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ABSTRACT

Young-Hwa Kim
Department of Biomedical Sciences
The Graduate School
Seoul National University
Introduction: The biocompatibility of nanoparticles is important in
biomedical field such as in vivo molecular imaging and drug delivery. To
visualize the tumor angiogenesis, I developed

125

I-labeled gold nanoparticles

(AuNPs) conjugated with cyclic RGD-PEG peptides.
Methods: I developed that cyclic RGD-PEGylated-AuNPs was labeled with
125

I (125I-cRP-AuNPs) as molecular imaging probes for targeting integrin αvβ3.

The stability of

125

I-cRP-AuNPs was monitored by ITLC-SG with saline (pH

7) as the solvent for 16 hrs at 37oC in serum. For the competitive binding
assay to the integrin αvβ3,

125

I-echistatin was incubated with αvβ3-expressing

cancer cell, U87MG and non-expressing cancer cell, MCF7 after pre-treating
with cRP-AuNPs or cRGD peptides. Cellular uptakes of

125

I were measured

using gamma-counter. To confirm receptor specific internalization of cRPAuNPs, TEM image was acquired in U87MG and MCF7 cell lines. The
uptake and clearance of

125

I-cRP-AuNPs in vivo was evaluated using serial

SPECT/CT studies from 0 hr to 5 hrs after intravenous injection of 11.1 MBq
125

I-cRP-AuNPs in a U87MG tumor bearing mice. To confirm specific
i

integrin αvβ3 binding of

125

I-cRP-AuNPs, the extracted tumor tissues were

analyzed by TEM imaging technique and stained with αvβ3 integrin antibody.
Renal clearance of

125

I-cRP-AuNPs was confirmed with radio-TLC analysis

of urine samples after injection.
Results: The entire

125

I labeling procedure to cyclic RGD-PEGylated gold

nanoparticles was completed within 20 min including purification and
concentration steps. Radio-chemical purity of

125

I-labeled cRGD-AuNPs was

very stable during the incubation in serum at 37oC. In competitive binding
assay to U87MG cells, IC50 values for cRP-AuNPs and cRGD peptides were
0.33 nM and 51.34 nM, respectively. Remarkably, the

125

I-cRP-AuNP probes

showed ~150-fold higher αvβ3 avidity than the corresponding cRGD peptides.
TEM images showed intracellular localization of the particles in U87MG cells
only, not in MCF7 cells. SPECT/CT image showed uptakes of

125

I-cRP-

AuNPs in the U87MG xenografted tumor and blood pool until 1 hr after
injection. In the extracted tumor analysis, the TEM images clearly showed the
125

I-cRP-AuNPs are uptake by the tumor. And the tumor tissue was well

correlated with αvβ3-PE staining regions and Au silver enhancement. These
results demonstrate that the

125

I-cRP-AuNPs entered the tumor via integrin

αvβ3-receptor specific endocytosis. Radio-chemical yield of urine samples was
observed over 50% of

125

I-cRP-AuNPs, this result showed their efficient
ii

clearance from the body through renal and urinary excretion route.
Conclusion:

125

I-cRP-AuNPs defined αvβ3 expressing cancer cells both in

vitro and in vivo. These functionalized 125I-cRP-AuNPs have a visualization in
tumor and angiogenesis which will be useful for various diagnostic and
therapeutic applications.
---------------------------------------------------------------------------------------------Keywords: gold nanoparticles, nanoparticle toxicity, tumor angiogenesis
targeting, tumor angiogenesis imaging, integrin αvβ3, iodine-125,
SPECT/CT
Student number: 2008-23291

iii

CONTENTS

Abstract ......................................................................................... i
List of Figures and Tables ........................................................... v
List of Abbreviations .................................................................vii
Introduction ............................................................................... 1
Material and Methods ............................................................... 6
Results ....................................................................................... 20
Discussion ................................................................................... 50
References .................................................................................. 55
Abstract in Korean .................................................................... 64

iv

LIST OF FIGURES AND TABLES
Figure 1.

Scheme of cyclic RGD-PEGylated AuNPs with radioactive
125

Figure 2.

I labels

TEM image of modified cRP-AuNPs and stability test using
UV/Vis absorbance wavelength

Figure 3.

Size distributions mPEG-AuNPs and cRP-AuNPs using
DLS

Figure 4.

Calculation of the number of cRGDs on each AuNP

Figure 5.

Calculation of the number of nonspecific cRGDs on each
AuNP

Figure 6.

Labeling efficiency and labeling stability of

125

I with cRP-

AuNPs
Figure 7.

Confirmation the expression of integrin αvβ3 in U87MG and
MCF7 cell lines

Figure 8.

CCK-8 proliferation assay after treated with cRP-AuNPs in
U87MG and MCF7 cell lines

Figure 9.

TEM images of cellular uptake after treated with cRPAuNPs

Figure 10.

Competitive binding assay with
v

125

I-Echistain on U87MG

and MCF7 cell lines by cRGD peptide, mPEG-AuNPs, and
cRP-AuNPs
Figure 11.

In vivo SPECT/CT images of U87MG tumor bearing mice
with

125

I-cRP-AuNPs, and cold form blocked

125

I-cRP-

AuNPs
Figure 12.

Ex vivo Biodistribution studies of U87MG tumor bearing
mice with

125

I-cRP-AuNPs, and cold form blocked

125

I-

cRGD-AuNPs
Figure 13.

Ex vivo urine sample analysis (a) TEM images and (b) radio
TLC analysis after 125I-cRP-AuNPs injection

Figure 14.

Ex vivo TEM images of biopsy tumor tissue

Figure 15.

Ex vivo TEM images of extracted organ tissue

Figure 16.

Histopathology and AuNPs enhanced staining of extracted
tumor tissue

Figure 17.

Histopathology and AuNPs enhanced staining of extracted
organ tissue

Table 1.

Investigation of cRP-AuNPs hydrodynamic size, zetapotential values, and polydispersity determined by DLS

vi

LIST OF ABBREVIATIONS
AuNPs, Colloidal gold nanoparticles
PEG, Poly (Ethylene Glycol)
RGD, cRGDyK, cyclic Arg-Gly-Asp-D-Tyr-Lys
cRP-AuNPs, cyclic RGD-PEGylated AuNPs
TEM, Transmission Electron Microscopy
DLS, Dynamic Light Scattering
RT-PCR, Reverse Transcription-Polymerase Chain Reaction
SDS, Sodium Dodecyl Sulfate
FBS, Fetal Bovine Serum
HBSS, Hank’s Balanced Salt Solution
125

I, Iodine-125

SPECT/CT, Single Photon Emission Computed Tomography/Computed
Tomography
%ID/g, % Injected Dose/gram
ITLC-SG, Instant Thin Layer Chromatography-Silica Gel
GAA, GlutArAldehyde

vii

INTRODUCTION
1. In vivo molecular imaging and its application
In vivo molecular imaging such as MRI, positron emission
tomography (PET) plays a crucial role in diagnosis and therapy of diseases
and understanding of biological processes (1-4). Recently, molecular imaging
is widening its fields through revealing molecular events in cells and tissues
(5-7). Molecular imaging is useful not only for clinical studies but also for
developing new drugs and new treatment modalities such as gene or stem cell
therapy (8,9). Pre-clinical molecular imaging using animals such as mice
shows biodistribution, pharmacokinetics, mechanism of action, and efficacy
(10). And also newly developed various materials for biomedical application
fields can be validated using molecular imaging methods (11-13). For
imaging modalities with low sensitivity, nanoparticles bearing multiple
contrast groups provide signal amplification. The same nanoparticles can
deliver both contrast medium and drug, allowing monitoring of biodistribution
and therapeutic activity simultaneously. So, Collaboration among biomedical
researchers, materials scientists, and device engineers is prerequisite.

1

2. Nanomaterials for biomedical application
Nanomaterials are amorphous or semi-crystalline structures with at
least one dimension ranging between 10 and 100 nm. Several of their
characteristics, such as size uniformity, surface area, adsorption kinetics,
biocompatibility, can be finely tuned during the production process for
specific purposes (14,15). Nanomaterials offer several advantages as
therapeutic and diagnostic tools due to various sizes, large surface area, and
ease of surface modification with multivalent ligands from biological
components such as various peptides, antibodies, fluorescent dye,
radioisotope, drugs, genes, and targeting biomarkers (16). Recently, various
types of nanoparticles have received great interest for molecular imaging
because of their advantageous properties including multifunctionality and
multivalency effects (17-23). Most biomedical nanomaterials require high
specificity and sensitivity, which are typically achieved by conjugation of
targeting ligands or imaging agents, for improved affinity (avidity) and
targeting efficiency (24-26).

Colloidal gold nanoparticles (AuNPs) are an attractive candidate as
imaging probes because these particles show little or no cytotoxicity in
2

various cells and animal models (27-31). Moreover, AuNPs can be easily
modified with biomolecules (e.g., DNA and peptides) via thiol-Au bonds, and
many other functional ligands can also be incorporated simultaneously.
Another merit for these particles is that anti-biofouling polymers such as
polyethylene glycol (PEG) can be readily loaded on AuNP surfaces for the
preparation of highly stable and specific probes as well as efficient
conjugation of targeting ligands (32-35).

As the imaging contrast agents, gold nanoparticles have been tried in
various imaging modalities. The use of AuNPs for optical imaging was
restricted to superficial region due to the weak penetrating depth of visible
light (36,37). X-ray-based computed tomography (CT) suffered from low
detection sensitivity of AuNPs, which results in a requirement of high probe
concentration (>100 mg/mL) (38). In the case of MRI using AuNPs, the
surface modification of AuNPs is limited because most surfaces need to be
covered by chelating units (chelating agents-gadolinium ions) for maximizing
MR signal. This results in small surface areas left for the introduction of
targeting molecules on AuNPs (36). Such insufficient penetration depth,

3

insensitivity or limited surface chemistry makes it difficult for in vivo
monitoring.

In addition, iodine ion is known to have high affinity to gold atom,
and these ions can be readily conjugated to AuNPs to form Au-I bonds on
gold surfaces (39-41). Such a simple chemistry between iodine and AuNPs
allow straightforward and efficient labeling of radioiodine to AuNPs without
iodination reagents or iodine accepting functional groups such as a phenol
residue. 125I (t1/2 = 60.14 days) is a commercially available low-energy gamma
emitter with a long physical half-life, compared to other radioactive isotopes,
and it can therefore be used for long-term monitoring (42). Therefore, nuclear
medicine imaging using radioiodine can be considered good sensitivity and
sufficient penetration depth to clinical applications of AuNPs.

3. Angiogenesis imaging for biomedical application
Angiogenesis imaging may turn out to have significant benefits
because they evaluate other diseases characterized by abnormal angiogenesis,
such as ischemic region and benign tumors. Already many research groups
have shown the various radio-labeled RGD sequence targeted imaging
method in biomedical area (43-45). However, a small peptide that consists of
4

the radio-labeled RGD sequence is quickly the washing out in vivo (44).
Further, a long-blood half-life of nanoparticles is necessary for in vivo
imaging and monitoring applications, and controlling the excretion of
nanoparticles from human bodies is keys to the widespread use of nondegradable metallic nanoparticles for in vivo applications.

4. The aim of this study
To develop an in vivo monitoring probes targeting integrin αvβ3 in
tumor angiogenesis, I evaluated the versatile carrier system with

125

I-labeled

gold nanoparticles (AuNPs) conjugated with PEG-RGD peptides for targeting
tumor.

5

MATERIAL AND METHODS
1. General remarks and materials
All commercially available chemical reagents were used without
further purification. Gold(III) chloride trihydrate (HAuCl4.3H2O, 99.9+%)
and Tween 20 were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Sodium citrate (HOC(COONa)(CH2COONa)2.2H2O) was purchased from
Sigma-Aldrich (St. Louis, MO, USA). Amine-PEG-thiol (MW 5000, NPS)
was purchased from Laysan Bio, Inc. (Arab, AL, USA). Succinimidyl 4-[Nmaleimidomethyl]cyclohexane-1-carboxylate (Sulfo-SMCC) was purchased
from Thermo Scientific (Palm Springs, CA, USA). Cyclo (Arg-Gly-Asp-DTyr-Cys) (cRGD) was purchased from Peptides International (Louisville, KY,
USA). Na125I, [125I] – Echistatin were obtained from Perkin Elmer Life
Science, Inc. (Boston, MA, USA). ITLC-silica gel [SG] was purchased from
Pal Gelman Laboratory (Pall Life Sciences, Ann Arbor, MI, USA). HQ silver
enhancement kit was purchased from Nanoprobes Inc (Nanoprobes Inc. Stony
Brook, NY, USA). Radiochemical purity was tested with AR-2000 radio-TLC
scanner (Bioscan, Washington, DC, USA), A Cobra II γ-scintillation counter
(Packard, Meriden, CT, USA) was used for the detection of radioactivity.
Milli-Q water was used at every stage of reaction and washing. All phosphatebuffer solutions used were 10 mM unless noted. Fluorescence imaging was
performed using a fluorescence microscope (IX-71 Provis, Olympus, Rungis,
France). A small-animal image was used for SPECT/CT scanner (Bioscan,
Washington DC, WA, USA).
6

2. Preparation of gold nanoparticles
2.1 Synthesis of 13 nm gold nanoparticles.
13-nm gold nanoparticles (AuNPs) were synthesized, as described
previously (Turkevich, J.; Hillier, J.; Stevenson, P. C. Discuss. Faraday Soc.
11, 55, 1951), by reducing a well-stirred solution of 100 mL of 1 mM
chloroauric acid with 10 mL of 38.8 mM sodium citrate in deionized water
under reflux. The solution was stirred for several hours to allow full reduction.
Red-wine colored solution was cooled down to the room temperature. The
particle concentration was estimated at ~ 10 nM, with extinction coefficient of
2.8

108 at the peak 520 nM, 1 cm path length. The solution was kept at

4oC and in dark condition.

2.2 Preparation of amine-PEG-thiol modified gold nanoparticles
To prepare PEGlyated Gold Nanoparticles, AuNPs were first treated
with Tween 20. A 500 μL amount of 1 mM Tween 20 was added to 5 mL of
13 nm AuNPs and the mixture was stirred for 10 min. After addition of 1 mL
Amine-PEG-Thiol (MW 5000, NPS, 2500 equiv.), the mixture was stirred for
3 h to allow complete exchange of the citrate with thiol. The mixture was then
purified by centrifugation (15000 rpm for 30 min at 4oC) twice. The
supernatant was removed, and the pellet was dispersed in 5 mL PB (pH 8.4).

7

2.3 Preparation of sulfo-SMCC/PEG-modified gold nanoparticles
The amine part of PEG on AuNPs was linked with Sulfo-SMCC
which is a linker for cRGD peptide. To 1 mL of previously prepared
PEGlyated AuNPs in PB, freshly made 100 μL of Sulfo-SMCC (400 μM) in
PB (pH 8.4) was added. The mixture was vortexed for 1 hr and then purified
by centrifugation (15000 rpm for 30 min at 4oC) twice. The supernatant was
removed, and the pellet was used in the following step.

2.4

Preparation

of

cRGD/Sulfo-SMCC/PEG-modified

gold

nanoparticles
To prepare cRGD-modified AuNPs, the pellet obtained from the
previous step was redispersed in 100 μL of Cyclic RGD peptide (100 μM) in
PB (pH 7.4) and the mixture was vortexed for 1 hr. It was then purified by a
series of centrifugation (15000 rpm for 30 min each at 4oC). The supernatant
was removed, the pellet, obtained as a final product, was kept at 4oC and in
dark condition.

3.5 cRGD-PEGylated gold nanoparticles with 125I radiolabeling
To prepare

125

I labeled AuNPs, 10 μCi/10 μL of [125I]NaI in PBS

solution was added to 100 μL cRP-AuNPs solution (7 nM), and the resulting
solution was stirred for 5 min at room temperature. After the iodine-labeled
cRGD-PEG-AuNPs (125I-cRP-AuNPs) were purified by centrifugation (12000

8

rpm for 15 min). Radio-labeling efficiencies were monitored by ITLC-SG
with saline (pH 7) as the solvent.

9
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Figure 1. Preparation of cyclic RGD-PEGylated AuNPs with radioactive 125I labels

2.6 Sample characterization
Hydrodynamic diameter and size distributions of the purified
encapsulated AuNPs were measured using dynamic light scattering (DLS,
Malvern Zetasizer Nano ZS90 system, Malvern Instrument Ltd., England) and
transmission electron microscopy (TEM, JEM-1400, JEOL, Tokyo, Japan).
For DLS measurement, AuNPs solution was diluted 10 times in distilled
water and mixed for 1 min by sonication. The particle size and distribution
were obtained from the volume-percent (%) value at 25°C and at a scattering
angle of 90°. To take negative-stain TEM images of encapsulated AuNPs, the
solution was dropped on a Formvar-carbon coated copper grid and stained
with saturated uranyl acetate solution. TEM images were taken using JEOL
TEM with an acceleration voltage of 80 keV.

2.7 In vitro serum stability
The serum stability of 125I-cRGD-AuNPs and 125I-mPEG-AuNPs was
tested by incubating 125I-cRGD-AuNPs and 125I-mPEG-AuNPs in fetal bovine
serum (FBS) for 30 hrs at 37oC to test in vitro serum stability. Radio-labeling
efficiencies were monitored by ITLC-SG with saline (pH 7) as the solvent.

3. Cell culture and animals
Human malignant glioma U87MG cell line and human breast
carcinoma MCF7 cell line were obtained from American Type Culture
Collection (ATCC) and cultured in Minimum Essential Medium (MEM) and
11

Dulbecco's Modified Eagle Medium (DMEM) with 10% fetal bovine serum,
100 U/mL penicillin and 100 μg/mL streptomycin at 37oC in a humidified
atmosphere containing 5% CO2. Specific pathogen-free 6 - 7 weeks old
BALB/c nude mice were obtained from Orient bio. (Korea). All the animal
experiments were performed after receiving approval from the Institutional
Animal Care and Use Committee (IACUC) of the Clinical Research Institute
at Seoul National University Hospital.

3.1 In vitro study
3.1.1 RT-PCR analysis
The total RNA was isolated from U87MG and MCF7 cells using
Trizol reagent (Invitrogen, Grand Island, NY, USA) according to
manufacturer’s instruction, and then reverse transcribed with a mixture of
random hexamer primer, 5X RT buffer, DTT, and 50 U of M-MLV reverse
transcriptase (Invitrogen, Grand Island, NY, USA). The sequences of the
forward and reverse primers of αv were 5’-GAAAAGAATGACACGGTTGC
and 5’-TAACCAATGTGGAGTTGGTG, respectively. The sequences of the
forward and reverse primers of β3 were 5’-ACTGCCTGTGTGACTCCGACT
and 5’-GGCTCTGGTGAGCAAGAAACA. The sequences of the forward
and reverse primers of β-actin were 5’-ACCAGGGCTGCTTTTAACTCT and
5’-GAGTCCTTCCACGATACCAAA. The PCR reaction (94°C for 30 sec,
62°C or 60°C for 60 sec, 72°C for 2 min) was run for 30 cycles after an initial
single cycle of 94°C for 10 min to activate the Taq polymerase, an additional
12

7 min at 72oC. And the annealing temperatures used for αv and β3 were 62°C,
60°C, respectively. After 30 cycles of amplification, PCR products were
analyzed by gel electrophoresis in 1% agarose gels and visualized by Loading
star (DyneBioInc, Seoul, Korea) staining.

3.1.2 Western blot analysis
Cells were lysed in radio-immunoprecipitation assay (RIPA) buffer
(Sigma, St. Louis, MO, USA) containing protease inhibitor cocktail (Roche
Diagnostics, Basel, Switzerland), and subsequently cleared via centrifugation.
Protein concentrations were determined using BCA protein assay kit (Thermo
Scientific, Palm Springs, CA, USA). Total protein (30 μg) mixed with 4X
polyacrylamide gel electrophoresis sample buffer (Invitrogen, Grand Island,
NY, USA) was separated via NuPAGE Novex 4 - 12% gradient Bis-Tris mini
gels (Invitrogen, Grand Island, NY, USA) and transferred to nitrocellulose
membranes. Membranes were blocked with 3% skim milk for 1 hr at room
temperature, and then incubated with one of the following primary antibody
overnight at 4oC anti-integrin αvβ3 (MAB3050, R&D Systems, Minneapolis,
MN, USA; diluted 1:1000) or alpha-tubulin (Sigma, St. Louis, MO, USA;
diluted 1:5000). The antigen-antibody complex was visualized with HRPconjugated secondary antibody (Sigma, St. Louis, MO, USA; diluted 1:2000),
and enhanced chemi luminescence detection reagent (Lilly, Indianapolis, IN,
USA). The signal intensity was measured using an LAS-3000 imaging system
(Fujifilm, Tokyo, Japan).
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3.1.3 TEM images of cellular internalization studies
For internalization studies, U87MG and MCF7 cells were harvested
and seeded into 24-well plates at 1

105 cells per well and incubated at 37°C

overnight. To confirm receptor specific internalization of cRP-AuNPs, the
cells were incubated with 0.3 mg/mL cRP-AuNPs for 30 min at 37°C in
cultured media. Cells were then harvested and washed twice with phosphate
buffered saline (PBS). The cells were fixed with 2% glutaraldehyde (GAA)
for 1 day at 4°C, and they were deposited on a copper grid (300 mesh and
covered with carbon). TEM images were then obtained by using JEOL (JEM1400, JEOL, Tokyo, Japan) transmission electron microscope at an
accelerating voltage of 80 keV. All the experiments were done in triplicate.

3.1.4 In vitro competitive cell binding assays
The IC50 value of cRGD, cRP-AuNPs (targeting nanoparticles), and
mPEG-AuNPs (non-targeting nanoparticles, as control for comparison) were
determined in U87MG and MCF7 cell lines. The cells were harvested and
seeded into 24-well plates at 1

105 cells per well and incubated at 37°C

overnight. The cells were then incubated with different concentrations of
cRGD, cRP-AuNPs and mPEG-AuNPs (a serially diluted of concentrations of
0.1 pM to 100 μM were used) as blocking agents in cultured media, and 125IEchistatin (integrin αvβ3 specific) was also added. The concentration of

125

I-

Echistatin added to the cells co-incubated with cRGD, cRP-AuNPs and
mPEG-AuNPs was kept constant (7.4 kBq/well). The plate was then
incubated for 30 min at 37°C, washed twice with phosphate buffered saline
14

(PBS), and then 0.5 mL of 0.5% SDS was added to each well to facilitate cell
lysis. The lysates were collected and counted in a gamma counter (Packard,
Meriden, CT). The cRGD concentration which reduces specific binding of
125

I-Echistatin by 50% (IC50) was calculated by nonlinear regression analysis

(sigmoidal dose response equation) using the GraphPad Prism 4.0 computerfitting program (Graph-Pad Software, San Diego, CA, USA). All the
experiments were repeated twice in triplicate.

3.1.5 CCK-8 cell proliferation assay
U87MG and MCF7 cell line were maintained in Minimum Essential
Medium (MEM) and Dulbecco's Modified Eagle Medium (DMEM)
supplemented with 10% FBS, penicillin, and streptomycin at 37oC in a
humidified atmosphere containing 5% CO2. Individual wells of a 96-well
103 cells/100 μL of cell suspension,

microculture plate was filled with 5

and added with 0.005~0.5 mg/mL of cRP-AuNPs and 0.2% Triton X-100 as a
positive control in a humidified incubator with 5% CO2 for 24, 48 and 72 hrs
at 37°C. The plate was treated with 10 μL/well of Cell Counting Kit-8 (CCK8), and incubated in a CO2 incubator for 2 hrs. The concentration that result in
the inhibition of the cell growth was determined by assigning the mean value
of the OD at 450 nm of the control wells on the third day as 100% after
subtraction of the blank value. All the experiments were done in triplicate.

15

3.2 In vivo study
3.2.1 Tumor model and in vivo SPECT/CT imaging
All animal experiments were performed in compliance with the
policies and procedures of Institutional Animal Care and Use Committee for
animal treatment. In the right flank of 6-7 week-old BALB/c nude mice, 5
106 U87MG cells were implanted. Tumors were allowed to grow for 3 ~ 4
weeks after inoculation, at which time the animals received 11.1 MBq of 125IcRP-AuNPs and cRGD (10 mg/kg) blocked

125

I-cRP-AuNPs in 100 μL of

PBS via lateral tail vein injection under isoflurane anesthesia. The images of
the mice were taken using a small-animal imaging system with multi-pinhole
collimation and a 15 to 45 keV photopeak energy window inside the
SPECT/CT scanner (Bioscan, Washington DC, WA, USA). The SPECT
images were obtained and performed at 32 projections over 360° (ROR=7.6
cm, 30 s/projection). The acquisition time depended on specific radioactivity
levels in each mouse over the limits of the scan to obtain 100,000 c.p.s.
SPECT scans were acquired at 10 min, 30 min, 1 hr, 3 hrs and 5 hrs after
injection. Reconstructed data from SPECT and CT were visualized and coregistered using InVivoScope (Bioscan, Washington DC, WA, USA).

3.2.2 Biodistribution studies
BALB/c nude mice bearing U87MG xenografts were injected with
125

I-cRGD-AuNPs and cold form blocked

125

I-cRGD-AuNPs to evaluate the

distribution of these tracers in the major organs of mice. The radiolabeled NPs
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(~ 0.37 MBq) were injected via lateral tail vein. Mice (n = 3) were sacrificed
at 1 hr post-injection (p.i.). Blood, tumor and major organs were removed and
weighed. And radio-activity was measured in a gamma-counter (Packard,
Meriden, CT, USA). The percent injected dose per gram (% ID/g) was then
calculated.

3.2.3 TEM images of extracted organ tissues
For biopsy tumor tissue analysis, images of transmission electron
microscopy (TEM) were taken using JEOL (JEM-1400, JEOL, Tokyo, Japan)
transmission electron microscope at an accelerating voltage of 80 keV. For the
preparation of extracted tumor tissues, 5

106 U87MG cells were implanted

in the right flank of BALB/c nude mice. After allowing tumors to grow for 3 –
4 weeks, cRP-AuNPs (10 mg/kg) were injected intravenously via the mouse
tail vein under isoflurane anesthesia. U87MG tumors, kidney, liver, lung,
spleen

were then extracted and fixed with 2% glutaraldehyde (GAA) for 7

days at 4°C, and they were deposited on a copper grid (300 mesh and covered
with carbon). All the experiments were done in triplicate.

3.2.4 TEM images and radio TLC analysis of prepared urine
samples
For collected urine sample analysis, images of transmission electron
microscopy (TEM) were taken using JEOL (JEM-1400, JEOL, Tokyo, Japan)
transmission electron microscope at an accelerating voltage of 80 keV. For the
preparation of collected urine sample,
17

125

I-cRP-AuNPs (10 mg/kg) were

injected intravenously via the mouse tail vein under isoflurane anesthesia.
After 1 hr urine samples were collected and fixed with 2% GAA solution.
Radio TLC were analyzed of the urine samples from the

125

I-cRP-AuNPs i.v.

injected mice (c), control free 125I (d), control 125I-cRGD-AuNPs (e).

3.2.5 Ex vivo organ tissue staining for fluorescence microscopy
Tumor and organ tissues produced from U87MG cells in BALB/c
nude mice were removed and frozen at -80oC. Frozen section slides (4 μm) of
all the tissues were prepared after embedding in Tissue Tek® O.C.T.
compound (Sakura Finetek, Torrance, CA, USA), which were fixed in acetone
(-20°C, 20 min), incubated with 10% (v/v) FBS (room temperature, 30 min).
And then stained with monoclonal αvβ3 antibody (MAB3050, R&D Systems,
Minneapolis, MN, USA; diluted 1:100) at 4°C overnight, and then the slides
were washed in PBS three times for 3 min. Then secondary anti-mouse IgGPE antibody (562027, BD Pharmingen™, MA, USA) was applied and
allowed to react for 2 hrs followed by washing in PBS three times for 3 min.
For fluorescence microscopy, the stained tissues were mounted and counterstained with DAPI mounting solution. Fluorescence was observed under an
upright epifluorescence microscope (IX-71 Provis, Olympus, Rungis, France)
equipped with a 100 W mercury vapor lamp and a Peltier cooled CCD camera
18

(DP71, Olympus, Rungis, France). All experiments were replicated at least
three times for each animal on different days.

3.2.6 HQ silver enhancement staining for light microscopy
To visualize AuNPs located on tissue-section, we used HQ silver
enhancement kit (Nanoprobes Inc. Stony Brook, NY, USA). Tumor and organ
tissues produced from U87MG cells in BALB/c nude mice were removed and
frozen at -80oC. Frozen section slides (4 μm) of all the tissues were prepared
after embedding in Tissue Tek® O.C.T. compound (Sakura Finetek, Torrance,
CA, USA), which were fixed in acetone (-20°C, 20 min), incubated with 10%
(v/v) FBS (room temperature, 30 min). Tissue sections were washed with 50
mM Tris buffer three times, distilled water three times, and 20 mM sodium
citrate buffer. The initiator, moderator and activator included in the kit were
mixed at a ratio of 1:1:1. The mixture was applied onto tissues and the
intensity of staining was observed under microscope. The staining was
stopped by washing with water three times for 10 min each. After washing
with 100 mM phosphate buffer three times, the slides were viewed on a Leica
DMLB

microscope

(Leica

Microsystems,

Wetzlar,

Germany)

and

photographed. All experiments were replicated at least three times for each
animal on different days.
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RESULTS
1. Preparation of gold nanoparticles
1.1 Preparation and characterization of cRGD/Sulfo-SMCC/PEGmodified gold nanoparticles
In a typical experiment, 13 nm AuNPs were synthesized and
modified with PEG (MW = 5 kD)-c(RGDyC) peptides for in vivo targeting of
integrin αvβ3-positive tumor (Figure 1; please see the experimental section for
details). Transmission electron microscopy (TEM) images showed cRGDmodified AuNPs were well dispersed with a narrow size distribution (Figure
2a). Considering that it showed neither solution color change nor UV-Vis
spectral shift under various conditions

(Figure 2c), I can conclude that the

cRGD-conjugated AuNPs are highly stable under harsh conditions including
high salt (1 M NaCl), strong acid (0.5 M HCl) and strong base (0.5 M NaOH)
conditions (Figure 2b). The hydrodynamic diameter of the AuNPs with PEGcRGD functional groups was measured by the dynamic light scattering (DLS)
particle size analysis method (Zetasizer Nano, Malvern Instruments Ltd,
England) and it was found to be ~31 nm (Figure 3b).
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1.2 Calculation of cRGD numbers per gold nanoparticles
The number of cRGDs on each AuNP whose surface was serially
modified with amine-PEG-thiol, sulfo-SMCC and cRGDs, it was calculated
by UV/Vis absorbance measurement. Control (cRGDyC) shows a λmax peak at
275 nm. After the incubation with cRGDyC and centrifugation, supernatant
from each eppendorf tube was collected separately. Then, UV/Vis absorption
spectra of each supernatant were compared against cRGD solution of known
concentration to quantify the number of cRGDs on each AuNP. The
difference between UV/Vis aabsorbance of the cRGD in supernatant and pure
cRGD (control) is 0.05764. Therefore, 33% of cRGD was conjugated to gold
nanoparticles. My result shows that there are ~300 cRGD per particle (Figure
4). I also carried out experiments to show that there are no non-specific
binding of cRGDs to AuNPs and that sulfo-SMCC are needed in order to
conjugate cRGD peptides to PEGlylated AuNPs. The number of cRGDs on
each AuNP whose surface is only modified with amine-PEG-thiol and cRGDs
(i.e. no sulfo-SMCC) was calculated by the same method described in Figure
4. The data show that there are almost no non-specific binding of cRGD to
AuNP surfaces (Figure 5).
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1.3 cRGD-PEGylated gold nanoparticles with 125I radiolabeling
For quantitative in vitro and in vivo study, the iodine-labeled cRGDPEG-AuNPs (125I-cRP-AuNPs) were purified by centrifugation (12000 rpm
for 15 min), the labeling efficiency was determined by measuring gammaradiation emission from the gold pellet and supernatant, respectively. For
radioactive iodine labeling to cRGD-PEG-AuNPs, 10 μCi/10 μL of [125I]NaI
in PBS solution was added to 100 μL cRP-AuNPs solution (7 nM), and the
resulting solution was stirred for 5 min at ambient temperature. The
radiochemical yield of the procedure was higher than 99% (Figure 6a). Radio
labeling efficiencies were analyzed by thin layer chromatography. For this
analysis, ITLC-SG was eluted with saline solution (pH 7.4); free
with front line (Rf =1.0) and

125

125

I moved

I-cRP-AuNPs remained at the origin (Rf =0.0).

The labeling efficiency was higher than 99.15 ± 1.35% (n=3), and free

125

I

was not found after purification. By taking into account of the specific activity
(17 Ci/mg) and half-life (60.14 days) of
moles of

125

I (4.21

125

I, we can calculate the number of

10-12 moles). Since the number of moles of AuNP

probes is 7.0 x 10-13 moles, it is calculated to give that there are ~6 radioactive
iodine-125 isotopes conjugated per cRP-AuNP probe. For the confirmation of
125

I labeling on the AuNP surface,

125

I-cRP-AuNP pellet was treated with 1.5

M dithiothreitol (DTT) solution. After 1 hr incubation, AuNPs were
aggregated via ligand exchange with DTT, and >90% of
from AuNPs (Figure 6a). These results proved that

125

125

I was liberated

I forms bonds to the

AuNP surfaces when [125I]NaI solution was mixed with the AuNP solution.
Further, the stability of these probes was extensively tested in various pH
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conditions, and the results show that these probes are very stable from pH 2-8
at room temperature for 24 hrs (Figure 6b). Finally, serum stability test results
showed that more than 85% of 125I was remained intact on AuNPs after 24 hrs
incubation at 37oC (Figure 6c). Non-targeted mPEG-AuNPs, to which cRGD
was not modified, also displayed similar radio-labeling efficiency and serum
stability (Figure 6c).
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2. In vitro study of cRGD conjugated AuNPs target to
integrin αvβ3

To evaluate the

125

I-cRP-AuNP as an imaging probe for integrin

αvβ3-positive tumor, I tested their targeting ability with U87MG (high integrin
αvβ3 expression) and MCF7 (integrin αvβ3 negative) cell lines.

2.1 Integrin αvβ3 expression of cells

I confirmed the mRNA and protein expression levels of αv and β3 in
U87MG and MCF7 cells using the reverse-transcriptase polymerase chain
reaction (RT-PCR) and western blot (Figure 7 a, b). The PCR data indicate
that the 319-bp and 301-bp fragments were detected from the expression of αv
mRNA and β3 mRNA in U87MG cells while no αv or β3 mRNA fragments
were found from MCF7 cells (Figure 7a). According to the protein expression
results, 113 kDa of αvβ3 protein clearly appeared in only U87MG cells, not in
MCF7 cells (Figure 7b).
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2.2 CCK-8 proliferation assay
To evaluate the cytotoxicity of the

125

I-cRP-AuNPs, I assessed cell

proliferation by CCK-8 assay (Figure 8). The assay results proved that the
125

I-cRP-AuNP probes are not cytotoxic even with a high probe concentration

and a prolonged incubation time for both U87MG and MCF7 cell lines
(Figure 8 a,b). These probes were completely cell-viable even after incubation
with the loading of 125I-cRP-AuNP probes (0.5 mg/mL) per 5

103 cells for

up to 72 hrs.

2.3 TEM images of integrin αvβ3 receptor-mediated endocytosis
To confirm receptor-specific internalization of the AuNPs, I
investigated cellular uptake of the probes by U87MG and MCF7 cells by the
sectional TEM technique after co-incubating each cell line with

125

I-cRP-

AuNPs separately (please see the experimental section for the experimental
details). The

125

I-cRP-AuNPs were localized in the intracellular regions of

αvβ3-positive U87MG cells (Figure 9a). On the other hand, only negligible
amount of particles were found inside αvβ3-negative MCF7 cells (Figure 9b).
The results demonstrate that the 125I-cRP-AuNPs entered the cells via integrin
αvβ3-receptor-mediated endocytosis.
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2.4 Integrin αvβ3 competitive cell binding assay
Next, to investigate the integrin-binding affinity and specificity of
the AuNPs, competitive binding assays were carried out using

125

I-echistatin

as the αvβ3 integrin-specific radioligand (36), (46). The serially diluted, cRGD
peptides, mPEG-AuNPs, and the cRP-AuNPs (0.1 pM to 100 μM) were added
as integrin blocking agents to cells in a culture medium, respectively. For
U87MG cells, as the concentration of integrin blocking agents (for both
cRGD peptides and cRP-AuNPs) increased, the percent of cell-bound

125

I-

echistatin was significantly decreased. This means that cRGD peptides and
cRP-AuNPs inhibited the binding of

125

I-echistatin to αvβ3 integrins.

Importantly, the IC50 values for cRGD and cRP-AuNPs were 51.34 ± 2.0 and
0.337 ± 0.16 nmol/L, respectively. The cell-binding assay results also
demonstrate that cRP-AuNPs has ~150-fold higher αvβ3 integrin avidity than
the corresponding cRGD peptide analogs. The mPEG-AuNPs did not inhibit
the binding of

125

I-echistatin to the U87MG cells, and this shows the mPEG-

AuNPs without cRGD functionality do not affect the receptor avidity of the
cells. In the case of MCF7 cell line, even with an increase in the amount of
cRGD peptides, 125I-cRP-AuNPs, or mPEG-AuNPs, the percent of bound 125Iechistatin was not affected or affected only negligibly. The results clearly
show that the cRGD peptides and
binding of

125

I-cRP-AuNPs specifically inhibited the

125

I-echistatin to αvβ3 integrin-positive U87MG cells, but they did

not inhibit the binding of

125

I-echistatin to αvβ3 integrin-negative MCF7 cells

was observed (Figure 10).
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36

cRGD-PEG-AuNPs are 51.34 and 0.337 nM, respectively. Experiment was repeated twice in triplicate.

mPEG-AuNPs, and cRGD-PEG-AuNPs (n = 3, mean ± SD), respectively. The IC50 values for the cRGD peptide and

Inhibition of 125I-echistatin (integrin αvβ3-specific) binding to αvβ3 integrin on U87MG and MCF cells by cRGD peptide,

Figure 10. Competitive binding assay

3. In vivo study of cRGD conjugated AuNPs target to
integrin αvβ3
3.1 In vivo SPECT/CT image of tumor angiogenesis
Finally, the usefulness of

125

I-cRP-AuNPs as in vivo imaging probes

was tested and evaluated with the SPECT/CT technique. 125I-cRP-AuNPs and
cold-form blocked

125

I-cRP-AuNPs (10 mg/kg for each) were injected

intravenously via a mouse tail vein. For cold-form blocking studies, unlabeled
cRP-AuNPs (50 mg/kg) and

125

I-cRP-AuNPs (10 mg/kg) were co-injected to

tumor bearing mouse. Their biodistribution and tumor targeting from in a
nude mouse were imaged and analyzed (Figure 11). The SPECT/CT results
show that the

125

I-cRP-AuNPs targeted tumor site quickly and effectively

within 10 min after injection (Figure 11a). Remarkably, it appears that probes
were gradually further deposited at tumor site as time elapsed while overall
probe signals got weaker at the sites other than tumor region, instead probes
were accumulated in the bladder. In the case of cold-form blocked

125

I-cRP-

AuNPs, tumor was almost undetectable and imaging signals were much
stronger in non-tumor parts of body (Figure 11b). The difference in imaging
signal intensity in tumor site between targeting and cold-form blocked
cRP-AuNP probes gets wider and clearer as more time elapses.
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3.2 Biodistribution study
Using

125

I-cRP-AuNPs, and cold form blocked

125

I-cRP-AuNPs, we

followed distribution in all organs and blood 1 hr after intravenous injection. 1
hr after intravenous injection of

125

I-cRP-AuNPs, the appreciable distribution

was highly blood activity (6.0 ± 1.4% injected dose/gram; %ID/g) and tumor
(4.9 ± 1.7% injected dose/gram; %ID/g), with the latter likely representing
125

I-cRGD-AuNPs in the process of being excreted (Figure. 12). In contrast,

uptakes in tumor %ID/g values for cold form blocked

125

I-cRGD-AuNPs

exhibited 2.2 ± 0.1%ID/g (Figure. 12).

3.3 Ex vivo urine sample analysis
After 1 hr of

125

I-cRP-AuNPs injection, we have collected urine

samples from the mice to analyze the excretion of the probes. TEM images of
the collected urine samples confirm the renal filtration of cRP-AuNPs (Figure
13a). We have also carried out and radio-TLC analysis of the urine sample
(Figure 13b). For this analysis, ITLC-SG was eluted with saline solution (pH
7.4); free 125I moved with front line (Rf =1.0) and 125I-cRP-AuNPs remained at
the origin (Rf =0.0). The results show that 59.1% of
nanoparticle surfaces (figure 13b).
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3.4 Ex vivo TEM images of tumor and organ
The extracted tumor tissues were analyzed by TEM imaging
technique to confirm the uptake of

125

I-cRP-AuNPs by the tumor and various

organs (figure 14, 15). The images clearly show the

125

I-cRP-AuNPs are

uptake by the tumor (figure 14). These results demonstrate that the

125

I-cRP-

AuNPs entered the tumor via integrin αvβ3-receptor specific endocytosis.

3.5 Ex vivo integrin αvβ3 and gold nanoparticle staining of tumor
and organ tissue
To confirm specific integrin αvβ3 binding and secretion properties of
these particles, I examined the extracted tumor and organ tissue. After 1 hr of
125

I-cRP-AuNPs injection, the tumor tissue was well correlated with αvβ3-PE

(figure 16a), DAB (figure 16b) staining regions and Au silver enhancement
staining regions (figure 16c). These results demonstrate that high affinity of
RGD ligand to αvβ3 integrin could be applicable for angiogenesis imaging in
tumor model. The various organs (muscle, kidney, liver, spleen and lung)
also were observed (figure 17). The result showed the muscle region (figure
17a) was not observed αvβ3 and Au silver enhancement staining. Kidney
(figure 17b), liver (figure 17c), lung (figure 17e) regions were well
correlated with αvβ3-PE staining region and Au silver enhancement staining
areas. But spleen (figure 17d) region was not stained αvβ3, but stained with
42

Au silver enhancement only. The result showed that the spleen organ was not
expressed integrin αvβ3, but just removed 125I-cRP-AuNPs from organism and
moderated by macrophages. This demonstrates that the
secreted via kidney, liver, and spleen.
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125

I-cRP-AuNPs

Figure 14. Biopsy tumor tissue was analyzed under TEM
The images clearly show the
demonstrates that the

125

125

I-cRP-AuNPs are uptake by the tumor. This

I-cRP-AuNPs entered the tumor via integrin αvβ3-

receptor specific endocytosis.
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Figure 15. Extracted organ tissue was analyzed under TEM
Kidney (a, b), liver (c, d), spleen (e, f), lung (g, h) were specifically observed
125

I-cRP-AuNPs. This demonstrates that the

125

I-cRP-AuNPs secreted via

kidney, liver, and spleen. TEM image was monitored by low-power field (a, c,
e, f) and. (b, d, f, h) high power field (the black dot indicates gold
nanoparticle.)
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Figure 17. Histopathology of extracted organ tissue
The extracted organ tissue was stained with αvβ3 and Au silver enhancement.
Muscle region (a) was not observed αvβ3 and Au silver enhancement staining.
Kidney (b), liver (c), lung (e) regions were well correlated with αvβ3-PE
staining region and Au silver enhancement staining areas. And spleen (d)
region was not stained αvβ3, but stained with Au silver enhancement only. This
demonstrates that the

125

I-cRP-AuNPs secreted via kidney, liver, and spleen.

(αvβ3-PE: red, DAPI: blue, Au-silver enhancement: pink)
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DISCUSSION
Nanotechnology is emerging for important new applications of
nanomaterials in various fields (23). Various nanomaterials are attractive due
to their own charming points. These multifunction nanomaterials can be used
for diagnostic in vitro and in vivo and therapeutic purpose as well. For
example there are novel drug delivery, biological imaging, and cancer
treatment systems such as liposomes, micelles, gold nanoparticles, and silica
nanoparticles at different stages of pre-clinical and clinical development (10).

Aim of this study was to evaluate

125

I-labeled gold nanoparticles

(AuNPs) conjugated with PEG-RGD peptides for targeting tumor. Imaging
modality was SPECT/CT and gold nanoparticles were used as a platform for
labeling of the radioactive iodine as well as conjugation of targeting groups,
PEG-RGD peptides.

Angiogenesis imaging may turn out to have significant benefits
because they evaluate other diseases characterized by abnormal angiogenesis,
such as ischemic region and benign tumors. Already many research groups
have shown the various radio-labeled RGD sequence targeted imaging
method in biomedical area (43-45). However, a small peptide that consists of
the radio-labeled RGD sequence is quickly the washing out in vivo (44). And
also their targeting affinity is reduced to compare RGD peptide conjugated
nanoparticles because nanoparticles can load several hundreds of peptide on
their large surface. In my experimental condition, cRP-AuNPs has a αvβ3
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integrin avidity more than 150 times compare to the cRGD peptide (Figure
10). In the analysis of extracted tumor tissue, integrin αvβ3 and Au silver
stained tissue were well correlated. This demonstrates that the

125

I-cRP-

AuNPs specifically targeted the tumor via integrin αvβ3-receptor-specific
endocytosis (Figure 16). However, integrin αvβ3 and Au silver stained regions
were concentrated in angiogenesis vessel regions, because integrin αvβ3
expression level of tumor angiogenesis regions were much higher than
integrin αvβ3-positive tumor.

There are several reports that endocytosis might make cells to uptake
nanomaterials, by mainly target to the macropinocytosis, clathrin-mediated,
caveolin-mediated, and clathrin/caveolin-independent endocytosis machinery
(47,48). It also was reported that endocytosis could be affected by surface
chemistiry modified nanomaterials. Various nanomaterials with poly(ethylene)
glycol (PEG), a surface chemistry commonly used to prevent nonspecific
protein binding, was found to prevent this aggregation (49). However, it was
reported that long PEG chain can reduce specific binding of ligand as well as
non-specific binding (50). In this study, PEG5000 was suitable, because it could
significantly reduce non-specific binding effectively and did not block the
specific binding of RGD ligand. Moreover, I extensively showed the 125I-cRPAuNPs works out well for tumor-targeted imaging applications in in vitro and
in vivo condition (Figure 9, 11).
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Despite the PEGylation of AuNPs, targeting efficiency to tumor site
was lower than to the liver and spleen. The efficiency of various kinds of
nanoparticles, such as gold nanoparticles to target the tumor remains to be
elucidated. Further studies are needed to reduce the non-specific liver and
spleen uptakes in in vivo condition.

It is critical to note the use of the non-degradable nanoparticles,
which is currently focused on excretion from the body, before the proof of
targeting can be determined. Frangioni et al. have demonstrated the
requirements for renal filtration and urinary excretion of inorganic, metalcontaining nanoparticles using quantum dots. In this case the material was not
applied for in vivo imaging yet and also they reported that the hydrodynamic
diameter by >15 nm prevented renal excretion. (51) It was previously known
that only the nanoparticles with sizes less than 5.5 nm can be excreted through
renal filtration. However, there are several journals published recently which
demonstrate that nanoparticles with sizes bigger than 5 - 6 nm go through
renal filtration. It can actually be excreted depending on their shapes and
surface chemistry (52-54). Biological tissues and cells are all soft materials
and, although the hydrodynamic radius of our particles is ~ 31 nm, the hard
core size of my probes is only ~ 13 nm. After 1 hr of

125

I-cRP-AuNPs

injection, I have collected urine samples from the mice to analyze the
excretion of the probes. TEM images of the collected urine samples confirm
the renal filtration of cRP-AuNPs (Figure 13a). I have also carried out radioTLC analysis of the urine sample. The results show that 59.1% of
52

125

I is

attached to gold nanoparticle surfaces (Figure 13b). So, I persist my probes
can be squeezed by other structures and go through soft renal filtration
structures.

Despite of the gold nanoparticles are well known inert to the body
and not lethal to the cells, it may affect intracellular responses and potential
mechanisms in biological systems (27,30). Therefore, considerable effort is
needed to validate the potential risks of nanoparticles to cells and organisms.
Due to their large surface area per unit mass and high catalytic activity, these
nanoparticles have strong tendency to agglomerate in biological fluids (55).
That means these nanoparticles interact with biomolecules such as proteins
and DNA in biological environment. More and accurate results are needed for
biological specific mechanism by gold nanoparticles; further studies are
necessary to test how to respond the cells that could be affected either directly
or indirectly by gold nanoparticles.

In summary, I developed that cyclic RGD-PEGylated-AuNPs was
labeled with

125

I (125I-cRP-AuNPs) as molecular imaging probes. The

conjugated probes were stable for ~20 hrs in serum or under various pH and
high salt conditions. Importantly, I showed

125

I-cRP-AuNPs specifically

targeted to tumor cells and the probes were taken up by tumor cells via
integrin αvβ3-receptor-mediated endocytosis with almost no cytotoxicity. The
125

I-cRP-AuNPs have ~150-fold higher αvβ3 integrin avidity than non-

modified free cRGD peptides. Finally, in vivo SPECT/CT imaging results
53

proved that the

125

I-cRP-AuNPs can target tumor and angiogenesis sites only

after 10 min from intravenous injection. These promising results demonstrate
that radioactive

125

I and RGD-PEG functionalized AuNPs can be used as

targeted tumor SPECT/CT imaging and angiogenesis-targeted imaging probes,
which will be useful for various diagnostic and therapeutic applications.
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국문 초록

서론: 생리학 분야에서 분자 영상 및 약물 전달 등에 생체 친화적인
나노 입자를 사용할 수 있다. 이 연구에서는 생체 내에서 종양의 신
생혈관을 영상화 하기 위해서, 인테그린 αvβ3 를 표적 하는 RGD 와
방사성 옥소-125 가 표지된 금 나노 입자를 개발하였다.
재료 및 방법: 금 나노입자에 인테그린 αvβ3 를 세포주를 표적 하는
RGD 를 결합하고, 생체 적합성을 높이기 위한 PEG 가 결합된 금나
노 입자 (125I-cRP-AuNP)를 합성하였다. 방사성 옥소-125 를 표지한
후, 표지 효율을 확인하였고, 16 시간 동안 37oC 의 혈청 내 상태에
서의 표지 효율의 안정성을 관찰하였다. RGD 를 결합한 금 나노 입
자 (cRP-AuNP)가 인테그린 αvβ3 에 특이적으로 결합하는지 확인하기
위해, U87MG (인테그린 αvβ3 과발현), MCF-7 (인테그린 αvβ3 비 발
현) 세포주를 이용하여 cRGD 와 cRP-AuNPs 를 세포에 미리 처리한
후,

125

I-echistatin 방사성 물질을 이용한 경쟁적 결합 분석을 시행하

였다. 방사성 옥소-125 의 세포 내 섭취는 감마카운터를 사용하여 측
정하였다. cRP-AuNPs 의 수용체 특이적 세포내 섭취의 여부를 확인
하기 위하여, U87MG (인테그린 αvβ3 과 발현), MCF-7 (인테그린
αvβ3 비 발현) 세포주에 300 µg/mL 의 cRP-AuNPs 처리 후, 전자 현
미경으로 관찰하였다.

U87MG 세포를 이종 이식한 쥐 모델에서
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방사성 옥소-125 를 표지한
mg/kg)이 포함된

125

125

I-cRP-AuNsP 과 cRP-AuNPs (100

I-cRP-AuNPs 를 각각 정맥 투여 후 0 ~ 5 시간

동안 단일 광자 방사 단층 촬영 영상을 획득하였다. 금 나노 입자가
인테그린 αvβ3 에 특이적으로 표적됨을 확인하기 위하여, 정맥주사
후 적출된 종양 조직에서 전자현미경 영상 및 인테그린 αvβ3 면역
염색을 시행하였다. 또한

125

I-cRP-AuNP 의 생체 내 신장배출을 확인

하기 위하여, 소변 샘플에서의 방사능-TLC 분석하였다.
결과: RGD 를 도입한 금 나노 입자에 방사성 옥소-125 를 표지한
125

I-cRP-AuNP 의 전체 과정은 20 분 이내로 완료되었다.

125

I-cRP-

AuNP 의 표지 효율은 100%이고, 37oC 의 혈청 내 상태에서의 표지
효율의 안정성은 3 시간에는 97%, 16 시간째는 88%로 안정하였다.
U87MG (인테그린 αvβ3 과 발현) 세포주에서 경쟁적 결합력을 분석
한 결과, cRP-AuNPs 및 cRGD 의 펩티드에 대한 IC50 값은 각각 0.33
nM 와 51.34 nM 이었다. cRP-AuNP 입자는 cRGD 펩티드 보다
150 배 높은 인테그린 αvβ3 친화도를 확인하였다. cRP-AuNP 처리 후,
전자 현미경으로 관찰한 영상에서는 인테그린 αvβ3 과 발현 세포주
U87MG 세포주에서만 특이적으로 관찰되었다. U87MG 세포를 이종
이식한 쥐 모델에서

125

I-cRP-AuNPs 를 정맥 주사한 후 촬영한 단일

광자 방사 단층 영상에서, 주사 후 10 분 이후부터 종양 특이적인
영상 및 혈관 조영이 관찰되었다. 정맥 주사한 후 적출된 종양 조직
의 전자현미경 영상에서 금 나노 입자가 관찰되었으며, 인테그린
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αvβ3 면역 염색에서도 염색부위와 금 나노 입자의 분포 부위가 일치
하였다. 또한 신장과 비뇨기 배설 경로를 통해 생체 내에서 배출되
는 것을 확인하였다. 소변 샘플의 방사능-TLC 분석을 통하여 방사
성 옥소-125 를 표지한

125

I-cRP-AuNPs 물질이 소변을 통해 50% 이

상 관찰되는 것을 확인 하였다.
결론:

125

I-cRP-AuNPs 이 실험관 내와 마우스 실험에서 모두 인테그린

αvβ3 발현 암 세포 및 신생혈관을 특이적으로 표적 할 수 있었다. 이
러한 기능적인

125

I-cRP-AuNPs 을 활용하면 종양 및 혈관 신생을 표

적 하는 다양한 진단 및 치료에 유용 할 것으로 기대된다.
---------------------------------------------------------------------------------------------주요어: 금 나노입자, 나노입자의 독성, 종양 신생혈관 표적, 종양 신
생혈관 영상, 인테그린 αvβ3, 방사성 옥소-125, 단일 광자 방사 단층
촬영법
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