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Integrin �v�3 plays a critical role in tumor-induced angiogen-
esis and metastasis and has become a promising diagnostic
indicator and therapeutic target for various solid tumors.
Radiolabeled RGD peptides that are integrin specific can be
used for noninvasive imaging of integrin expression level as
well as for integrin-targeted radionuclide therapy. Methods:
In this study we developed a tetrameric RGD peptide tracer
64Cu-DOTA-E{E[c(RGDfK)]2}2 (DOTA is 1,4,7,10-tetraazacy-
clododecane-N,N�,N�,N�-tetraacetic acid) for PET imaging of
integrin �v�3 expression in female athymic nude mice bearing
the subcutaneous UG87MG glioma xenografts. Results: The
RGD tetramer showed significantly higher integrin binding
affinity than the corresponding monomeric and dimeric RGD
analogs, most likely due to a polyvalency effect. The radio-
labeled peptide showed rapid blood clearance (0.61 � 0.01
%ID/g at 30 min and 0.21 � 0.01 %ID/g at 4 h after injection,
respectively [%ID/g is percentage injected dose per gram])
and predominantly renal excretion. Tumor uptake was rapid
and high, and the tumor washout was slow (9.93 � 1.05
%ID/g at 30 min after injection and 4.56 � 0.51 %ID/g at 24 h
after injection). The metabolic stability of 64Cu-DOTA-
E{E[c(RGDfK)]2}2 was determined in mouse blood, urine, and
liver and kidney homogenates at different times after tracer
injection. The average fractions of intact tracer in these or-
gans at 1 h were approximately 70%, 58%, 51%, and 26%,
respectively. Noninvasive microPET studies showed signifi-
cant tumor uptake and good contrast in the subcutaneous
tumor-bearing mice, which agreed well with the biodistribu-
tion results. Integrin �v�3 specificity was demonstrated by
successful blocking of tumor uptake of 64Cu-DOTA-
E{E[c(RGDfK)]2}2 in the presence of excess c(RGDyK) at 1 h
after injection. The highest absorbed radiation doses deter-
mined for the human reference adult were received by the
urinary bladder wall (0.262 mGy/MBq), kidneys (0.0296 mGy/
MBq), and liver (0.0242 mGy/MBq). The average effective
dose resulting from a single 64Cu-DOTA-E{E[c(RGDfK)]2}2 in-
jection was estimated to be 0.0164 mSv/MBq. Conclusion:
The high integrin and avidity and favorable biokinetics make

64Cu-DOTA-E{E[c(RGDfK)]2}2 a promising agent for peptide
receptor radionuclide imaging and therapy of integrin-posi-
tive tumors.
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Malignant gliomas are the most common types of brain
tumors and are the second leading cause of cancer death in
children under 15 y old and also in young adults up to 34 y
old (1,2). With a high proliferation rate, marked neovascu-
larization, and extensive local invasion of tumor cells into
the normal brain parenchyma, gliomas are resistant to tra-
ditional radiation and chemotherapy, which leads to patient
mortality over months or years (3). Recent clinical and
experimental evidence suggests that the tumor growth and
progression are dependent on angiogenesis and invasion,
which share common regulatory mechanisms (4). Angio-
genesis is an invasive process characterized by endothelial
cell proliferation, modulation of the extracellular matrix
(ECM), and cell adhesion and migration (5). Among many
angiogenic factors, the cell adhesion molecule integrin is a
mediator of angiogenesis in many tumor types, including
gliomas (6). Integrins are part of a family of heterodimeric
transmembrane receptors involved in multiple steps of an-
giogenesis and metastasis. Integrins on endothelial cells
bind to and respond to the ECM components, and this
interaction is accompanied by the transduction of positional
cues from the ECM to the intracellular signaling machinery
(7). The function of these protein receptors during angio-
genesis has been studied with integrin �v�3, which is not
readily detectable in quiescent vessels but becomes
highly expressed in angiogenic vessels and tumor cells
(8,9). The �v�3 integrin is necessary for the formation,
survival, and maturation of newly formed blood vessels (10)
and its expression correlates with tumor grade and histologic
type (11).
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Recent data both in preclinical tumor models and in phase
I/II clinical trials suggest that antagonists of �v�3 integrin
inhibit tumor angiogenesis and metastasis (12,13). The abil-
ity to noninvasively visualize and quantify �v�3 integrin
expression level provides opportunities to document tumor
(tumor cells and sprouting tumor vasculature) receptor ex-
pression, to more appropriately select patients considered
for antiintegrin treatment, and to monitor treatment efficacy
in integrin-positive patients. Several molecular probes have
been developed for MRI (14), ultrasound (15), optical im-
aging (16), PET, and SPECT applications (17). Although
most of the RGD peptide-based probes could target tumors
by binding integrin �v�3, they suffer from modest tumor
uptake and unfavorable pharmacokinetics that limit their
applications for imaging and internal radiotherapy.

We and others have reported radiolabeled RGD-contain-
ing peptide dimers as radiopharmaceuticals for diagnosis of
rapidly growing solid tumors (18–23). It was hypothesized
that the receptor binding of one RGD cyclic peptide will
significantly enhance the “local concentration” of the other
RGD peptide in the vicinity of the receptor, which may lead
to a faster rate of receptor binding or a slower rate of
dissociation of radiolabeled RGD dimer from the integrin
�v�3 and result in higher uptake and longer retention time in
the tumor. A multimeric RGD peptide with �2 repeating
cyclic RGD units is thus expected to further enhance the
affinity of the receptor–ligand interactions even more sig-
nificantly through the phenomenon of a polyvalency effect.
The apparent increase in molecular size may also prolong
circulation time of the multimer and consequently reduce
tumor washout rate.

In this investigation we applied the polyvalency principle
and developed a novel tetrameric RGD peptide using glu-
tamate as the branching unit. The resulting RGD peptide
tetramer was conjugated with the macrocylic chelator
1,4,7,10-tetraazacyclododecane-N,N�,N�,N�-tetraacetic acid
(DOTA) and labeled with 64Cu for microPET imaging of
integrin expression in a subcutaneous U87MG glioblastoma
xenograft model in female athymic nude mice. The aim of
this study was to investigate integrin targeting characteris-
tics of 64Cu-DOTA-E{E[c(RGDfK)]2}2 as a potential agent
for diagnosis and receptor-mediated internal radiotherapy of
integrin receptor–expressing tumors.

MATERIALS AND METHODS

All commercially available chemical reagents were used with-
out further purification. DOTA was purchased from Macrocyclics,
Inc. Dicyclcohexylcarbodiimide (DCC), 1-ethyl-3-[3-(dimethyl-
amino)propyl]carbodiimide (EDC), N-hydroxysulfonosuccinimide
(SNHS), and Chelex 100 resin (50–100 mesh) were purchased
from Aldrich. Water and all buffers were passed over a Chelex 100
column (1 � 15 cm) before use in radiolabeling procedures.
Reversed-phase extraction C-18 Sep-Pak cartridges were obtained
from Waters. The syringe filter and polyethersulfone membranes
(pore size, 0.2 	m; diameter, 13 mm) were obtained from Nalge
Nunc International. 125I-echistatin, labeled by the lactoperoxidase

method to a specific activity of 74,000 GBq/mmol (2,000 Ci/
mmol), was purchased from Amersham Biosciences. The female
athymic nude mice were supplied from Harlran at 4–5 wk of age.
64Cu (half-life [t1/2] 
 12.7 h, �� 
 655 keV [17.4%], �� 
 573
keV [30%]) was obtained form Mallinckrodt Institute of Radiol-
ogy, Washington University School of Medicine (St. Louis, MO).
64Cu was produced in a CS-15 biomedical cyclotron using the
64Ni(p,n,)64Cu nuclear reaction and supplied in high specific ac-
tivity as CuCl2 in 0.1 mol/L of HCl. The monomeric cyclic RGD
peptide, c(RGDfK), was prepared via solution cyclization of the
linear peptide H-Gly-Asp(OtBu)-D-Phe-Lys(Boc)-Arg(Pbf)-OH.
Trifluoroacetic acid (TFA) deprotection in the presence of the
free radical scavenger triisopropylsilane produced the desired
cyclic pentapeptide c(RGDfK) (24 –27). The RGD peptide
dimer E[c(RGDfK)]2 was prepared according to the literature
method (18).

Analytic as well as semipreparative reversed-phase high-perfor-
mance liquid chromatography (RP-HPLC) were performed on a
Dionex 680 chromatography system with a UVD 170U absorbance
detector and model 105S single-channel radiation detector (Carroll
& Ramsey Associates). The recorded data were processed using
Chromeleon version 6.50 software. Isolation of DOTA-conjugated
peptide and 64Cu-labeled peptide was performed using a Vydac
protein and peptide column (218TP510; 5 	m, 250 � 10 mm). The
flow was 5 mL/min, with the mobile phase starting from 95%
solvent A (0.1% TFA in water) and 5% solvent B (0.1% TFA in
acetonitrile) (0–3 min) to 35% solvent A and 65% solvent B at 33
min. The analytic HPLC was performed using the same gradient
system, but with a Vydac 218TP54 column (5 	m, 250 � 4.6 mm)
and flow of 1 mL/min. Ultraviolet (UV) absorbance was monitored
at 218 nm.

Preparation of Boc-Glu(OSu)-OSu
To a solution of the Boc-protected glutamic acid (0.247 g, 1.0

mmol) in 5 mL of N,N-dimethylforamide (DMF) were added
N-hydroxysuccinimide (NHS) (0.253 g, 2.2 mmol) and DCC
(0.453 g, 2.2 mmol). The resulting mixture was stirred at room
temperature for 10 h. The dicyclohexylurea (DCU) by-product was
filtered off. The filtrate was evaporated to dryness under vacuum to
give a crude product, which was then taken up in 3 mL of
methylene chloride. The insoluble solid was filtered off. The
filtrate was concentrated to about 1 mL. The solution was added
dropwise into 30 mL of ether. The desired product was precipitated
as white solid, which was dried in vacuo. The yield was 0.27 g
(
61%). 1H NMR (CDCl3) �-5.23 (br s, 1H, NH), 4.82 (m, 1H,
CH), 2.85 (m, 8H, succinimide group), 2.44–2.25 (m, 2H,
CH2CO), 1.52 (m, 2H, CH2CH2CO), 1.46 (s, 9H, t-Bu).

Preparation of Cyclic RGD Peptide Tetramer:
E{E[c(RGDfK)]2}2

To a solution of the Boc-protected glutamic acid activated ester
Boc-E(OSu)2 (4.4 mg, 0.01 mmol) in anhydrous DMF (1 mL) was
added the cyclic RGD peptide dimer E[c(RGDfK)]2 (39.4 mg, 0.03
mmol). The pH of the resulting mixture was adjusted to 8.5–9.0
with diisopropylethyl amine (DIPEA). The reaction was stirred at
room temperature overnight and the desired product, Boc-
E{E[c(RGDfK)]2}2, was isolated by semipreparative HPLC. The
collected fractions were combined and lyophilized to give a fluffy
white powder. The yield was 15 mg (
53%). Electrospray ion-
ization mass spectroscopy (ESI-MS) (positive mode): m/z 
 2,848
for [M � H]� (C128H187N39O56, calculated molecular weight [MW] 

2,847). The Boc-group was readily removed by treating Boc-
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E{E[c(RGDfK)]2}2 with anhydrous TFA for 5 min. The crude
product was purified by HPLC. The collected fractions were com-
bined and lyophilized to afford E{E[c(RGDfK)]2}2 as a white
powder. The yield was 98%. ESI-MS (positive mode): m/z 

2,748 for [M � H]� (C123H181N39O34, calculated MW 
 2,747).

DOTA Conjugation and 64Cu Radiolabeling
DOTA-E{E[c(RGDfK)]2}2 was synthesized in a manner similar

to that described before (18,26,28,29). Briefly, DOTA was acti-
vated by EDC and SNHS at pH 5.5 for 30 min with a molar ratio
of DOTA:EDC:SNHS 
 10:5:4. The DOTA-OSSu reaction mix-
ture (15 	mol, calculated on the basis of SNHS) was cooled to 4°C
and added to E{E[c(RGDfK)]2}2 (2 mg, 0.6 	mol) dissolved in
500 	L of water. The reaction mixture was adjusted to pH 8.5 with
0.1N of NaOH and was allowed to incubate overnight at 4°C. The
DOTA-coupled peptide was purified by semipreparative HPLC.
The peak containing the tetramer conjugate was collected, lyoph-
ilized, and dissolved in water (2 mg/mL) for use in radiolabeling
reactions. The yield was 1.4 mg (
75%). Matrix-assisted laser
desorption ionization time-of-flight mass spectroscopy (MALDI-
TOF MS): m/z 
 3,135.3 for [M � H]� (C139H205N43O41, calcu-
lated MW 
 3,135.5)

DOTA-E{E[c(RGDfK)]2}2 was radiolabeled with 64Cu to obtain
64Cu-DOTA-E{E[c(RGDfK)]2}2. In brief, 64CuCl2 (74 MBq) was
diluted in 400 	L of 0.1 mol/L sodium acetate and added to the
DOTA conjugate (5 	g peptide per mCi 64Cu). The reaction mixture
was incubated for 1 h at 50°C. 64Cu-DOTA-E{E[c(RGDfK)]2}2

was then purified by semipreparative HPLC. The radioactive peak
containing 64Cu-DOTA-E{E[c(RGDfK)]2}2 was collected, the sol-
vent was evaporated, and the activity was reconstituted in phos-
phate-buffered saline (PBS) and passed through a 0.22-	m syringe
filter for in vivo animal experiments.

Octanol–Water Partition Coefficient
Approximately 111 kBq of 64Cu-DOTA-E{E[c(RGDfK)]2}2 in 500

	L of PBS (pH 7.4) were added to 500 	L of octanol in an
Eppendorf microcentrifuge tube. The 2 layers were mixed for 5
min at room temperature, the tubes were centrifuged at 12,500 rpm
for 5 min (model 5415R Eppendorf microcentrifuge; Brinkman),
and 200-	L aliquots of both layers were counted in a �-counter
(Packard Instruments). The experiment was repeated 3 times.

Cell Integrin Receptor-Binding Assay
In vitro integrin-binding affinities and specificities of DOTA-

conjugated RGD peptides were assessed via displacement cell-
binding assays using 125I-echistatin as the integrin-specific radio-
ligand. Experiments were performed on human glioblastoma
U87MG cell line by modification of a method previously described
(28). Cells were grown in Dulbecco’s medium (Gibco) supple-
mented with 10% fetal bovine serum (FBS), 100 IU/mL penicillin,
and 100 	g/mL streptomycin (Invitrogen Co.), at 37°C in a hu-
midified atmosphere containing 5% CO2. During the cell-binding
assay experiment, the cells were harvested, washed twice with
PBS, and resuspended (2 � 106 cells/mL) in binding buffer (20
mmol/L Tris, pH 7.4, 150 mmol/L NaCl, 2 mmol/L CaCl2, 1
mmol/L MgCl2, 1 mmol/L MnCl2, 0.1% bovine serum albumin).
Filter multiscreen DV plates (96-well; pore size, 0.65 	m; Milli-
pore) were seeded with 105 cells and incubated with 125I-echistatin
(30,000 cpm/well) in the presence of increasing concentrations of
different RGD peptide analogs (0–1,000 nmol/L). The total incu-
bation volume was adjusted to 200 	L. After the cells were
incubated for 2 h at room temperature, the plates were filtered

through a multiscreen vacuum manifold and washed twice with
cold binding buffer. The hydrophilic polyvinylidenedifluoride
(PVDF) filters were collected and the radioactivity was determined
using a NaI(Tl) �-counter (Packard Instruments). The best-fit 50%
inhibitory concentration (IC50) values for the U87MG cells were
calculated by fitting the data by nonlinear regression using Graph-
Pad Prism (GraphPad Software, Inc.). Experiments were per-
formed twice with triplicate samples.

Animal Models
Animal procedures were performed according to a protocol

approved by Stanford University Institutional Animal Care and
Use Committee. Human brain cancer carcinoma xenografts were
induced by subcutaneous injection of 107 U87MG cells into the
right front leg of female athymic nude mice. Three weeks after
inoculation of the tumor cells, when the tumor reached 0.4–0.6 cm
in diameter, the mice were used for biodistribution and microPET
(Concorde Microsystems Inc.) experiments.

In Vivo Metabolic Stability Studies
The metabolic stability of 64Cu-DOTA-E{E[c(RGDfK)]2}2 was

evaluated in normal athymic nude mice using the method de-
scribed in the literature with some modifications (29). Animals
were sacrificed and dissected at 30 min, 1 h, and 2 h after injection
of 7.4 MBq of activity into the tail vein. Blood was immediately
centrifuged for 5 min at 15,000g. Liver and kidneys were homog-
enized, extracted with 500 	L PBS, and centrifuged at 15,000g for
5 min. After removal of the supernatants, the pellets were washed
with 1 mL PBS. For each sample, supernatants of both centrifu-
gation steps of blood, liver, and kidneys were combined and
passed through Sep-Pak C-18 cartridges. The urine sample was
diluted with 1 mL PBS and passed through a C-18 cartridge. The
cartridges were washed with 2 mL of water and eluted with 2 mL
acetonitrile containing 0.1% TFA. After evaporation of the sol-
vent, the residues were redissolved in 1 mL PBS. Aliquots of 400
	L were injected onto analytic RP-HPLC.

Biodistribution Studies
Female nude mice bearing tumor xenography of human glio-

blastoma U87MG were injected with 0.74–1.11 MBq of 64Cu-
DOTA-E{E[c(RGDfK)]2}2. The mice were sacrificed and dis-
sected at 30 min, 1, 2, 4, and 24 h after injection of 64Cu-labeled
tetrameric RGD peptide. The blocking experiment was performed
by coinjecting radiotracer with a saturating dose of c(RGDyK) (10
mg/kg) and sacrificed at 1 h after injection. Blood, tumor, major
organs, and tissues were collected and wet weighted. The radio-
activity in the tissues was measured using a �-counter. The results
are presented as the percentage injected dose per gram (%ID/g).
For each mouse, the radioactivity of the tissue samples was cali-
brated against a known aliquot of the injectate and normalized to
a body mass of 20 g. Values are expressed as mean � SD for a
group of 3 animals.

Calibration of microPET
Scanner activity calibration was performed to map between

microPET image units and units of radioactivity concentration. A
preweighed 50-mL centrifuge tube was filled with distilled water
and 64CuCl2 (
9.3 MBq [
250 	Ci] as determined by the dose
calibrator) was used to simulate the whole body of the mouse. This
tube was weighed, centered in the scanner aperture, and imaged for
a 30-min static image, single bed position. From the sample weight
and assuming a density of 1 g/mL, the activity concentration in the
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bottle was calculated in units of 	Ci/mL. Eight planes were
acquired in the coronal section. A rectangular region of interest
(ROI) (counts/pixel/s) was drawn on the middle of 8 coronal
planes. Using these data, a calibration factor (C) was obtained by
dividing the known radioactivity in the cylinder (	Ci/mL) by the
image ROI. This calibration factor was determined periodically
and did not vary significantly with time.

microPET Studies
PET of tumor-bearing mice was performed on a microPET R4

rodent model scanner (Concorde Microsystems Inc.). The scanner
has computer-controlled vertical and horizontal bed motion, with
an effective axial field of view (FOV) of 7.8 cm and a transaxial
FOV of 10 cm. U87MG tumor-bearing mice (n 
 3) were imaged
in the prone position in the microPET scanner. The mice were
injected with about 9.3 MBq of 64Cu-DOTA-E{E[c(RGDfK)]2}2

via the tail vein and then anesthetized with 2% isoflurane and
placed near the center of the FOV of the microPET where the
highest image resolution and sensitivity are obtained. The 10-min
static scans were obtained at 15 min, 30 min and 1, 2, 4, and 18 h
after injection. The images were reconstructed by a 2-dimensional
ordered-subsets expectation maximum (OSEM) algorithm. No cor-
rection was necessary for attenuation and scattering. At each
microPET scan, ROIs were drawn over each tumor, normal tissue,
and major organs on decay-corrected whole-body coronal im-
ages. The average radioactivity concentration (accumulation)
within a tumor or an organ was obtained from mean pixel values
within the multiple ROI volumes, which were converted to
counts/mL/min by using the calibration constant C. Assuming a
tissue density of 1 g/mL, the ROIs were then converted to
counts/g/min, and then divided by the administered activity to
obtain an imaging ROI-derived percentage administered activ-
ity per gram of tissue (%ID/g). For a receptor-blocking exper-
iment, mice bearing U87MG tumors on the right front leg were
imaged at 1 h (10-min static scan) after administration of 9.3
MBq of 64Cu-DOTA-E{E[c(RGDfK)]2}2 coinjected with 10
mg/kg c(RGDyK).

Radiation Dose Extrapolations to the Human
Radiation-absorbed doses were not estimated for our U87MG

tumor-bearing mice. However, the mouse biodistribution data
(uptake, retention, and clearance) were used to project radiation-
absorbed doses that could be expected in human subjects admin-
istered 64Cu-DOTA-E{E[c(RGDfK)]2}2. Projected radiation-ab-
sorbed doses for humans were made by assuming that, for the
purpose of this exercise, the metabolism rates and pharmacokinet-
ics of 64Cu-DOTA-E{E[c(RGDfK)]2}2 in man and mouse were
equivalent. Therefore, the biodistribution data were assumed to
apply to a reference adult human subject. Time–activity curves
were generated from the mean values obtained in mice for each
organ of interest. We then calculated source organ residence times
for the human model by integrating a monoexponential fit to the
experimental biodistribution data for each organ or tissue by
standard methods. The whole-body time–activity curve was inte-
grated by fitting the whole-body retention data to a biphasic
exponential decay curve, which represented the retention data
more closely than a single exponential equation. The source organ
residence times obtained forthwith were used with a standard
quantitation platform Organ Level Internal Dose Assessment
(OLINDA; Vanderbilt University) (30). Note that the residence
time for the urinary bladder was calculated without incorporating
a dynamic bladder model.

Statistical Analysis
The data were expressed as means � SD. One-way ANOVA

was used for statistical evaluation. Means were compared using the
Student t test. P values � 0.05 were considered significant.

RESULTS

Chemistry and Radiochemistry
The synthesis of DOTA-E{E[c(RGDfK)]2}2 (Fig. 1) was

performed through an active ester method by coupling Boc-
Glu(OSu)-OSu with dimeric RGD peptide E[c(RGDfK)]2

followed by TFA deprotection. In aqueous solution, DOTA

FIGURE 1. Schematic structure of DOTA-
E{E[c(RGDfK)]2}2. The tetrameric RGD pep-
tide was synthesized by coupling Boc-
Glu(OSu)-OSu with dimeric RGD peptide
E[c(RGDfK)]2 followed by removal of Boc
protecting group. DOTA conjugation was re-
alized by reacting monoactive ester of DOTA
with the free amino group on the N-terminal
glutamate.
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was activated with SNHS/EDC, and the resulting DOTA-
OSSu ester was conjugated with tetrameric cyclic RGD
peptide. The overall yield of DOTA-E{E[c(RGDfK)]2}2

was about 25% starting from Boc-Glu. 64Cu labeling of
DOTA-RGD tetramer conjugate was performed using 64Cu
having a measured specific activity of 1 Ci/	mol (37 MBq/
nmol) at �95% radiochemical purity as determined by
analytic HPLC (decay corrected). The 64Cu-DOTA-
E{E[c(RGDfK)]2}2 was purified by semipreparative HPLC.
On the analytic HPLC, we observed no significant differ-
ence between 64Cu-radiolabeled tracer and unlabeled con-
jugate. The tetrameric peptide tracer showed intermediate
hydrophilicity, as indicated from octanol–water partition
coefficient measurements, with a log P value of �1.60 �
0.10.

Cell Integrin Receptor-Binding Assay
The receptor-binding affinity studies of DOTA-

E{E[c(RGDfK)]2}2 for �v integrin were performed using
�v integrin–positive U87MG cells rather than isolated
receptors �v�3. Binding on the cell membrane allows
cross-linking and integrin receptor multimerization, by
which multivalent binding and clustering of receptor is
studied in the natural context of the integrin (31). We
compared the receptor-binding affinity of DOTA conju-
gated tetrameric RGD peptide with that of unlabeled
echistatin, E{E[c(RGDfK)]2}2, E[c(RGDfK)]2, and DOTA-
E[c(RGDfK)]2 by performing competitive displacement stud-
ies with 125I-echistatin (Fig. 2). All the peptides inhibited the
binding of 125I-echistatin to �v integrin–positive U87MG
cells. The IC50 values for echistatin, E{E[c(RGDfK)]2}2,
and E[c(RGDfK)]2, were 1.2 � 0.1, 15.0 � 1.1, and 32.2 �
2.1 nmol/L, respectively. DOTA chelation had minimal
effect on the receptor avidity of dimeric and tetrameric
RGDs. The IC50 values for DOTA-E{E[c(RGDfK)]2}2 and
DOTA-E[c(RGDfK)]2 were 16.6 � 1.3 and 48.4 � 2.8
nmol/L, respectively. The cell-binding assay demonstrated
that RGD tetramer had about 3-fold and almost 10-fold
higher integrin avidity than the corresponding dimeric (19)
and monomeric (25) RGD peptide analogs, respectively.

In Vivo Metabolism of 64Cu-DOTA-E{E[c(RGDfK)]2}2

The metabolic stability of 64Cu-DOTA-E{E[c(RGDfK)]2}2

was determined in mouse blood and urine and in liver and
kidney homogenates at 30 min, 1 h, and 2 h after tracer
injection. The extraction efficiency of all organs was be-
tween 65% and 100% (Fig. 3A). The lowest extraction
efficiency was found for the kidney homogenates. Between
5% and 10% of the total activity could not be fixed on the
C-18 cartridges, which can be related to very hydrophilic
metabolites and protein-bound activity. The HPLC analyses
of the soluble fraction of all organs and tissues allowed
detection of only one major radiolabeled metabolite with the
retention time between 3.3 to 4.0 min. The retention time for
64Cu-DOTA-E{E[c(RGDfK)]2}2 was about 17.5 min (Fig.
3B). The tracer was stable in both blood (96.3% � 3.5%
intact tracer) and urine (95.3% � 4.8% intact tracer) sam-
ples at 30 min after injection, but some degradation was
found at late time points. The amount of intact tracer in the
kidneys was approximately 70% at 30 min after injection
and rapidly dropped to 21% over 2 h. This tracer in the liver
showed rapid metabolism. Representative HPLC profiles of
the soluble fractions of the different samples are shown in
Figure 3C.

Biodistribution Studies
The biodistribution data of 64Cu-DOTA-E{E[c(RGDfK)]2}2

in human U87MG glioma tumor-bearing athymic nude mice
are shown in Figure 4A as the percentage administered
activity (injected dose) per gram of tissue (%ID/g). This
radiolabeled peptide displayed rapid blood clearance
(0.61 � 0.01 %ID/g at 30 min after injection and 0.21 �
0.01 %ID/g at 4 h after injection). Rapid and high activity
accumulation in the �v�3-positive U87MG tumors was
observed at early time points (9.93 � 1.05 %ID/g at 30
min after injection). Tumor uptake slowly decreased to
7.61 � 0.68 %ID/g at 2 h after injection, and 4.56 � 0.51
%ID/g over 24 h. The biologic retention half-time t1/2 of
the 64Cu-labeled tetrameric RGD peptide tracer was 4.3 h
(R2 
 0.99) in the tumor. The renal associated activity
was initially high (9.02 � 0.56 %ID/g, 30 min after
injection), but fell to 2.83 � 0.22 %ID/g at the end of
24 h (biologic retention t1/2 
 1.72 h, R2 
 0.99) (Table
1). Moderate liver activity accumulation (e.g., 4.38 �
0.39 %ID/g at 1 h and 2.34 � 0.18 %ID/g, respectively)
was also observed at all times.

A receptor specificity was demonstrated by coinjection of
c(RGDyK) (10 mg/kg), which is integrin �v�3 positive, with
64Cu-DOTA-E{E[c(RGDfK)]2}2 and measuring the biodis-
tribution at 1 h after injection A significant decrease of
radioactivity in all dissected tissues is shown in Figure 4B.
Uptake in tumor was reduced most markedly from 9.70
%ID/g to 1.75 %ID/g. This experiment showed that the
uptake and retention of 64Cu-DOTA-E{E[c(RGDfK)]2}2

can be blocked in the presence of excess of nonradioactive
RGD peptide in the U87MG tumor as well as in other
organs, except blood and kidney. This simple blocking

FIGURE 2. In vitro inhibition of 125I-echistatin binding to �v

integrin on human glioblastoma cell line U87MG by echistatin,
E[c(EGDfK)]2, DOTA-E[c(EGDfK)]2, E{E[c(RGDfK)]2}2, and DOTA-
E{E[c(RGDfK)]2}2. Results are means of 3 experiments.
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experiment does not allow us to conclude with absolute
certainty that tumor uptake of 64Cu-DOTA-E{E[c(RGDfK)]2}2

is attributed to specific peptide–receptor interaction unless
dose-dependent inhibition of tumor uptake is observed by
coinjecting varying amounts of competing agents.

A comparison of the kinetics of excretion of 64Cu-DOTA-
E[c(RGDfK)]2 and 64Cu-DOTA-E{E[c(RGDfK)]2}2 from
the blood, liver, kidneys, and U87MG tumors is shown in
Figure 5. Both tracers demonstrated rapid blood clear-
ance with the tetramer (biologic t1/2 
 0.56 h; R2 
 0.99)
slower than the dimer (biologic t1/2 
 0.20 h; R2 
 0.99).
The renal uptake of the tetramer was significantly higher
than that of the dimer at all time points (P � 0.0001),
presumably because of the charge differences of these 2
conjugates. No significant difference was seen between 2
tracers in the liver uptake at early time points (P � 0.1),
but the tetramer displayed persistent activity accumula-
tion in the liver while liver activity for the dimer was
slowly excreted. The relatively lipophilic character of the
cyclic RGDfK tetramer (log P 
 �1.6 � 0.1) may be
responsible for the hepatic residualization of this tracer.
The uptake for 64Cu-DOTA-E{E[c(RGDfK)]2}2 in the inte-
grin-positive U87MG tumor was more than 2-fold higher

than for 64Cu-DOTA-E[c(RGDfK)]2 (P � 0.001). Alto-
gether, the prolonged tumor retention and rapid clearance
from nontarget organs led to very high tumor-to-nontumor
ratios for the tetrameric RGD peptide tracer (e.g., at 2 h time
point, tumor-to-blood ratio 
 34.8 � 2.7; tumor-to-muscle
ratio 
 15.9 � 1.2; tumor-to-liver ratio 
 2.32 � 0.18;
tumor-to-kidney ratio 
 1.54 � 0.12; and tumor-to-small
intestine ratio 
 3.95 � 0.30).

microPET Studies
The localization of 64Cu-DOTA-E{E[c(RGDfK)]2}2 in

human U87MG tumor-bearing nude mice (n 
 3) was
performed by multiple time-point static microPET scans.
Figure 6A shows coronal microPET images of a female
mouse at different times after injection following adminis-
tration of 9.1 MBq (245 	Ci) of the radiotracer. All micro-
PET images were decay corrected. The tumor was clearly
visualized with high tumor-to-contralateral background
contrast, with the ratio higher than 5 at all times examined.
Quantification of activity accumulation in the tumor and
major organs (Fig. 6B) agreed well with that obtained from
direct tissue sampling, except that the tumor-to-muscle ratio
obtained from microPET was lower than that from biodis-

FIGURE 3. (A) Extraction efficiency of liver and kidney homogenates, blood, and urine samples at 30 min, 1 h, and 2 h after tracer
injection in normal athymic nude mice (n 
 3). (B) Time course of intact tracer in soluble fraction of blood, urine, and organ
homogenates. (C) Representative HPLC elution profiles of soluble fraction of blood and urine samples, liver, and kidney homog-
enates collected 1 h after tracer injection.
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tribution studies (P � 0.002). No activity accumulation was
observed in the normal brain, presumably because of a low
�v integrin expression level and an intact blood–brain bar-
rier (BBB). Comparison of tumor uptakes in mice with and
without coinjection of blocking dose of nonradioactive
RGD peptide c(RGDyK) is illustrated in Figure 6C. Tumor-
to-background contrasts at 1 h after injection for the control
group and blocked group were 8.7 � 1.5 and 2.3 � 0.6,
respectively.

Radiation Dosimetry
Table 1 shows the fractional uptake at time zero together

with the biologic half-times for each organ of the mouse
based on monoexponential clearance. Also shown are the
biologic half-times and applicable fractions for the remain-
der of body based on a biexponential clearance function.
The fractional uptakes (%ID) were greatest for the urinary
bladder, tumor, and liver. These parameters were used to
project radiation-absorbed doses per unit administered ac-
tivity in an adult human (Table 2). These results predict that
the highest radiation-absorbed doses will be to the urinary

TABLE 1
Average Fractional Uptake at Time Zero and Biologic Half-
Times for Each Organ of Tumor-Bearing Mice According

to Biodistribution Data (n 
 3)

Organ
Fractional uptake

(%)
Biologic half-times

(h)

Heart 0.19 3.52
Lung 0.76 3.11
Liver 3.48 10.45
Kidneys 2.49 2.95
Spleen 0.19 6.00
Pancreas 0.09 9.32
Brain 0.05 8.52
Urine*† 25.0 0.05; 1.85
Remainder of body* 9.2 0.07; 4.40

*Biologic half-times were calculated based on a biexponential
clearance function.

†Urinary bladder fraction calculated assuming no excretion.

FIGURE 4. (A) Biodistribution data for
64Cu-DOTA-E{E[c(RGDfK)]2}2 in athymic nude
mice bearing subcutaneously xeno-trans-
planted U87MG tumors. Data are expressed
as normalized accumulation of activity in %ID/
g � SD (n 
 3). (B) Biodistributions of 64Cu-
DOTA-E{E[c(RGDfK)]2}2 in U87MG tumor-
bearing athymic nude mice at 1 h with and
without coinjection of 10 mg/kg of c(RGDyK)
as a blocking agent (n 
 3).
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bladder wall (0.262 mGy/MBq), kidneys (0.0296 mGy/
MBq), and liver (0.0242 mGy/MBq). The whole-body ab-
sorbed dose was found to be 0.0164 mSv/MBq adminis-
tered.

DISCUSSION

This study describes the synthesis of a tetrameric RGD
peptide ligand for radiolabeling with the positron-emitting
radionuclide 64Cu for imaging tumor integrin expression.
The new tracer 64Cu-DOTA-E{E[c(RGDfK)]2}2 (Fig. 1)
shows a very high tumor-to-nontumor contrast and should
be useful for targeted diagnosis and radiotherapy of integrin
�v�3–positive tumors.

A variety of radiolabeled peptides are being evaluated for
tumor localization and therapy. Radiolabeled RGD peptides
are of particular interest because they bind to the integrin
�v�3 overexpressed on newly formed blood vessels and
cells of many common cancer types. However, most small
cyclic RGD peptides tracers result in fast blood clearance
accompanied by low tumor uptake and rapid tumor wash-
out, presumably due to suboptimal receptor-binding affinity
and inadequate contact with cell-surface integrin receptors
(17,24–29,32–34).

We and others (18–23) have previously applied the con-
cept of bivalency to develop dimeric RGD peptides for
improved tumor targeting over that of the corresponding
monomeric RGD peptide analogs. In principle, the intro-
duction of the homogeneous dimeric RGD peptide system is
expected to improve integrin targeting by cooperative re-
ceptor interactions and receptor shielding to endogenous

competition. Dimeric RGD peptide E[c(RGDfK)]2 was con-
jugated with DOTA or HYNIC, which enables labeling with
111In (21), 90Y (21,23), 64Cu (19), and 99mTc (18,22). The
dimeric RGD peptide tracer showed higher receptor-binding
affinity and specificity for integrin �v�3 in vitro and en-
hanced tumor uptake and retention in vivo as compared with
the monomeric RGD peptide analog. A single injection of
90Y-DOTA-E[c(RGDfK)]2 at maximum tolerated dose
caused a significant delay in tumor growth in a small
subcutaneous OVCAR-3 ovarian xenograft tumor model
(21). We found that replacing D-phenylalanine with D-
tyrosine increased the hydrophilicity of the dimeric RGD
peptide and, consequently, resulted in increased integrin-
mediated tumor uptake and more favorable biokinetics in
an orthotopic MDA-MB-435 breast cancer model (19).
E[c(RGDyK)]2 was also labeled with 18F by using a pros-
thetic 4-18F-fluorobenzoyl group and showed significantly
higher tumor uptake and prolonged tumor retention in com-
parison with the 18F-labeled monomeric RGD peptide be-
cause of the synergistic effect of bivalency and improved
pharmacokinetics (20).

Although the dimeric RGD peptide tracers had some
incremental improvement on tumor targeting and pharma-
cokinetics as compared with the monomeric RGD peptide
analogs, the intermediate tumor uptake and persistent renal
activity accumulation of this type of radioligand prevent
their translation into human beings for diagnostic or thera-
peutic applications.

We hypothesize that multimerization to introduce
tetrameric RGD peptides might further increase the re-

FIGURE 5. Comparison of biodistributions of 64Cu-DOTA-E{E[c(RGDfK)]2}2 (F) and 64Cu-DOTA-E[c(RGDfK)]2 (E) in U87MG
tumor-bearing athymic nude mice. Error bars denote SDs (n 
 3).
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ceptor-binding affinity presumably because of the poly-
valency effect. In this study, we designed a new tet-
rameric RGD peptide with repeating c(RGDfK) units
connected through glutamate linkers. A cell receptor–
binding assay using integrin-positive U87MG cells and
125I-echistatin as the radioligand found integrin avidity of
E{E[c(RGDfK)]2}2 � E[c(RGDfK)]2 � c(RGDfK) (Fig.
2). DOTA conjugation had a minimal effect on the inte-
grin affinity of the RGD peptides. When applied to the
subcutaneous U87MG glioblastoma xenogarft model,
64Cu-DOTA-E{E[c(RGDfK)]2}2 showed high tumor up-
take and primarily renal and secondarily hepatic excre-
tion routes (Figs. 4 and 6). The initial high tumor uptake
might be attributed to the high integrin affinity of the
tracer. The increased molecular size resulting in longer
blood circulation time might be responsible for the pro-
longed tumor retention. At any given time, the in vivo
tumor signal not only is attributed to specific binding but
also presents contributions from nonspecific binding, free
ligand in tissue, and intravascular activity. Kinetic mod-
eling (e.g., Logan plot) (35) of the noninvasive dynamic

PET data may be applied to directly measure affinity
constants and binding potential in vivo.

Kidney retention of 64Cu was much longer for 64Cu-DOTA-
E{E[c(RGDfK)]2}2 than for 64Cu-DOTA-E[c(RGDfK)]2

(Fig. 5). Differences in renal uptake and excretion may be
related to the charge differences of these 2 conjugates.
The tetrameric RGD peptide tracer is more positively
charged than the dimeric RGD peptide tracer because of
the presence of more secondary amino groups, similar to
what is observed for the difference between dimers and
monomers (18 –23). The positively charged radiopeptides
or metabolites are usually retained in the kidney after
resorption by renal tubular cells and lysosomal proteol-
ysis (36). We also note from Figure 5 that the enhanced
tumor uptake of the tetramer compared with the dimer is
accompanied by a similar increase in renal uptake. Thus,
tumor-to-kidney ratios do not increase significantly when
using the tetrameric RGD peptide tracer and, conse-
quently, the therapeutic window may not be increased
and the advantage of a tetramer over a dimer might be
modest. Blocking cationic binding sites in the kidneys

FIGURE 6. (A) Decay-corrected whole-body coronal microPET images of nude mouse bearing human U87MG tumor at 15 and
30 min and at 1, 2, 4, and 18 h (10-min static image) after injection of 9.1 MBq (245 	Ci) of 64Cu-DOTA-E{E[c(RGDfK)]2}2. (B)
Time–activity curves derived from multiple time-point microPET study. ROIs are shown as the mean %ID/g � SD (n 
 4). (C)
Comparison of tumor uptakes in mice injected with 64Cu-DOTA-E{E[c(RGDfK)]2}2 at a dose of 9.3 MBq with (top) or without (bottom)
10 mg/kg c(RGDyK).
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with cationic amino acid infusion was reported to reduce
renal uptake without compromising the tumor activity
accumulation in both mice and humans (37). We expect
that renal uptake of 64Cu-DOTA-E{E[c(RGDfK)]2}2 may
be blocked by coadministration of D- or L-lysines (37).
Modification of DOTA-E{E[c(RGDfK)]2}2 conjugation
by inserting a pharmacokinetic modifier to make the
64Cu-labeled complex neutral or negatively charged may
also improve the biokinetics of the tracer. Tetrameric
RGD peptide tracer had moderate but persistent liver
uptake. Although the factors that exert this influence are
not fully understood, it is clear that the charge, lipophi-
licity, and stability of the copper complex play major
roles. Our pervious experience with 64Cu-labeled dimeric
RGD peptide found that replacing D-Phe with D-Tyr
increased the hydrophilicity of the resulting radiotracer
and subsequently reduced liver uptake (19). We suggest
that 64Cu-DOTA-E{E[c(RGDyK)]2}2 may exhibit less
liver uptake than 64Cu-DOTA-E{E[c(RGDfK)]2}2.

In addition to U87MG tumor, 64Cu-labeled RGD tetramer
uptake in some normal organs and tissues was also inhibited
by coadministration of an excess amount of monomeric
RGD peptide c(RGDyK) (Fig. 4B). Western blot analysis of
the tissue lysates suggested that these organs express a low
amount of integrin �v�3 (data not shown). Whether integrin-

mediated localization of 64Cu-DOTA-E{E[c(RGDyK)]2}2

in nontumor tissues will affect its imaging as well therapeu-
tic application requires further investigation.

The OLINDA software (30), as a replacement for
MIRDOSE3, provides a calculation of the effective dose
for human adults as defined in ICRP Publication 60 (38).
The urinary bladder received the highest absorbed doses,
reflecting rapid clearance of most of the injected 64Cu-
DOTA-E{E[c(RGDyK)]2}2 into the bladder and making
it the limiting organ as far as the amount of 64Cu-DOTA-
E{E[c(RGDyK)]2}2 that can be injected. However, the
patient’s voiding interval affects the radiation dose ab-
sorbed by the urinary bladder and, because the urinary
bladder is the limiting organ, the patient’s frequency of
urination will change the bladder dose. Previous nonhu-
man primate imaging studies with 64Cu-labeled oct-
reotide 64Cu-TETA-Y3-TATE found that the bladder
dose could be reduced �7-fold by a normal voiding
scheme as compared with no excretion assumption (39).
If this is also true for our tetrameric RGD peptide tracer,
then the kidneys appear to be the most affected and
dose-limiting organs in human studies with regard to
toxicity. The human kidney and liver doses of 64Cu-
DOTA-E{E[c(RGDfK)]2}2 calculated from mouse bio-
distribution data (0.030 and 0.024 mGy/MBq, respec-

TABLE 2
Estimated Radiation-Absorbed Doses to Adult Human After Intravenous Injection of 64Cu-DOTA-E{E[c(RGDfK)]2}2 Based

on Average Biodistribution Data Obtained in U87MG Glioblastoma-Bearing Nude Mice (n 
 3)

Target organ mGy/MBq (SD) rad/mCi (SD)

Adrenals 2.07E�03 (3.31E�04) 7.67E�03 (1.23E�03)
Brain 4.73E�04 (3.64E�05) 1.75E�03 (1.35E�04)
Breasts 6.58E�04 (1.05E�04) 2.43E�03 (3.89E�04)
Gallbladder wall 3.00E�03 (4.80E�04) 1.11E�02 (1.78E�03)
Lower large intestine 3.94E�03 (6.30E�04) 1.46E�02 (2.34E�03)
Small intestine 2.19E�03 (3.50E�04) 8.10E�03 (1.30E�03)
Stomach wall 1.28E�03 (2.05E�04) 4.74E�03 (7.58E�04)
Upper large intestine 2.04E�03 (3.26E�04) 7.53E�03 (1.20E�03)
Heart wall 3.22E�03 (6.15E�05) 1.19E�02 (2.27E�04)
Kidneys 2.96E�02 (1.84E�03) 1.10E�01 (6.84E�03)
Liver 2.43E�02 (1.56E�03) 8.98E�02 (5.76E�03)
Lungs 9.57E�04 (2.34E�05) 3.54E�03 (8.66E�05)
Muscle 1.55E�03 (8.90E�05) 5.74E�03 (3.30E�04)
Ovaries 3.74E�03 (5.98E�04) 1.38E�02 (2.21E�03)
Pancreas 1.15E�02 (4.73E�04) 4.24E�02 (1.74E�03)
Red marrow 1.28E�03 (2.05E�04) 4.75E�03 (7.60E�04)
Osteogenic cells 1.46E�03 (2.34E�04) 5.41E�03 (8.66E�04)
Skin 8.32E�04 (1.33E�04) 3.08E�03 (4.93E�04)
Spleen 8.16E�03 (1.64E�03) 3.02E�02 (6.07E�03)
Testes 2.72E�03 (4.35E�04) 1.01E�02 (1.62E�03)
Thymus 6.80E�04 (1.09E�04) 2.51E�03 (4.02E�04)
Thyroid 5.05E�04 (8.08E�05) 1.87E�03 (2.99E�04)
Urinary bladder wall 2.62E�01 (4.72E�02) 9.69E�01 (1.75E�01)
Uterus 7.92E�03 (1.27E�03) 2.93E�02 (4.69E�03)
Total body dose 2.35E�03 (3.76E�04) 8.69E�03 (1.39E�03)
Effective dose* 1.64E�02 (2.95E�03) 6.06E�02 (1.09E�02)

*In unit of mSv/MBq or rem/mCi.
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tively) were significantly lower than those of 64Cu-
labeled octreotide 64Cu-DOTA-OC calculated from
clinical PET (0.078 and 0.091 mGy/MBq, respectively)
(40). The use of rodent biodistribution data is generally
thought to give a worst-scenario estimate of absorbed
doses to normal organs. Whether this is true for 64Cu-
DOTA-E{E[c(RGDfK)]2}2 remains to be tested in human
patients. Nevertheless, methods to decrease the uptake of
radioligand in the kidneys, such as coadministration of
cationic amino acids (37) or modifying the structure to
render the overall neutral or negatively charged mole-
cule, may be able to minimize long-term damage to this
organ if a particle ray-emitting isotope is used for the
therapy.

Previous clinical investigations demonstrated the expres-
sion of integrin �v�3 in glioma-associated angiogenesis
(11). We have also shown that both subcutaneous and
orthotopic U87MG glioblastoma xenografts (20,24,26,27)
had high level of integrin. However, the subcutaneous tu-
mor model used in this study does not accurately represent
the growth, invasion, histology, gene expression profiling,
vasculature, and stromal interactions or intracranial tumors.

In addition, the tumor model from the established
U87MG glioblastoma cell line does not necessarily reflect
the biology, heterogeneity, or therapeutic response of the
primary tumor from which it was derived. Genetically ac-
curate animal models for brain tumors such as those de-
scribed in the Mouse Models of Human Cancers Consor-
tium (MMHCC) (http://emice.nci.nih.gov/) that are more
likely to parallel the human situation may be used in the
future to test the clinical potential of the tetrameric RGD
peptide tracer.

CONCLUSION

64Cu-DOTA-E{E[c(RGDfK)]2}2 was shown to bind with
high affinity and specificity with integrin-positive U87MG
glioma cells in vitro and in vivo and has the right charac-
teristics for further pursuit as an imaging agent with PET.
The presumed polyvalency effect and suitable apparent size
of this tetrameric RGD peptide tracer make it a superior
ligand for integrin targeting in vivo. Although the effective-
ness of this copper complex to eradicate integrin-positive
tumors was untested, high and prolonged tumor uptake and
favorable pharmacokinetics suggest that the this tetrameric
RGD peptide tracer has great potential as a clinical PET
radiopharmaceutical for imaging tumor integrin expression
and as a therapeutic radiopharmaceutical to treat integrin-
positive tumors. Because DOTA is a universal chelator
capable of forming stable complexes with a variety of
metals, such as 111In, 67/68Ga, 64/67Cu, 86/90Y, and 177Lu, the
same peptide conjugate used for 64Cu labeling in this study
can also be applied to label other radiometals for tumor
localization and therapy.
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