonance imaging (MRI) in prostate tumor-targeted imaging.

MATERIALS AND METHODS

Materials

Gycol chitosan (GC, Mw 250 KDa, degree of deacetylation
88.7%)was purchased fromWakoChemical Co. (Osaka, Japan).
N-acetyl histidine (NAHis),N-hydroxysuccinimide (NHS),N-(3-
dimethyl aminopropyl)-N′-ethylcarbodiimide hydrochloride
(EDC) and 4′,6-diamidino-2-phenylindole (DAPI) were pur-
chased from Sigma-Aldrich Chemical Co. (St. Louis,MO,USA).
N-succinimidyl 3-(2-pyridyldithio) propionate (SPDP) was
obtained from Pierce Co. (Rockford, IL, USA). Monoreactive
hydroxysuccinimide ester of Cy5.5 (Cy5.5-NHS) was obtained
from GE Healthcare (Uppsala, Sweden). Bombesin (BBN),
CGGG-QWAVGHLM-NH2(7–14) was synthesized using stan-
dard Fmoc chemistry by Peptron Inc. (Daejeon, South Korea).
All other chemicals were of analytical grade and were used as
received without further purification.

Cy5.5-Labeling andBBNConjugation of NAHis-GCConjugates

NAHis-GC conjugates were synthesized according to a
previous method (26). GC (1 g) was dissolved in PBS, and
NAHis (0.24 mmol) was added to the GC solution. EDC
(0.72 mmol) and NHS (0.72 mmol) were added, and the
reaction mixture was stirred for 24 h at room temperature. The
reaction solution was dialyzed with a cellulose membrane
(MWCO 12 KDa, Spectrum Laboratories, Rancho Dominguez,
CA, USA) against distilled water for three days. The NAHis-
GC conjugate was freeze-dried, and the NAHis content was
analyzed by 1H-NMR spectroscopy.

To label Cy5.5 to NAHis-GC conjugate, NAHis-GC
(0.1 g) was dissolved in 50 ml of 0.05 M sodium borate buffer
at pH 8.5. After adding Cy5.5-NHS solution in DMSO, the
reaction mixture was stirred for 6 h at room temperature in
the dark. The non-reacted Cy5.5-NHS was removed using a
dialysis membrane with a molecular-weight cutoff of 12 KDa.

The resulting NAHis-GC-Cy5.5 was lyophilized and stored at
4°C before use. BBN was conjugated to the NAHis-GC-Cy5.5
conjugate using SPDP as a bifunctional linker. SPDP (500 μg)
in DMSO (20 μl) was added to the NAHis-GC-Cy5.5 solution
in PBS (pH 7.4) with EDTA. After incubation for 3 h at room
temperature, the SPDP-modified conjugate was filtered and
washed to remove reaction byproducts and excess non-reacted
SPDP in a centrifugal tube (cutoff 50 KDa, Falcon). BBN in
water was added to the SPDP-modified conjugate solution,
and the reaction mixture was incubated overnight at room
temperature under dark. The final products were separated
from non-reacted BBN and washed with a centrifugal Falcon
tube. BBN-conjugated and Cy5.5-labeled NAHis-GC conjugate
powders were obtained by freeze-drying.

Preparation and Morphological Characterization
of BC-NAHis-GC Nanoparticles

Cy5.5-labeled NAHis-GC conjugate (5 mg) was sus-
pended in 5 ml of PBS, and the suspension was sonicated for
10 min (the pulse was turned off for 1 s with an interval of 5 s)
at 4°C using a probe-type sonicator (VCX 750 Ultrasonic
Processor, Sonics & Materials, Inc., CT, USA) in the dark.
The nanoparticle suspension was passed through a cellulose
acetate syringe filter with 0.45-μm sized pores. The morpho-
logical features of the BBN-conjugated and Cy5.5-labeled
NAHis GC (BC-NAHis-GC) nanoparticles were examined
using transmission electron microscopy (TEM, JEOL, JEM-
2010 located in the Center for Chonbuk National University-
Wide Research Facilities). Atomic force microscopy (AFM)
using a model of MultiMode™ (Digital Instruments, CA,
USA) installed in KBSI (Jeonju, Korea) was also performed
to characterize the surface morphology of the nanoparticles
and to determine size distribution. The amount of BBN
conjugated to the GC nanoparticles was determined using a
BCA protein assay kit (Pierce, Rockford, IL, USA).

In Vitro Cell Binding Study

Human prostate cancer PC3 cells were incubated in
RPMI-1640 culture medium with 10% fetal bovine serum. To
evaluate the cell binding of BC-NAHis-GC nanoparticles,
PC3 cells (1×105 cells/well) were seeded on glass cover slips
in four-well plates at 37°C and then allowed to adhere to the
plates overnight. The BC-NAHis-GC nanoparticle solution or
C-NAHis-GC nanoparticle solution was added at a particle
concentration of 100 μg/10 μl and incubated at 37°C for 1 h.
Unbound nanoparticles were removed by washing with PBS
(pH 7.4) three times. Cells were fixed with 4% (w/v)
paraformaldehyde solution for 10 min and washed again.
DAPI was added to stain the nuclei of the cells for 5 min at
37°C, and the cells were mounted in fluorescent mounting
medium (Dako, Glostrup, Denmark). The slides were viewed
using a Zeiss LSM 510 Meta confocal laser scanning
microscope (Carl Zeiss Inc., Germany), and the
fluorescence excitation used for imaging was 633 nm. Serial
capture images were obtained at 1.5 μm intervals in the Z-
direction. To investigate receptor-mediated specific binding,
cells were co-treated with BC-NAHis-GC nanoparticles and
BBN (25 nmol). To quantify cell binding, the cell slides were
objected on an IVIS spectrum small-animal in vivo imaging
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system (Caliper Lifescience, Hopkinton, MA, USA). The
fluorescence images were obtained with the following
settings: exposure time (1 s), f/stop (2), binning (8), and
field of view (12.8). The excitation and emission filters were
640 nm and 700 nm, respectively. The fluorescence intensity
for the cell binding was evaluated using Living Image
software (Caliper Lifescience). In vitro binding affinity of
the BC-NAHis-GC nanoparticles was determined using 125I-
[Tyr4]BBN. The 50% inhibitory concentration (IC50) value
was calculated by fitting the data with nonlinear regression
using Graph-Pad Prism (GraphPad Software, Inc.).
Experiments were performed with triplicate samples.

In Vivo Optical Imaging Study

All animal experiments were performed according to the
Institutional Animal Care and Use Committee for Animal
Treatment of Chonbuk National University. Female athymic
nude 4-week-old mice were obtained from Orient Bio, Inc.
(Seoul, Korea). The mice were sedated by a subcutaneous
injection of a mixture of ketamine (50 mg/kg body weight) and
xylazine (10 mg/kg body weight). Tumor xenografts were
prepared in the right flank by subcutaneous injection with 5×
106 PC3 cells suspended in amixture of 50 μl of PBS and 50 μl of
Matrigel (BDBioscience, San Jose, CA,USA).When the tumor
implants reached 0.6 or 0.7 cm in diameter, optical imaging
studies were performed using an IVIS spectrum small-animal in
vivo imaging system (Caliper Lifescience, Hopkinton, MA).
Mice bearing PC3 tumors were injected via tail vein with BC-
NAHis-GC nanoparticles or C-NAHis-GC nanoparticles and
imaged at 1, 3, and 6 h post-administration. Blood was drawn
from tail vein of the mice for up to 3 h and analyzed by

quantifying fluorescent intensity of the nanoparticle in the blood
using an IVIS fluorescence imaging system. Isofluorane (2%)
was used for anesthesia during imaging. The fluorescence
images were obtained with the following settings: exposure
time (1 s), f/stop (2), binning (8) and field of view (12.8).
Excitation filters were 640, 604, and 570 nm, and the emission
filter was 700 nm. All images were background subtracted using
Living Image software. Tumor, heart, lung, liver, spleen,
pancreas, muscle, and bone were dissected from mice 6 h post-
injection, and the dissected tissues were imaged immediately.
The mean fluorescence intensity of the tumor and muscle was
calculated using Living Image software.

Loading of Iron Oxide Nanoparticle and Cell Binding Assay

BC-NAHis-GC conjugates (10 mg) were dissolved in 10 ml
of PBS (pH 7.4) and sonicated for 5 min at 4°C. The synthesis of
iron oxide nanoparticles (IO) decorated with oleic acid and
oleylamine has been previously reported in our paper (7). IO
solution (1 mg/ml in chloroform) was added to the BC-NAHis-
GC nanoparticle solution, and the mixture was sonicated for
10 min in an ice-water bath. To completely evaporate the
organic solvent, the resulting solution was stirred for 12 h at
room temperature. Iron loaded in the BC-NAHis-GC nano-
particles was quantified according to a previously reported
method (7). Themorphology of the IO nanoparticle-loaded BC-
NAHis-GC (IO-BC-NAHis-GC) nanoparticles was determined
by TEM (JEOL, JEM-2010 located in Center for Chonbuk
National University-Wide Research Facilities). The PC3 cell-
binding studies for IO-BC-NAHis-GC nanoparticles were
performed according to the previously described method. The
binding of IO-BC-NAHis-GC nanoparticles was identified by

Fig. 1. Chemical structures of *NAHis-GC conjugates labeled with Cy5.5 and tagged with BBN. A diagram of **BC-NAHis-
GC nanoparticles is shown below. *NAHis-GC conjugates = N-acetylhistidine-glycol chitosan conjugates, **BC-NAHis-GC
nanoparticles = BBN-conjugated and Cy5.5-labled NAHis-GC nanoparticles.
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Prussian blue staining. All micrographs were obtained using a
light microscope with a digital camera.

Statistical Analysis

Quantitative data were expressed as the mean ± SD.
Means were compared by use of an independent samples T
test. P values of less than 0.05 were considered statistically
significant.

RESULTS AND DISCUSSION

Synthesis and Characterization of BC-NAHis-GC Nanoparticles

A schematic diagram of BC-NAHis-GC nanoparticles is
shown in Fig. 1. To form self-assembled nanoparticles,
amphiphilic NAHis-GC conjugate was synthesized through
formation of an amide bond according to a previously
reported method (27). The NAHis content of the conjugates

Fig. 2. 1H-NMR spectrum of BC-NAHis-GC nanoparticles in D2O.

Fig. 3. Transmission electron microscopic image (A) and atomic force microscopic image (B) of BC-NAHis-GC nanoparticles.
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was measured by 1H-NMR spectroscopy, and the degree of
substitution of NAHis per 100 sugar residues of GC was 6.5.
The proton assignment in the aromatic region of BBN and
Cy5.5 was observed in the range of 7.5–9.0 ppm (Fig. 2).
Furthermore, the proton signal of methyl groups of BBN and
Cy5.5 was characterized at 1.20 ppm (28). The molar ratio of
Cy5.5 conjugated to NAHis-GC conjugate was 2.5, as
determined by fluorescence spectrometry. To conjugate BBN
on to the NAHis-GC nanoparticles, we used a bifunctional
SPDP as a linker. BBN was conjugated with 1.3 wt-% on the
NAHis-GC nanoparticles. When the conjugate was dispersed
in water and sonicated, BBN- and Cy5.5-conjugated NAHis-
GC conjugate formed self-assembled nanoparticles with
spherical morphology. Their morphology was determined by
TEM and AFM (Fig. 3). The diameter of the BC-NAHis-GC
nanoparticles was determined by AFM and ranged from 35 nm
to 97 nm.

In Vitro Binding of BC-NAHis-GCNanoparticles to PC3 Cells

The specific binding of BC-NAHis-GC nanoparticles to
BBN-positive PC3 cells was measured by confocal fluorescent

microscopy. To conduct a competitive binding assay, BBN was
treated with BC-NAHis-GC nanoparticle on PC3 cells. Fig. 4
shows the fluorescentmicroscopic images of PC3 cells incubated
with BC-NAHis-GC nanoparticles, C-NAHis-GC nanoparticles
or BBNplus BC-NAHis-GC nanoparticles. Cellular nuclei were
stained with DAPI. BC-NAHis-GC nanoparticles were found
mainly on the cell surfaces of the PC3 cells, whereas there was
no significant binding of the C-NAHis-GC nanoparticles
(Fig. 4A and C). Fig. 4C demonstrates that blocking the GRPR
with BBN reduces the binding affinity of the BC-NAHis-GC
nanoparticles. These results clearly indicate that the binding of
BC-NAHis-GC nanoparticles is specifically mediated by the
receptor related to BBN. To examine the binding sites of BC-
NAHis-GC nanoparticles on PC3 cells, we obtained sliced
fluorescence images at 1.5 μm-depth intervals (Fig. 5). The
resulting images demonstrated that most of BC-NAHis-GC
nanoparticles bound to the cell membrane. Some nanoparticles
were also found in the cell cytoplasm due to non-specific cellular
binding. GRPR has been isolated from various tumors, includ-
ing prostate tumors. BBN and BBN-like peptides are endocy-
tosed following binding to the receptors present on the cell
surface (23,29).

Fig. 4. Confocal images of PC3 cells. The images of PC3 cells were obtained after incubation for 1 h in the
presence of *C-NAHis-GC (A) and BC-NAHis-GC nanoparticles without (B) or with (C) blocking with
BBN. The cellular uptake of BC-NAHis-GC nanoparticles was reduced by BBN. The nuclei of the cells
were stained using DAPI (blue). *C-NAHis-GC = Cy5.5-labeled NAHis-GC nanoparticles.

Fig. 5. Confocal serial Z-section images of PC3 cells incubated with BC-NAHis-GC nanoparticles (100 μg/ml, 1 h). The image indicates that
most nanoparticles were bound to the membranes of PC3 cells.
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Additionally, the quantification results for cellular bind-
ing of the nanoparticles using an IVIS imaging system and its
image software are shown in Fig. 6. Cellular binding of the BC-
NAHis-GC nanoparticles had a higher average radiance value
than that of the C-NAHis-GC nanoparticles. After blocking with
BBN, the binding of BC-NAHis-GC to PC3 cells was signifi-
cantly inhibited compared to that of the BC-NAHis-GC nano-
particles without blocking, which indicates that BC-NAHis-GC
nanoparticles are specifically bound to their receptor on the cells.
The binding affinity of the BC-NAHis-GC nanoparticles was
evaluated for PC3 cells using 125I-[Tyr4]BBN as a radioligand
(Fig. 7). The IC50 value of the BC-NAHis-GC nanoparticles was
determined to be 4.3×10−2 μg/μL.

In Vivo Optical Imaging

The targetability of the BC-NAHis-GC nanoparticle for
PC3 tumors was assessed in vivo using an IVIS in vivo imaging
system. Fig. 8 shows the near infrared images of mice bearing
PC3 tumors 1, 3 and 6 h after intravenous injection of C-NAHis-
GC or BC-NAHis-GC nanoparticles. BC-NAHis-GC nano-
particles exhibited a higher signal in the area surrounding the
tumor compared to the C-NAHis-GC nanoparticles. The
fluorescence intensity observed in the tumors for BC-NAHis-
GC nanoparticles increased with time. In contrast, C-NAHis-
GC nanoparticles exhibited no difference in the intensity from
the tumors during 6 h. This result indicates that tumoral uptake
in a relatively short time after injection was improved by
conjugation of BBN on the NAHis-GC nanoparticles. To
characterize the biodistribution of C- and BC-NAHis-GC
nanoparticles, the mice bearing PC3 tumors were sacrificed 6 h
post-injection after in vivo imaging and ex vivo imaging for
selected organs was performed. The fluorescent signal from the
accumulation of C- and BC-NAHis-GC nanoparticles was
mainly observed in the liver, kidney and tumor. The tumor-to-
muscle (T/M) ratios are shown in Fig. 9. The T/M ratios for
C- and BC-NAHis-GC nanoparticles were 2.26±0.66 and 5.37±
0.43, respectively. To further characterize the specific uptake by
receptor mediation, ex vivo imaging was accomplished after co-

injection of BBN, with BC-NAHis-GC nanoparticles into the
tumor-bearing mice. The tumor fluorescence intensity was
clearly reduced by BBN, and the T/M ratio was 3.88±0.54. We
suggest that C-NAHis-GC nanoparticles show little tumor
accumulation as early as 6 h due to their prolonged circulation
in bloodstream (30,31). These results imply that BC-NAHis-GC
nanoparticles may selectively bind to GRPR-expressing tissues
in vivo and show higher accumulation in the tumors within 6 h
after injection than C-NAHis-GC nanoparticles without BBN.

Blood Circulation of Nanoparticles

To characterize the blood circulation of C- and BC-NAHis-
GC nanoparticles, we determined the fluorescence intensity in
the blood ofmice at 3 h. Fig. 10 shows the change influorescence
intensity in the blood after injection of the nanoparticles. Half of
the BC-NAHis-GC nanoparticles were rapidly cleared from the
blood within 15 min, whereas 63% of the injected C-NAHis-GC
nanoparticles remained in the blood for up to 3 h. These results
indicate that BC-NAHis-GC nanoparticles are rapidly cleared
from the bloodstream, whereas NAHis-GC nanoparticles with-
out BBN have a relatively prolonged blood circulation profile
after systemic injection.

Fig. 6. In vitro NIR imaging for quantification of cellular uptake. These images were obtained from PC3
cells incubated in the absence (A) or the presence of C-NAHis-GC (B) or BC-NAHis-GC nanoparticles
without (C) or with (D) blocking with BBN. The quantitative analyses (E) of cellular uptake were
calculated using the average radiance values of ROI and IVIS imaging software. This result shows that BC-
NAHis-GC nanoparticles bind specifically to the PC3 cells. The data represent the mean ± SD (n=4).

Fig. 7. Inhibition of 125I-[Tyr4]BBN binding on PC3 cells by BC-
NAHis-GC nanoparticles (n=3, mean ± SD).
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Many researchers have reported that hydrophobically
modified GC nanoparticles show a prolonged blood circu-
lation profile after intravenous injection in vivo and that they
preferentially accumulate in tumors in animal models (32–34).
The accumulation of nanoparticles in tumors increased for up
to 2 or 3 days and was maintained for up to 5 days (32,33).
The blood circulation time of the nanoparticles may be
reduced, and their targetability may be increased by con-
jugation of peptides or antibodies as target ligands, because
peptides or antibodies on the surface of the nanoparticles
generally enhance the multivalent attachment to various cells

that are expressing the targeted receptors (20,35). BBN on
the surface of NAHis-GC nanoparticles offers good binding
selectivity to GRPR-expressing tumors in vivo. These results
indicate that shortly after intravenous injection in vivo, BBN-
NAHis-GC nanoparticles may be more useful for detecting
tumors than NAHis-GC nanoparticles without BBN.

IO Nanoparticle Loading and Cellular Binding

To assess magnetic resonance imaging (MRI), IO nano-
particles were loaded into BC-NAHis-GC nanoparticles (IO-

Fig. 8. In vivo non-invasive NIF images of athymic nude mice with PC3 tumors. Images from mice
after injection of C-NAHis-GC (A–C) or BC-NAHis-GC (D–E) nanoparticles at 1 h (A and D),
3 h (B and E) and 6 h (C and F), with the background fluorescence subtracted. The solid red arrows
indicate the tumors.

Fig. 9. Ex vivo NIF imaging of tissues (from left to right; tumor, heart, lung, liver, spleen, pancreas, muscle, and bone)
collected from PC3-bearing mice at 6 h after injection of C-NAHis-GC (A) or BC-NAHis-GC nanoparticles without (B) or
with (C) blocking with BBN. A quantification of tumor to normal muscle ratios (D) was calculated using the average
radiance values of the tissue signal intensity. All data represent the mean ± SD (n=3).

718 Lee et al.



BC-NANis-GC nanoparticles), and their cellular binding
affinities were investigated in vitro. Hydrophobic IO nano-
particles capped with oleic acid and oleylamine were synthe-
sized according to a previously reported method (7). We
previously reported that the IO nanoparticles exhibit super-
paramagnetic properties and show a narrow distribution with
a 12 nm mean diameter (7,8). As shown in Fig. 11A and B,
hydrophobic IO nanoparticles could be loaded into BC-
NAHis-GC nanoparticles by hydrophobic interaction

between oleic acid of IO nanoparticles and NAHis core of
BC-NAHis-GC nanoparticles. The clustering of IO nano-
particles inside BC-NAHis-GC nanoparticles was clearly
observed. The IO nanoparticle clusters may allow the
dramatic increase of T2 relaxitivity (36). The diameters of
IO-BC-NAHis-GC nanoparticles ranged from 45 nm to
90 nm. After IO loading, there were no significant diameter
differences between IO- versus BC-NAHis-GC nanoparticles.
The loading efficiency of IO nanoparticles inside BC-NAHis-
GC nanoparticles was 87% (w/w). The targeting specificity of
IO-BC-NAHis-GC nanoparticles was investigated by mea-
suring the cellular binding in comparison to IO-C-NAHis-GC
nanoparticles and by blocking using BBN. The binding of
nanoparticles was visualized by a Prussian blue staining assay.
The cellular binding of IO-BC-NAHis-GC nanoparticles was
clearly observed with blue dots (Fig. 11D). In comparison,
blocking with BBN significantly reduced the number of blue
dots (Fig. 11E). These results indicate that BC-NAHis-GC
nanoparticles are specifically bound to PC3 cells after the
loading of IO nanoparticles. Further, the results imply that
IO-BC-NAHis-GC nanoparticles may be useful for targeted
MR imaging.

CONCLUSION

In this study, we designed magnetofluorescent polymeric
nanoparticles for targeted imaging of prostate cancer. In vitro
confocal microscopy and IVIS imaging studies showed that
BBN-conjugated NAHis-GC nanoparticles selectively bind to
GRPR-overexpressing prostate cancer cells. After IO load-

Fig. 10. Changes in the fluorescence intensity of blood of mice after i.v.
injection of C-NAHis-GC (●) or BC-NAHis-GC (▲) nanoparticles. All
data represent the mean ± SD (n=3).

Fig. 11. Schematic illustration (A) and TEM image (B) of *IO-BC-NAHis-GC nanoparticles. The scale bar
indicates 50 nm. The microscopic images of PC3 cells stained after incubation for 1 h in the presence of **IO-C-
NAHis-GC (C) or IO-BC-NAHis-GC nanoparticles without (D) or with (E) blocking with BBN. The blue dots
indicate the presence of IO. Themagnification is 200 times. This result shows that IO-BC-NAHis-GCnanoparticles
selectively bind to PC3 cells. *IO-BC-NAHis-GC nanoparticles = Iron oxide nanoparticles-loaded BC-NAHis-GC
nanoparticles, **IO-C-NAHis-GC nanoparticles = Iron oxide nanoparticles-loaded C-NAHis-GC nanoparticles.
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ing, BBN-conjugated NAHis-GC nanoparticles demonstrated
superior binding to PC3 cells than NAHis-GC nanoparticles
without BBN. In animal optical imaging studies, BBN-
conjugated NAHis-GC nanoparticles exhibited a higher
fluorescent signal in the tumor lesion compared to the
NAHis-GC nanoparticles without BBN. The tumor accumu-
lation of BBN-conjugated NAHis-GC nanoparticles was
clearly inhibited by blocking with BBN in vivo. Therefore,
we conclude that BBN-conjugated NAHis-GC nanoparticles
are useful as a probe for prostate cancer imaging.
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