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Sensitive Angiogenesis Imaging of Orthotopic Bladder Tumors in
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Agent Containing VEGF121/rGel
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Objectives: To investigate the efficiency of magnetic resonance imaging
(MRI) contrast agents employing vascular endothelial growth factor
(VEGF121)/rGel conjugated MnFe2O4 nanocrystals for imaging of neovas-
culature using a bladder tumor model.
Materials and Methods: VEGF121/rGel was conjugated to MnFe2O4 nano-
particles (MNPs). The targeting efficiency and detection capability of the
VEGF121/rGel-MNPs were investigated in both KDR-deficient (253JB-V)
and KDR-overexpressing (PAE/KDR) cells using MRI. The internalization
of VEGF121/rGel-MNPs into cells was confirmed by electron microscopy.
Their phosphorylation ability and cytotoxicity were compared with uncon-
jugated VEGF121/rGel. The orthotopic tumor mice were established by
implanting low KDR-expressing 253JB-V cells into the bladder dome. After
tail-vein injection of VEGF121/rGel-MNPs, the MR signal enhancement of
intratumoral vessels by VEGF121/rGel-MNPs was observed and inhibition
test using VEGF121 was also conducted. Ex vivo MR imaging of tumor
tissue, and a fluorescence immunostaining study was also performed.
Results: The water-soluble VEGF121/rGel-MNPs (44.5 � 1.2 nm) were
stably suspended in the biologic media and exhibited a high relaxivity
coefficient (423 mM�1s�1). They demonstrated sufficient targeting capabil-
ity against KDR-overexpressing PAE/KDR cells, as confirmed by dose-
dependent MR images and VEGF121 inhibition tests. The phosphorylation
activity of KDR and cytotoxicity of VEGF121/rGel-MNPs were evaluated.
VEGF121/rGel-MNPs successfully targeted the tumor and provided accurate
anatomic details through (i) acquisition of clear neoangiogenic vascular
distributions and (ii) obvious enhancement of the MR signal in T2*-weighted
images. Immunostaining and blocking studies demonstrated the specific
targeting ability of VEGF121/rGel-MNPs toward intratumoral angiogenesis.

Conclusions: Synthesized VEGF121/rGel-MNPs as targeted MR imaging
contrast agents can be specifically delivered to tumors and bind to KDR-
expressing angiogenic tumor vessels.
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resonance, contrast agent
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Understanding the neovascularization of solid tumors and meta-
static lesions has emerged as a key factor for the diagnosis and

treatment of cancer.1–3 Since the generation of angiogenic vessels is
essential for the growth and development of neoplasms, recognizing
and understanding the functions of critical angiogenic factors, such
as basic fibroblast growth factor, interleukin-8, hypoxia-inducible
factors, and vascular endothelial growth factor A (VEGF-A), is
important.4–6 Among these factors, VEGF-A and one of its recep-
tors VEGFR-2 (KDR) has been established as primary proangio-
genic factors.3

Multiple studies have focused on the angiogenesis imaging of
tumors. In particular, previous nuclear medicine imaging studies
have used radiolabeled VEGF121/rGel to target VEGFR expression
on tumor vasculature.7–11 However, the anatomic data of the tumor
site were limited due to low spatial resolution, and a precise
diagnosis could be obtained only by additional imaging modalities.
On the other hand, well-defined magnetic resonance imaging (MRI)
technology using high-quality MnFe2O4 nanoparticles (MNPs) as
imaging contrast agents have been developed and applied for the
detection of cancer in a tumor-bearing mice model because MR
imaging is noninvasive and provides 3-dimensional high-resolution
imaging data.12,13 Furthermore, nanomaterial-aided biomedical im-
aging technologies for the detection of specific diseases have re-
cently attracted much attention because of improvements in both
functionality and sensitivity.14–17 Thus, the purpose of our study
was to develop VEGF121/rGel-MnFe2O4 as a smart MR imaging
contrast agent (Fig. 1) and prospectively evaluate in orthotopic
bladder tumor mice whether the smart nanoprobes can be used to
provide accurate anatomic details and angiogenic vessel due to
tumor progression for effective cancer therapy.

MATERIALS AND METHODS

Synthesis of Water-Soluble MNPs
To produce the conjugation site for a targeting moiety, the

hydroxyl group of Polysorbate 80 was modified into a carboxyl
group using succinic anhydride (Fig. 2).18 Polysorbate 80 was
esterased using succinic anhydride. The Polysorbate 80 (2.3
mmol), succinic anhydride (9.2 mmol), 4-dimetylaminopyridine
(9.2 mmol), and triethylamine (9.2 mmol) were dissolved in
1,4-dioxane (100 mL) and stirred for 48 hours at room temper-
ature under a nitrogen ambient atmosphere. After the reactants
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were freeze-dried, the yellow gel was dissolved in carbon tetra-
chloride, and the undissolved side-products were filtered out. The
carbon tetrachloride was evaporated under reduced pressure, and
the yellow brown gel was dissolved in ethanol and water (1:5).
The sample was dialyzed with pure water and a dialysis mem-
brane (molecular weight cut-off �MWCO�: 1000 Da, Spectra/Por)
for more than 1 week. The products were dried under vacuum and
stored for future use. The chemical structure of the carboxylated
Polysorbate 80 was analyzed by proton NMR (1H-NMR) (JUM-
ECP300, JEOL Ltd., Japan) using chloroform-d as a solvent (Fig.
3). The characteristic bands of carboxylated Polysorbate 80 were
confirmed by Fourier transform infrared spectroscopy (Varian,
Excalibur, US). After modification of the functional group, the
chemical structure of the carboxylated Polysorbate 80 was eval-
uated by 1H-NMR, yielding the characteristic peaks (Fig. 3). The
oxyethylene chains (-OCH2CH2-) of PEG and the chain
(-CH2CH2-) generated by succinic anhydride were verified at 3.6
(Fig. 3, peak g) and 2.6 ppm (Fig. 3, peak h), respectively. We
further confirmed the characteristic band of carboxylated Polysor-
bate 80 in the Fourier transform infrared spectra (Fig. 4B). The anhy-
dride group of succinic anhydride (1783 and 1861 cm�1) was converted
to a carboxyl group (1737 cm�1) after esterification of the hydroxyl
group of Polysorbate 80 by the ring opening induced by succinic
anhydride. These data demonstrated successful synthesis of carboxy-
lated Polysorbate 80.

As MR imaging contrast agents, 12 nm of MNPs were
synthesized by thermal decomposition of metal-organic precursors

and the seed-mediated growth method.12 In detail, iron (III) acety-
lacetonate (0.71 g), manganese (II) acetylacetonate (0.25 g), 1,2-
hexadecanediol (2.58 g), lauric acid (1.20 g), and laurylamine

FIGURE 1. VEGF121/rGel-conju-
gated MnFe2O4 nanoparticles
(MNPs) as smart nanoprobes for
angiogenesis imaging of bladder
tumor by MR imaging.

FIGURE 2. Generation of carboxy-
lated Polysorbate 80.

FIGURE 3. 1H-NMR spectra of carboxylated Polysorbate 80.
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(1.11 g) (molar ratio � 2:1:10:6:6) were dissolved in 20 mL of
benzyl ether. The solution was heated to 200°C for 2 hours under an
ambient nitrogen atmosphere and refluxed at 300°C for 30 minutes.
After cooling the reactants to room temperature, the products were
purified using excess ethanol and stored in hexane. Approximately,
12 nm of MNPs were synthesized using the seed-mediated growth
method.

Carboxylated water-soluble MNPs were prepared by the
method.2,3 First, MNPs (10 mg) were dissolved in 4 mL of hexane.
The organic solution was mixed with 20 mL of water containing 50
mg of carboxylated Polysorbate 80, and the emulsion was simultae-
nously saturated and ultrasonicated (190 W, SH-2100, Saehan and
Korea) for 10 minutes. The organic solvent was evaporated under
reduced pressure, and the residual polymers were eliminated by
centrifugation. The size distribution of carboxylated water-soluble
MNPs was measured using laser scattering (ELS-Z, Otsuka Elec-
tronics, Japan). The nanoparticle morphologies were evaluated using
a high-resolution transmission electron microscope (HR-TEM,
JEM-2100, JEOL Ltd., Japan). The saturation of magnetization was
evaluated using a vibrating-sample magnetometer (MODEL-7300,
Lakeshore, US) at room temperature. The weight quantity of mag-
netic nanocrystals in the water-soluble MNPs was analyzed with a
thermo-gravimetric analyzer (SDT-Q600, TA Instrument) and 12%
of MnFe2O4 nanocrystals is presented in the water-soluble MNPs.

Preparation of VEGF121/rGel-MNPs
The water-soluble MNPs were prepared as mentioned earlier

in the text and the VEGF121/rGel fusion protein was generated in
bacteria and purified as previously described.5 For fabrication of the
smart contrast agents, VEGF121/rGel was conjugated to the carboxyl
group of water-soluble carboxylated MNPs for specific detection of
intratumoral neoangiogenetic vessels via MR imaging.8 The
VEGF121/rGel (1.08 nmol, �80% purity) was dissolved in 1.0 mL
of phosphate-buffered saline (pH 7.4 and 10 mM) and mixed with
0.5 mL of an aqueous solution of water-soluble MNPs (0.84 mg/
mL). N-hydroxysulfosuccinimide (22.9 nmol) and N-(3-dimethyl-
aminopropyl)-N-ethylcarbodiimide hydrochloride (15.4 nmol) were
added to the previous solution. After a 6 hours incubation at 4°C, the
unreacted carboxyl group of MNPs was deactivated by adding

ethanolamine, and the products were purified by centrifugal filtration
(Centriprep YM-3, 3 kDa NMWL, Amicon, US).

Cell Binding and Functional Study
The relative receptor transcription levels were determined by

quantitative real-time reverse transcription-polymerase chain reac-
tion (qRT-PCR) analyses using internal standards. The total RNA
was isolated from various cancer cell lines using Trizol (Invitrogen,
Carlsbad, CA), according to the manufacturer’s instructions. The
qRT-PCR analysis and quantification was performed using TaqMan
RT and gene expression master mixes on an ABI Prism 7500
Sequence Detection System (Applied Biosystems, Foster City, CA).
The TaqMan probes and primers for Integrin aV, Integrin bIII,
epidermal growth factor receptor (EGFR), Flt, and KDR were
Assay-on-Demand gene expression products (Applied Biosystems,
Foster City, CA). After an initial 2 minutes incubation step at 50°C
and denaturation for 10 minutes at 95°C, qRT-PCR was carried out
using 40 cycles of PCR (95°C for 15 seconds and 60°C for 1
minute). Equal amounts of input RNA were used for all qRT-PCR
reactions, which were performed in triplicate, and PPIA RNA levels
served as an internal control. Relative receptor transcription levels
and standard deviations were calculated using the comparative
method.

The targeting efficiency and detection capacity of the
VEGF121/rGel-MNPs were investigated in both the 253JB-V and
porcine aortic endothelial (PAE) cell line transfected with cDNA for
KDR (PAE/KDR) cell lines.2 Both cell lines (107 cells/tube) were
incubated with VEGF121/rGel-MNPs (0–5.0 �g) for 1 hours at 4°C.
After washing away the unbound materials, the T2-weighted MR
signal intensity of the collected cells was investigated using a 1.5T
clinical MRI instrument (Philips Medical Systems, Best, The Neth-
erlands) with a micro-47 surface coil (Intera; Philips Medical Sys-
tems, Best, The Netherlands). R2 was defined as 1/T2 in s�1. For
T2-weighted MR images, the following parameters were adopted:
resolution of 234 � 234 �m, section thickness of 2.0 mm, TE � 60
ms, TR � 4000 ms, and number of acquisitions � 1. For T2
mapping of a live mouse, the following parameters were adopted:
point resolution of 234 � 234 �m; section thickness of 2.0 mm; TE
� 20, 40, 60, 80, 100, 120, 140, and 160 ms; TR � 4000 ms; and
number of acquisitions � 2. Details of the functional assay were as
previously reported.5 The cell lysate was subjected to immunoblot-
ting with an antiphosphotyrosine antibody against phosphorylated
KDR, to compare the functional activity of VEGF121/rGel-MNPs.
Tubulin was used as a loading control.

For investigation of cytotoxicity, log-phase PAE/KDR cells
(5 � 103) were plated in 96-well flat-bottom tissue culture plates and
incubated at 37°C for overnight in 5% CO2.5 Purified VEGF121/
rGel, rGel, and VEGF121/rGel-MNPs were diluted in medium sup-
plemented with 2% fetal bovine serum and treated with PAE/KDR
cells at defined concentrations (equivalent mol of VEGF121/rGel) in
triplicate, respectively. Cytotoxicity of the cells was evaluated
colorimetrically with the Cell Counting Kit-8 from Dojindo Labo-
ratories (Tokyo, Japan) according to the manufacturer’s instruction.
Briefly, after incubation for 72 hours, the 2-(2-methoxy-4-nitrophe-
nyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, mono-
sodium salt (WST)-8 solution was added and the cells were incu-
bated for 2 hours at 37°C. Absorbance was measured at 450 nm. The
best-fit 50% inhibitory concentrations, IC50, for the PAE/KDR cells
were calculated by fitting the data with GraphPad Prism (GraphPad
Software, Inc.).

In Vivo MR Imaging
All animal experiments were conducted with the approval of

the Association for Assessment and Accreditation of Laboratory
Animal Care International. For angiogenesis imaging of the bladder

FIGURE 4. Fourier transform infrared spectra of (A) Polysor-
bate 80, (B) carboxylated Polysorbate 80, and (C) water-
soluble MNPs.
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tumor, we established an orthotopic tumor model using low KDR-
expressing 253JB-V cells.19 We implanted 253JB-V bladder tumor
cell lines (7 � 105 cells per mouse) into the bladder dome of a male
mouse (�6-week-old BALB/c nude mice). MRI was performed
between 4 and 6 weeks after tumor cell implantation to analyze the
variable tumor growing pattern within the bladder and to monitor the
metastasis to relevant organs, including the kidney and ureter (n �
30). Although, we implanted the cells into the bladder dome, we
observed various tumor formations. Interestingly, the cases with
ureterovesical junction compression by the bladder tumor exhibited
ipsilateral pelvic dilation (hydronephrosis), suggesting the presence
of obstructive uropathy secondary to the bladder tumor (data not
shown). Furthermore, the tumor position was changed by the void-
ing status of the bladder, which could potentially induce difficulty in
accurately comparing the pre- and postcontrast studies. Conse-
quently, we need to start with evaluation of the qualitative imaging
pattern, including the prolongation of intratumoral vascular en-
hancement, by VEGF121/rGel-MNPs in the absence and presence of
free VEGF121 blocking (200 �g).

MR imaging of the bladder tumor model treated with
VEGF121/rGel-MNPs (200 �g Fe	Mn/200 �L, intravenously in-
jection into the tail vein using an insulin syringe) was performed
with a 3.0T clinical MR imager (Philips Medical Systems, Best, The
Netherlands) (n � 5). For T2-weighted MR imaging at 3.0T, the
following parameters were adopted: point resolution � 312 � 312
�m, section thickness � 0.6 mm, TE � 60 ms, TR � 4000 ms, and
number of acquisitions � 1.

Histologic Analysis
Frozen tissue sections were fixed with cold acetone.8 Samples

were rinsed 3 times in phosphate buffered saline (PBS) for 5 minutes

each, and the specimen was incubated for 60 minutes in blocking
buffer containing PBS (pH 7.5) with 5% normal goat serum and
0.3% Triton X-100. Excess blocking buffer was aspirated, and the
samples were incubated with rat anti-CD31 monoclonal antibody
(1:50) and rabbit anti-rGel polyclonal antibody (1:400) at room
temperature for 1 hours. The samples were rinsed 3 times in PBS
and visualized with Cy5-conjugated goat anti-rat secondary anti-
body (1:200) and fluorescein isothiocyanate (FITC)-conjugated goat
anti-rabbit secondary antibody (1:200). The stained samples were
washed with PBS and mounted. Fluorescence images were acquired
using the Olympus BX 51 fluorescence microscope and analyzed
with MetaMorph software.

Statistical Analysis
All data are presented as means � standard deviations of n

independent measurements. Statistical analysis was performed with
analysis of variance test for multiple groups and an unpaired Student
t test; statistical significance was assigned for P values of 
 0.05.

RESULTS

Preparation of VEGF121/rGel-MNPs
Uniform MNPs (12 nm) were synthesized at a high temper-

ature using a thermal decomposition process. MNPs were subse-
quently capped with carboxylated Polysorbate 80 using a nanoemul-
sion method (Fig. 5A). Magnetic hysteresis loops of carboxylated
water-soluble MNPs were observed using a vibration sample mag-
netometer at 300 K (Fig. 5B), revealing that carboxylated water-
soluble MNPs exhibited superparamagnetic behavior without mag-
netic hysteresis. The saturation of magnetization value for
carboxylated water-soluble MNPs was 1.56 emu/g at 0.85T. This

FIGURE 5. A, TEM images of carboxylated water-soluble MNPs; inset is a photograph of carboxylated water-soluble MNPs. B,
Magnetic hysteresis loops of water-soluble MNPs using a vibrating sample magnetometer. C, T2-weighted MR images and
their color maps for MNPs in the aqueous solution. D, R2 relaxivity graph for the magnetic ion concentration in MNPs.
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result means that the prepared imaging probes (water-soluble
MNPs) can be applied for in vivo use due to no remanence without
any magnetic field. If there is some remanence of the prepared
MNPs, they can be aggregated at the lumen of vessel after the
intravenous injection. Moreover, the spin-spin relaxation time (T2)-
weighted spin-echo MR imaging of MNPs was steeply changed
depending on their concentration (Fig. 5C), and the relaxivity
coefficient was 423 mM�1s�1 obtained by 1.5T MR imaging in-
strument (Fig. 5D).

The size of the carboxylated water-soluble MNPs was deter-
mined to be 38.9 � 0.6 nm by light scattering (Fig. 6A). After the
conjugation of VEGF121/rGel to MNPs, the size slightly increased
(44.5 � 1.2 nm) due to the large molecular weight of VEGF121/rGel
(84 kDa). In addition, the surface charge of carboxylated MNPs also
changed from �19.6 � 3.1 mV (carboxylated water-soluble MNPs)
to �1.4 � 3.9 mV (VEGF121/rGel-MNPs) due to the presence of
VEGF121/rGel (Fig. 6B). To measure the amount of VEGF121/rGel
conjugated to the carboxylated water-soluble MNPs, we used both
the Bradford protein (BioRad, Hercules, CA) and Bicinchoninic acid
assays (Pierce, Lockford, IL). Approximately, 17 equivalent
VEGF121/rGel molecules were attached to 1 carboxylated water-
soluble MNP.

Cell-Binding and Functional Study
For selection of cell line models, we evaluated the receptor

transcription levels of Integrin aV, Integrin bIII, EGFR, Flt-1
(VEGF1R), and KDR (VEGFR2) via RT-PCR in human umbilical
vein endothelial cells (HUVEC) (p3) as a control, 253JB-V (p12),
A431, A549, HT1080, MDA-MB-231, PAE/KDR, and U87 cells
(Fig. 7). In regards to KDR, PAE/KDR cells exhibited over 105

times more KDR transcription as compared with HUVEC cells, and
over 108 times more than 253JB-V cells. Thus, a binding affinity test
was conducted using KDR-overexpressing PAE/KDR cells using
253JB-V cells as a control cell line.8

A dose-dependent enhancement of the T2 MR imaging signal
was clearly observed over a VEGF121/rGel-MNPs concentration
range of 0.04 to 5.0 �g (Fig. 8). We observed that VEGF121/rGel-
MNPs exhibited specific binding affinity for PAE/KDR cells but not
for 253JB-V cells, although nonspecific binding due to different cell
morphologies is possible. The cellular TEM image clearly shows
that VEGF121/rGel-MNPs were predominantly localized to the cy-
toplasmic region (Fig. 9A), as compared with cells treated only with
MNPs (Fig. 9B). These results indicate that the uptake of VEGF121/
rGel-MNPs was mediated by receptor-mediated endocytosis.

FIGURE 6. A, Size distribution and (B)
zeta-potential for MNPs and VEGF121/
rGel-MNPs, respectively. *P 
 0.05.

FIGURE 7. Expression levels of Integrin aV, Integrin bIII,
EGFR, VEGFR1, and VEGFR2 measured by real-time PCR in:
HUVEC (p3) as control; 253JB-V (p12); A431; A549; HT1080;
MDA-MB-231; PAE/KDR; and U87 cells.

FIGURE 8. A, The T2-weighted MR images and (B) R2 plot
for 253JB-V and PAE/KDR cell lines treated with increasing
concentrations of VEGF121/rGel-MNPs, respectively.
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We further investigated the binding affinity of VEGF121/rGel-
MNPs to PAE/KDR cells using an inhibition test with VEGF121.
Before incubating VEGF121/rGel-MNPs with PAE/KDR cells,
VEGF121 (molar ratio: 0.1, 1.0, and 10.0 compared with equivalent

VEGF121/rGel) was added to each well for 1 hours at 4°C, as a
binding inhibitor. After washing away the unbound VEGF121, 3.0
�g of VEGF121/rGel-MNPs was added to each well, and the un-
bound materials were discarded. The T2-weighted MR signal inten-
sities of PAE/KDR and 253JB-V cells in the inhibition assay were
investigated using a 1.5T clinical MRI instrument (Philips) with a
micro-47 surface coil. As the binding inhibition molar ratio of

FIGURE 9. Cellular TEM image for
(A) PAE/KDR cells treated with
VEGF121/rGel-MNPs and (B) MNPs-
treated controls.

FIGURE 10. A, The T2-weighted
MR images, their color maps, and
(B) �R2/R2noninhibition (PAE/KDR) plot
for PAE/KDR cells treated with 3
�g of VEGF121/rGel-MNPs after
binding inhibition using VEGF121
(molar ratio: 0, 0.1, 1.0, and 10.0
compared with equivalent
VEGF121/rGel), and 253JB-V cells
treated with 3 �g of VEGF121/rGel-
MNPs without VEGF121 binding
inhibition. C, Graph of normalized
�R2/R2noninhibition (PAE/KDR) for PAE/
KDR cells treated with 3 �g of
VEGF121/rGel-MNPs after binding
inhibition using VEGF121 (molar
ratio: 0.1, 1.0, and 10.0 compared
with equivalent VEGF121/rGel). *P

 0.05.

FIGURE 11. Immunoblotting for phosphorylated KDR in-
duced by serial concentrations of (A) VEGF121/rGel-MNPs
and (B) VEGF121/rGel.

FIGURE 12. Cytotoxicity of PAE/KDR cell lines, as measured
by an MTT assay, after treatment of VEGF121/rGel-MNPs (cir-
cle), rGel (square), and VEGF121/rGel (triangle), respectively.
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VEGF121:VEGF121/rGel increased, the T2-weighted MR images for
PAE/KDR cells treated with 3 �g of VEGF121/rGel-MNPs gradu-
ally shifted from dark black to bright gray (Fig. 10). At 10 times the
binding inhibition for PAE/KDR cells, the normalized �R2/
R2noninhibition (PAE/KDR) value was approximately 90% (Fig. 10C).

The biologic activity of VEGF121/rGel-MNPs for PAE/KDR
cells was analyzed by immunoblotting. The expression of phosphor-
ylated KDR was slightly reduced after VEGF121/rGel conjugation
(Fig. 11). Increased expression of phosphorylated KDR was ob-
served at VEGF121/rGel-MNPs concentrations of �10 nM, with a
consistent single protein band observed at 200 kDa. The 50%
inhibitory concentrations of free VEGF121/rGel, rGel, and VEGF121/
rGel-MNPs on PAE/KDR cells after 72 hours were assessed as 0.4,
76.1, and 50.3 nM, respectively (Fig. 12).

In Vivo MR Imaging
MR signal enhancement was identified after VEGF121/rGel-

MNPs injection (Fig. 13A). Initially, the vessels surrounding the
bladder instantly darkened, and enhanced MR imaging signal inten-
sity at branched capillary vessels was simultaneously observed. In
T2-weighted MR images, clear anatomic details were observed,
and there was no artifact due to a difference in susceptibility. In
contrast, in T2*-weighted images, obvious enhancement of the
MR imaging signal was observed after injection of VEGF121/
rGel-MNPs. Similarly, this enhancement was confirmed by ex
vivo images (Fig. 14A).

To further confirm the targeting ability of VEGF121/rGel-
MNPs, we performed a binding inhibition assay using VEGF121 as
a blocker. Prior to the intravenous injection of VEGF121/rGel-
MNPs, excess VEGF121 was injected into intraperitoneal site. After
4 hours, VEGF121/rGel-MNPs (same dose as used in the in vivo MR
imaging test) were tail-vein injected. We observed significant en-

hancement of the MR imaging signal intensity, but this enhanced
signal disappeared within 4 hours (Fig. 13B). In ex vivo MR images
obtained 6 to 8 hours after injection, furthermore, MR contrast was
not changed in the tumor tissue exposed to VEGF121 binding
inhibition (Fig. 14B).

Histologic Analysis
The targeted delivery of VEGF121/rGel-MNPs to intratumoral

vessels was verified by immunofluorescence staining. First, endo-
thelial cells of intratumoral neoangiogenic vessels were stained
using anti-CD31 antibodies and their Cy5-conjugated secondary
antibodies, which revealed a red luminescent color (Fig. 15A). In a

FIGURE 13. Sagittal T2 and T2*-
weighted MR images for the
253JB-V cell transplanted mouse
after intravenous tail-vein injection
of VEGF121/rGel-MNPs (200 �g/
200 �L) (A) without and (B) with
binding inhibition using intrave-
nous injected VEGF121 (200 �g).
Arrows indicate the tumor vessels.

FIGURE 14. Ex vivo T2-weighed MR images of extracted or-
gans (bladder and liver) from a 253JB-V cell transplanted
mouse after VEGF121/rGel-MNPs treatment (A) without
blocking and (B) with binding inhibition using intravenous
preinjected VEGF121.
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similar procedure, rGel from VEGF121/rGel-MNPs specifically
stained green using anti-rGel antibodies and FITC-conjugated sec-
ondary antibodies (Fig. 15B). In merged images, we observed larger
distributions of the rGel marker from VEGF121/rGel-MNPs than
those of the CD31 endothelial marker, although these 2 markers
remarkably overlapped (Fig. 15C).

DISCUSSION
We demonstrated that VEGF121/rGel-MNPs can be used as

smart MR imaging contrast agents, as they exhibit high sensitivity
and specificity against VEGFR-2-overexpressing cell lines both in
vitro and in vivo. In particular, our ultrasensitive MR imaging
contrast agents enabled the noninvasive detection of bladder cancer,
and high resolution anatomic details were obtained for accurate
angiogenesis patterning of the orthotopic bladder tumor.

We successfully synthesized water-soluble smart MR imag-
ing contrast agents by introducing carboxylated Polysorbate 80 to
magnetic nanocrystals. Furthermore, the triarm PEG of carboxylated
Polysorbate 80 on the surface of MNPs plays an additional key role
in increasing the half-life of the nanoparticles in the blood due to
increased hydrogen bonding with water molecules and prevention of
macrophage attack. The colloidal stability of prepared water-soluble
MNPs was maintained for over 3 months. Moreover, prepared
MNPs exhibited a strong superparamagnetic behavior and their
maximum relaxivity coefficient (423 mM�1s�1) was more than
4-fold higher than that of conventional MRI contrast agents synthe-
sized by a coprecipitation method (Fig. 5D).13

The targeting ability of VEGF121/rGel-MNPs to KDR-over-
expressing cell lines was investigated using cell-binding and block-
ing assays. After conjugation of VEGF121/rGel to MNPs, the bio-
logic activity of VEGF121/rGel was not significantly changed, as
confirmed by immunoblotting and cytotoxicity evaluation. MR im-
aging for KDR-overexpressing (PAE/KDR) cells treated with
VEGF121/rGel-MNPs revealed strong sensitivity and selectivity. In
a VEGF121/rGel-MNPs dose-dependent manner, the MR signal
intensity of PAE/KDR cells was greatly enhanced, whereas no
obvious signal enhancement was observed for 253JB-V cells
(Fig. 8). In addition, the cellular uptake of VEGF121/rGel-MNPs was
successfully confirmed by TEM imaging, whereas the unconjugated
MNPs were not taken up by cells (Fig. 9). These results indicate that
VEGF121/rGel was successfully conjugated to the carboxylated
water-soluble MNPs using a simple and effective bioconjugation
technique, and that VEGF121/rGel-MNPs successfully bound to the
positive control PAE/KDR cells.

For specific and detailed investigation of bladder tumor by
MR imaging, we obtained susceptibility sensitive T2*-weighted
images, but susceptibility artifacts, such as air in the rectum oc-

curred. Thus, we acquired in vivo MR images for 253JB-V cell
transplanted mice (tumor volume, 1046 mm3). As shown in Figure
13, intravenously injected VEGF121/rGel-MNPs increased the MR
signal intensity for the intratumoral vessels of the bladder, and T2*
weighted MR images provided further evidence due to the distinct
difference in the susceptibility of the MNPs and surrounding cells.
From the binding inhibition study using VEGF121, the preinjected
blocker (unmodified VEGF121) was specifically attached to KDR on
the intratumoral vessels thereby inhibiting the binding of the postin-
jected smart MR imaging contrast agent (VEGF121/rGel-MNPs).
Consequently, after the concentration of VEGF121/rGel-MNPs was
reduced in the blood stream, the enhanced MR signal intensity could
not be observed in the tumor tissue (Figs. 13B, 14B). Furthermore,
the fluorescence immunostaining results for the sectional tumor
tissue exhibited that the VEGF121/rGel-MNPs were efficiently de-
livered to the KDR of intratumoral angiogenic vessels of bladder
(yellow color in Fig. 15C). In addition, the larger distribution of
rGel from VEGF121/rGel-MNPs, as compared with those of
CD31, might indicate a different in vivo distribution of KDR in
orthotopic bladder tumor mouse models. Consequently, the pre-
pared VEGF121/rGel-MNPs have great potential as active target-
ing MR contrast agents for accurate cancer detection with ultra-
sensitive angiogenesis imaging.

Consequently, we have shown that synthesized VEGF121/
rGel-MNPs function as smart MR imaging contrast agents; they
can provide accurate anatomic details and clear distribution
information on intratumoral neoangiogenic vessels. Based on our
results, we believe that this study introduces a facile and efficient
tool to obtain detailed anatomic information via molecular MR
imaging that can be used for deciding on treatment strategies and
therapeutic monitoring.
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