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Abstract
Radiolabeled cyclic RGD (Arg-Gly-Asp) peptides represent a new class of radiotracers with potential
for the early tumor detection and non-invasive monitoring of tumor metastasis and therapeutic
response in cancer patients. This report describes the synthesis of two cyclic RGD peptide dimer
conjugates, DOTA-PEG4-E[PEG4-c(RGDfK)]2 (DOTA-3PEG4-dimer: DOTA = 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid; PEG4 = 15-amino-4,7,10,13-
tetraoxapentadecanoic acid) and DOTA-G3-E[G3-c(RGDfK)]2 (DOTA-3G3-dimer: G3 = Gly-Gly-
Gly). Integrin αvβ3 binding affinities of cyclic RGD peptides were determined by competitive
displacement of 125I-echistatin bound to U87MG human glioma cells, and follow the order of DOTA-
E{E[c(RGDfK)]2}2 (DOTA-tetramer: IC50 = 10 ± 2 nM) > DOTA-3G3-dimer (IC50 = 62 ± 6 nM)
~ DOTA-3PEG4-dimer (IC50 = 74 ± 3 nM) > DOTA-E[c(RGDfK)]2 (DOTA-dimer: IC50 = 102 ± 5
nM). The addition of PEG4 and G3 linkers between two cyclic RGD motifs in DOTA-3G3-dimer
and DOTA-3PEG4-dimer makes it possible for them to achieve the simultaneous integrin αvβ3
binding in a bivalent fashion. Both 64Cu(DOTA-3PEG4-dimer) and 64Cu(DOTA-3G3-dimer) were
prepared in high yield with specific activity being >50 Ci/mmol. Biodistribution and imaging studies
were performed in athymic nude mice bearing U87MG human glioma xenografts. The results from
those studies show that PEG4 and G3 linkers are particularly useful for improving tumor uptake and
clearance kinetics of 64Cu radiotracers from the non-tumor organs, such as kidneys, liver and lungs.
There is a linear relationship between the tumor size and %ID tumor uptake, suggesting that 64Cu
(DOTA-3PEG4-dimer) and 64Cu(DOTA-3PEG4-dimer) might be useful for noninvasive monitoring
of tumor growth or shrinkage during anti-angiogenic therapy. MicroPET imaging data clearly
demonstrate the utility of 64Cu(DOTA-3G3-dimer) as a new PET radiotracer for imaging integrin
αvβ3-positive tumors.
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INTRODUCTION
Angiogenesis is a requirement for tumor growth and metastasis (1-10). Without neovasculature
to provide oxygen and nutrients, tumors cannot grow beyond 1 - 2 mm in size. Once
vascularized, previously dormant tumors begin to grow rapidly and their volumes increase

*To whom correspondence should be addressed: School of Health Sciences, Purdue University, 550 Stadium Mall Drive, West Lafayette,
IN 47907. Phone: 765-494-0236; Fax 765-496-1377; Email: E-mail: lius@pharmacy.purdue.edu.

NIH Public Access
Author Manuscript
Bioconjug Chem. Author manuscript; available in PMC 2010 April 1.

Published in final edited form as:
Bioconjug Chem. 2009 April ; 20(4): 750–759. doi:10.1021/bc800455p.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



exponentially. Recent clinical and experimental evidence suggests that the tumor growth and
progression are dependent on angiogenesis and invasion, which share common regulatory
mechanisms (2,5). Angiogenesis is an invasive process characterized by endothelial cell
proliferation, and is regulated by cell adhesion receptors. Integrins are such a family of proteins
that facilitate cellular adhesion to and migration on extracellular matrix proteins found in
intercellular spaces and basement membranes, and regulate cellular entry and withdraw from
the cell cycle (5-13). Integrin αvβ3 is a receptor for the extracellular matrix proteins with
exposed arginine-glycine-aspartic (RGD) tripeptide sequence (5,6,9). Integrin αvβ3 is normally
expressed at low levels on epithelial cells and mature endothelial cells; but it is highly expressed
on the activated endothelial cells in the neovasculature of tumors, including osteosarcomas,
glioblastomas, melanomas, lung carcinomas, and breast cancer (11-19). It has demonstrated
that integrin αvβ3 is overexpressed on both endothelial and tumor cells in human breast cancer
xenografts (20). The integrin αvβ3 expression correlates well with tumor progression and
invasiveness of melanoma, glioma and breast cancers (13-16,18-20). The highly restricted
expression of integrin αvβ3 during tumor growth, invasion and metastasis presents an
interesting molecular target for early detection of rapidly growing and metastatic tumors
(21-33). In addition, it would be highly advantageous to develop an integrin αvβ3-specific
radiotracer that could be used to non-invasively visualize and quantify the integrin αvβ3
expression level before, during or after antiangiogenic therapy (34).

Over the last several years, many radiolabeled cyclic RGD peptides have been evaluated as
potential radiotracers for imaging the integrin αvβ3-positive tumors by single photon emission
computed tomography (SPECT) or positron emission tomography (PET) (35-68). The integrin
αvβ3-targeted radiotracers have recently been reviewed extensively (21-33). Among the
radiotracers evaluated in different pre-clinical tumor-bearing animal models, [18F]-AH111585,
the core peptide sequence originally discovered from a phage display library (such as
ACDRGDCFCG), and [18F]Galacto-RGD (2-[18F]fluoropropanamide c(RGDfK(SAA); SAA
= 7-amino-L-glyero-L-galacto-2,6-anhydro-7-deoxyheptanamide) are under clinical
investigations for noninvasive visualization of integrin αvβ3 expression in cancer patients
(69-71). The imaging studies in cancer patients show that the 18F-labeled cyclic RGD peptides
are able to target the integrin αvβ3-positive tumors. However, the low tumor uptake, high cost
and lack of preparation modules for the 18F-labeled monomeric cyclic RGD peptides impose
a significant challenge for their continued clinical applications.

To improve the integrin αvβ3 binding, multimeric cyclic RGD peptides, such as E[c
(RGDfK)]2 (dimer) and E{E[c(RGDfK)]2}2 (tetramer), were used as targeting biomolecules
to carry radionuclide (e.g. 99mTc, 18F, 64Cu, and 111In) to the integrin αvβ3 on tumor cells and
endothelial cells of the tumor neovasculature (41-43,47-68). The results from the in vitro
assays, ex-vivo biodistribution and in vivo imaging studies clearly demonstrate that the
radiolabeled (99mTc, 18F, 64Cu, and 111In) multimeric cyclic RGD peptides, such as E{E[c
(RGDxK)]2}2 and E[c(RGDxK)]2 (x = f and y), have much better tumor targeting capability
as evidenced by their higher tumor uptake with longer tumor retention times as compared to
their monomeric RGD peptide counterparts (47-68). However, it remains unclear if the cyclic
RGD motifs in E{E[c(RGDxK)]2}2 and E[c(RGDxK)]2 (x = f and y) are indeed able to achieve
simultaneous integrin αvβ3 binding in a bivalent fashion. In addition, the uptake of the
radiolabeled (99mTc, 18F, 64Cu and 111In) multimeric cyclic RGD peptides in the kidneys and
liver is also increased as the peptide multiplicity increases (51-54,60-68).

We recently reported the evaluation of two 99mTc-labeled cyclic RGD dimers, [99mTc
(HYNIC-3PEG4-dimer)(tricine)(TPPTS)] (99mTc-3PEG4-dimer: HYNIC = 6-
hydrazinonicotinyl, 3PEG4-dimer = PEG4-E[PEG4-c(RGDfK)]2, PEG4 = 15-
amino-4,7,10,13-tetraoxapentadecanoic acid, and TPPTS = trisodium triphenylphosphine-3,3',
3"-trisulfonate) and [99mTc(HYNIC-3G3-dimer)(tricine)(TPPTS)] (99mTc-3G3-dimer: 3G3-
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dimer = G3-E[G3-c(RGDfK)]2 and G3 = Gly-Gly-Gly), as new radiotracers for imaging
integrin αvβ3 expression in the athymic nude mice bearing U87MG glioma and MDA-MB-435
breast cancer xenografts (72,73). The PEG4 and G3 linkers are used to increase the distance
between two cyclic RGDfK motifs from 6 bonds (excluding side arms of K-residues) in E[c
(RGDfK)]2 to 26 bonds in 3G3-dimer and 38 bonds in 3PEG4-dimer so that they are able to
achieve simultaneous integrin αvβ3 binding in a bivalent fashion, and to improve the radiotracer
excretion kinetics from non-cancerous organs. Results from the αvβ3 integrin binding assay
show that the addition of two PEG4 or G3 linkers between two cyclic RGD motifs makes
3PEG4-dimer and 3G3-dimer bivalent in binding to the integrin αvβ3. The results from ex-vivo
biodistribution studies clearly demonstrate that PEG4 and G3 linkers are useful for improving
the tumor uptake and clearance of 99mTc-3PEG4-dimer and 99mTc-3G3-dimer from kidneys
and liver. These promising results led us to prepare DOTA-3PEG4-dimer and DOTA-3G3-
dimer (DOTA = 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid), and their
corresponding 64Cu complexes, 64Cu(DOTA-3PEG4-dimer) and 64Cu(DOTA-3G3-dimer).

In this report, we present the synthesis and evaluation of 64Cu(DOTA-3PEG4-dimer)
and 64Cu(DOTA-3G3-dimer) as PET radiotracers for imaging integrin αvβ3 expression in
athymic nude mice bearing the U87MG glioma xenografts. We are particularly interested
in 64Cu because of its longer half-life (t1/2= 12.7 h) than 18F (t1/2= 110 min). 64Cu decays by
β+ emission (18% abundance, maximum β+ energy of 0.655 MeV). It can be produced with
high specific activity (74). All these factors make the 64Cu-labeled cyclic RGD peptides very
attractive as PET radiotracers. DOTA was chosen because it forms a highly stable 64Cu chelate
(75-77). The main objective of this study is to assess the impact of PEG4 and G3 linkers on
integrin αvβ3 binding affinity of DOTA-conjugated cyclic RGD peptide dimers, and on the
tumor uptake and excretion kinetics of their 64Cu radiotracers from noncancerous organs,
particularly the kidneys and liver. The results from the integrin αvβ3 binding assay and
biodistribution studies may also allow us to compare them with 64Cu(DOTA-dimer) and 64Cu
(DOTA-tetramer).

EXPERIMENTAL SECTION
Materials

Chemicals were purchased from Sigma-Aldrich (St. Louis, MO). DOTA-NHS (1,4,7,10-
tetraazacyclododecane-1-(N-hydroxysuccinimide acetate)-4,7,10-triacetic acid) was obtained
from Macrocyclics Inc. (Dallas, TX). Peptide dimers, PEG4-E[PEG4-c(RGDfK)]2 (3PEG4-
dimer) and G3-E[G3-c(RGDfK)]2 (3G3-dimer), were custom-made by Peptides International,
Inc. (Louisville, KY). The ESI (electrospray ionization) mass spectral data were collected on
a Finnigan LCQ classic mass spectrometer, School of Pharmacy, Purdue
University. 64CuCl2 was produced using a CS-15 biomedical cyclotron at Washington
University School of Medicine by the 64Ni(p,n)64Cu nuclear reaction.

HPLC Methods
HPLC Method 1 used a LabAlliance semi-prep HPLC system (State College, PA) equipped
with an UV/Vis detector (λ = 254 nm) and Zorbax C18 semi-prep column (9.4 mm × 250 mm,
100 Å pore size). The flow rate was 2.5 mL/min. The gradient mobile phase started with 90%
solvent A (0.1% TFA in water) and 10% solvent B (0.1% TFA in acetonitrile) to 85% solvent
A and 15% solvent B at 5 min to 65% solvent A and 35% solvent B at 30 min, followed by an
isocratic mobile phase with 50% solvent A and 50% solvent B at 32 - 36 min. The radio-HPLC
method (Method 2) used the LabAlliance semi-prep HPLC system equipped with a β-ram IN/
US detector (Tampa, FL) and Zorbax C18 column (4.6 mm × 250 mm, 300 Å pore size; Agilent
Technologies, Santa Clara, CA). The flow rate was 1 mL/min. The mobile phase was isocratic
with 90% solvent A (25 mM ammonium acetate buffer, pH = 5.0) and 10% solvent B
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(acetonitrile) at 0 - 2 min, followed by a gradient mobile phase going from 10% solvent B at
2 min to 15% solvent B at 5 min and to 20% solvent B at 20 min.

DOTA-PEG4-E[PEG4-c(RGDfK)]2 (DOTA-3PEG4-dimer)
DOTA-NHS (4.6 mg, 11 μmol) and PEG4-E[PEG4-c(RGDfK)]2 (5 mg, 2.8 μmol) were
dissolved in DMF (2 mL). After addition of triethylamine (10 mg, 10 μmol), the reaction
mixture was stirred at room temperature overnight. The product was isolated from the mixture
by HPLC purification (Method 1). The fraction at 19.5 min was collected. Lyophilization of
the collected fractions afforded DOTA-3PEG4-dimer as a white powder. The yield was 2.0 mg
(~34%) with >95% HPLC purity. ESI-MS (positive mode): m/z = 1058.59 for [M + H]+

(1058.99 calcd. for [C77H103N23O23S]+).

DOTA-G3-E[G3-c(RGDfK)]2 (DOTA-3G3-dimer)
DOTA-3G3-monomer was prepared using the same procedure using DOTA-NHS (4.4 mg,
10.6 μmol) and G3-E[G3-c(RGDfK)]2 (3 mg, 3.53 μmol). Lyophilization of the combined
collections at ~19.5 min (Method 1) afforded the expected product DOTA-3G3-monomer. The
yield was 1.6 mg (~40%) with HPLC purity >95%. ESI-MS: m/z=1154.17 for [M+H]+

(1154.49 calcd. For [C51H72N13O16S]+)

64Cu-Labeling
To a 5 mL vial were added 50 μg of the DOTA-RGD conjugate (RGD = 3PEG4-dimer or
3G3-dimer) in 0.3 mL of 0.1 M NaOAc buffer (pH = 6.9) and 0.12 mL of 64CuCl2 solution (~
2.0 mCi) in 0.05 N HCl. The reaction mixture was heated at 100 °C for 30 min. After cooling
to room temperature, a sample of resulting solution was analyzed by radio-HPLC (Method 2).
The radiochemical purity (RCP) for 64Cu(DOTA-3PEG4-dimer) and 64Cu(DOTA-3G3-dimer)
was >95% with the specific activity of 300 - 400 mCi/μmol.

Dose Preparation
For biodistribution studies, 64Cu(DOTA-3PEG4-dimer) and 64Cu(DOTA-3G3-dimer) were
prepared, and then purified by HPLC (Method 2). Volatiles in the HPLC mobile phases were
removed by rotary evaporation. The dose solution was prepared by dissolving the HPLC-
purified radiotracer in saline to a concentration of 10 - 25 μCi/mL. In the blocking experiment,
E[c(RGDfK)]2 was dissolved in the solution containing the radiotracer to give a concentration
of 1.75 mg/mL. For microPET imaging studies, 64Cu(DOTA-3G3-dimer) was prepared by
using 12 μg of DOTA-3G3-dimer to react with about 2 mCi of 64CuCl2 in 0.3 mL of 0.1 M
NaOAc buffer. After radiolabeling, 64Cu(DOTA-3G3-dimer) was purified with HPLC
(Method 2). Volatiles in the HPLC mobile phases were removed by rotary evaporation. The
residue was reconstituted in PBS to a concentration of ~1 mCi/mL. The resulting solution was
filtered with a 0.20 μ Millex-LG filter before being injected into animals. Each tumor-bearing
mouse was injected with 0.1 - 0.2 mL of the filtered dose solution.

Solution Stability
For solution stability studies, 64Cu(DOTA-3PEG4-dimer) and 64Cu(DOTA-3G3-dimer) were
prepared and purified by HPLC (Method 2). Volatiles in the HPLC mobile phase were removed
by rotary evaporation. The HPLC purified 64Cu radiotracers were dissolved in 25 mM
phosphate buffer (pH = 7.4) containing EDTA (1 mg/mL) to 1 mCi/mL. Samples of the
resulting solution were analyzed by radio-HPLC (Method 2) at 0, 1, 2, 4 and 12 h post
purification.
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Determination of Log P Values
Log P values of were determined using the following procedure: the 64Cu radiotracer was
purified by HPLC. Volatiles were removed completely under vacuum. The residue was
dissolved in a equal volume (3 mL:3 mL) mixture of n-octanol and 25 mM phosphate buffer
(pH = 7.4). After stirring vigorously for ~20 min, the mixture was centrifuged at a speed of
8,000 rpm for 5 min. Samples (in triplets) from n-octanol and aqueous layers were counted in
a Perkin Elmer Wizard - 1480 γ-counter (Shelton, CT). The log P value was measured three
different times and reported as an average of three independent measurements plus the standard
deviation.

In Vitro Whole-Cell Integrin αvβ3 Binding Assay
The in vitro integrin binding affinity and specificity of cyclic RGD peptides were assessed via
a cellular displacement assay using 125I-echistatin as the integrin-specific radioligand.
Experiments were performed on U87MG glioma cell line by slight modification of a method
previously described (50,52). Briefly, the U87MG glioma cells were grown in Gibco's
Dulbecco's medium supplemented with 10% fetal bovine serum (FBS), 100 IU/ml penicillin
and 100 μg/ml streptomycin (Invitrogen Co, Carlsbad, CA), at 37 °C in humidified atmosphere
containing 5% CO2. Filter multiscreen DV plates were seeded with 105 cells in binding buffer
and incubated with 125I-echistatin in the presence of increasing concentrations of cyclic RGD
peptides. After removing the unbound 125I-echistatin, hydrophilic PVDF filters were collected
and the radioactivity was determined using a gamma counter (Packard, Meriden, CT). The
IC50 values were calculated by fitting the data by nonlinear regression using GraphPad
PrismTM (GraphPad Software, Inc., San Diego, CA), and reported as an average of these
samples plus the standard deviation.

Animal Model and Biodistribution Protocol
Biodistribution studies were performed using the athymic nude mice bearing U87MG human
glioma xenografts in compliance the NIH animal experiment guidelines (Principles of
Laboratory Animal Care, NIH Publication No. 86-23, revised 1985. The protocol was approved
by Purdue University Animal Care and Use Committee (PACUC). Female athymic nu/nu mice
were purchased from Harlan (Charles River, MA) at 4 - 5 weeks of age. The mice were
implanted with 5 × 106 the U87MG human glioma cells into the upper left flank. Two to three
weeks after inoculation, the tumor size was 0.2 - 0.5 g, and animals were used for biodistribution
and imaging studies. Sixteen tumor-bearing mice (20 - 25 g) were randomly divided into four
groups. The 64Cu radiotracer (~2.5 μCi in 0.1 mL saline) was administered into each animal
via tail vein. Four animals were euthanized by sodium pentobarbital overdose (100 - 200 mg/
kg), exsanguinations and opening of thoracic cavity at 5, 30, 60, and 120 min postinjection
(p.i.). Blood samples were withdrawn from the heart through a syringe. Organs were excised,
washed with saline, dried with absorbent tissue, weighed, and counted on a γ-counter (Perkin
Elmer Wizard - 1480). Organs of interest included tumor, brain, spleen, lungs, liver, kidneys,
muscle and intestine. The organ uptake was calculated as a percentage of the injected dose per
gram of organ tissue (%ID/g). For the blocking experiment, each animal was administered with
~2.5 μCi of 64Cu(DOTA-3PEG4-dimer) along with ~350 μg of E[c(RGDfK)]2 (~14 mg/kg).
At 1 h p.i., four animals were sacrificed by sodium pentobarbital overdose (100 - 200 mg/kg)
for organ biodistribution. The organ uptake (%ID/g) was compared to that obtained in the
absence of excess E[c(RGDfK)]2 at the same time point. The biodistribution data and target-
to-background (T/B) ratios are reported as an average plus the standard variation based on
results from four animals at each time point. Comparison between two different radiotracers
was made using the two-way ANOVA test (GraphPad Prim 5.0, San Diego, CA). The level of
significance was set at p < 0.05.
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MicroPET Imaging
MicroPET imaging was performed using a microPET R4 rodent model scanner (Concorde
Microsystems, Knoxville, TN). The U87MG glioma-bearing mice (n = 3) were injected with
~100 μCi of 64Cu(DOTA-3G3-dimer) via the tail vein, were then anesthetized with 2%
isoflurane and placed near the center of the FOV where the highest resolution and sensitivity
are obtained. The 5-min static PET images were obtained at 60 min p.i. For blocking
experiment, a mouse bearing a U87MG tumor was injected with 100 μCi of 64Cu
(DOTA-3G3-dimer) along with c(RGDyK) at the dose of 10 mg/kg. The 5-min static PET
images were then acquired at 1 h p.i.

Metabolism
Normal athymic nude mice (n = 2) were used to evaluate the metabolic stability of 64Cu
(DOTA-3PEG4-dimer) and 64Cu(DOTA-3G3-dimer). Each mouse was injected with the 64Cu
radiotracer at a dose of ~100 μCi in 0.2 mL saline via tail vein. The urine samples were collected
at 30 and 120 min p.i. by manual void, and were mixed with equal volume of 20% acetonitrile
aqueous solution. The mixture was centrifuged at 8,000 rpm. The supernatant was collected,
counted on a Perkin Elmer Wizard - 1480 γ-counter, and filtered through a 0.20 μm Millex-
LG filter unit. The filtrate was analyzed by radio-HPLC (Method 2). The feces samples were
collected at 120 min p.i., and were suspended in the 20% acetonitrile aqueous solution. The
mixture was vortexed for 5 - 10 min. After centrifuging at 8,000 rpm for 5 min, the supernatant
was collected, counted on a Perkin Elmer Wizard - 1480 γ-counter, and passed through a 0.20
μm Millex-LG filter unit. The filtrate was then analyzed by radio-HPLC (Method 2). The
percentage radioactivity recovery was >95% (by γ-counting) for both urine and feces samples.

RESULTS
Synthesis of DOTA-RGD Conjugates

DOTA-3PEG4-dimer and DOTA-3G3-dimer were prepared by direct conjugation of 3PEG4-
dimer and 3G3-dimer, respectively, with excess DOTA-NHS in DMF in the presence of a base,
such as triethylamine. DOTA-3PEG4-dimer and DOTA-3G3-dimer were purified by HPLC
(Method 1) and characterized by ESI-MS. The mass spectral data were completely consistent
with the proposed formula. Their HPLC purity was >95% before being used for the integrin
αvβ3 binding assay and64Cu-labeling.

Integrin αvβ3 Binding Affinity
The integrin αvβ3-positive U87MG human glioma cells were used for the integrin αvβ3-binding
studies. We determined the integrin αvβ3 binding affinity of DOTA-3PEG4-dimer and
DOTA-3G3-dimer by competitive displacement of 125I-echistatin bound to U87MG glioma
cells. For comparison purposes, we also evaluated DOTA-dimer and DOTA-tetramer using
the same in vitro competition assay. The IC50 values for DOTA-dimer, DOTA-3PEG4-dimer,
DOTA-3G3-dimer and DOTA-tetramer were obtained from curve fitting from Figure 2, and
were calculated to be 102 ± 5, 62 ± 6, 74 ± 3 and 10 ± 2 nM, respectively.

Radiochemistry
64Cu(DOTA-3PEG4-dimer) and 64Cu(DOTA-3G3-dimer) were prepared by reacting
DOTA-3PEG4-dimer and DOTA-3G3-dimer, respectively, with 64CuCl2 in the 0.1 M NaOAc
buffer (pH = 5.0). The 64Cu-labeling could be accomplished by heating the reaction mixture
at 100 °C for 20 - 30 min. Both 64Cu(DOTA-3PEG4-dimer) and 64Cu(DOTA-3G3-dimer) were
analyzed using same radio-HPLC method (Method 2). Their HPLC retention times were 19.5
and 14.2 min, respectively. The RCP was >95% with the specific activity of 300 - 400 mCi/
μmol for both 64Cu(DOTA-3G3-dimer) and 64Cu(DOTA-3PEG4-dimer). Their partition

Shi et al. Page 6

Bioconjug Chem. Author manuscript; available in PMC 2010 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



coefficients (P values) were determined in an equal volume mixture of n-octanol and 25 mM
phosphate buffer (pH = 7.4). The log P values were calculated to be -4.23 ± 0.21 and -4.84 ±
0.15, respectively, for 64Cu(DOTA-3PEG4-dimer) and 64Cu(DOTA-3G3-dimer). 64Cu
(DOTA-3PEG4-dimer) and 64Cu(DOTA-3G3-dimer) were stable for >6 h after HPLC
purification, and remained intact for >6 h without any decomposition in the presence of EDTA
(1 mg/mL in 25 mM phosphate buffer, pH = 7.4).

Biodistribution Characteristics
Athymic nude mice bearing U87MG glioma xenografts were used to evaluate the
biodistribution characteristics and excretion kinetics of 64Cu(DOTA-3PEG4-dimer) and 64Cu
(DOTA-3G3-dimer). Figure 3 illustrates the %ID/g organ uptake for 64Cu(DOTA-3G3-dimer)
and 64Cu(DOTA-3PEG4-dimer). In general, 64Cu(DOTA-3G3-dimer) had a rapid and very
high tumor uptake at early time point (8.50 ± 1.44 %ID/g at 30 min p.i.). The tumor radioactivity
washout of 64Cu(DOTA-3G3-dimer) was slow (7.55 ± 0.49 %ID/g, 7.43 ± 2.41 %ID/g and
6.79 ± 1.36 %ID/g at 60, 120 and 240 min p.i., respectively). Its blood clearance was very fast
(2.17 ± 0.45 %ID/g at 30 min p.i. and 0.46 ± 0.15 %ID/g at 240 min p.i.) with the tumor/blood
ratios increasing from 4.01 ± 1.13 at 30 min p.i. to 24.31 ± 2.20 %ID/g at 240 min p.i. The
muscle uptake of 64Cu(DOTA-3G3-dimer) decreased steadily from 1.61 ± 0.66 %ID/g at 30
min p.i. to 0.86 ± 0.08 %ID/g at 240 min p.i. while the tumor/muscle ratios increased from
5.84 ± 2.49 at 30 min p.i. to 7.84 ± 1.15 at 240 min p.i. 64Cu(DOTA-3G3-dimer) also had a
moderately high kidney uptake (8.83 ± 0.96 %ID/g) at 30 min p.i.; but its kidney clearance
was very fast (3.23 ± 0.40 % ID/g at 240 min p.i.). The liver uptake of 64Cu(DOTA-3G3-dimer)
was relatively low (2.60 ± 0.01 %ID/g) at 30 min p.i. To our surprise, its liver uptake increased
over the 4 h study period (3.01 ± 0.51 %ID/g at 60 min and 3.62 ± 0.62 %ID/g at 240 min p.i.).
As a result, its tumor/liver ratio slowly decreased from 3.27 ± 0.56 at 30 min to 1.93 ± 0.56 at
120 min p.i.

64Cu(DOTA-3PEG4-dimer) also had very high tumor uptake (8.23 ± 1.97 %ID/g, 6.49 ± 1.10
%ID/g, 7.55 ± 0.62 %ID/g and 6.43 ± 1.22 %ID/g at 30, 60, 120 and 240 min p.i., respectively)
with fast blood clearance (0.87 ± 0.22 %ID/g at 30 min p.i. and 0.15 ± 0.07 %ID/g at 240 min
p.i.). As a result, its tumor/blood ratios increased steadily from 9.8 ± 3.3 at 30 min p.i. to 46.3
± 15.1 at 120 min p.i.). 64Cu(DOTA-3PEG4-dimer) had a relatively low initial kidney uptake
(6.59 ± 0.93 %ID/g) at 30 min p.i. Its kidney uptake was 2.81 ± 0.36 % ID/g at 240 min p.i.,
and the tumor/kidney ratio was 2.28 ± 0.31. The liver uptake of 64Cu(DOTA-3G3-dimer) was
also low (2.80 ± 0.35 %ID/g at 30 min p.i. and 1.87 ± 0.51 %ID/g at 240 min p.i.); but its
tumor/liver ratio remained relatively unchanged over the 4 h study period (2.98 ± 0.86 at 30
min to 3.52 ± 0.61 at 240 min p.i.). The muscle uptake of 64Cu(DOTA-3PEG4-dimer) (1.28 ±
0.11 and 0.95 ± 0.34 %ID/g at 30 and 240 min p.i., respectively) was comparable to that
of 64Cu(DOTA-3G3-dimer) (1.61 ± 0.66 and 0.86 ± 0.08 %ID/g at 30 and 240 min p.i.,
respectively). The tumor/muscle ratio of 64Cu(DOTA-3PEG4-dimer) increased steadily from
6.48 ± 1.54 at 30 min p.i. to 7.24 ± 2.08 at 240 min p.i.

Blocking Experiment
The integrin αvβ3 specificity was demonstrated by co-injection of excess E[c(RGDfK)]2 as the
blocking agent (~14 mg/kg or ~350 μg per mouse) with 64Cu(DOTA-3G3-dimer). Such a high
dose was used to ensure that the integrin αvβ3 is almost completely blocked. Figure 4A shows
organ uptake of 64Cu(DOTA-3G3-dimer) at 60 min p.i. in the absence/presence of E[c
(RGDfK)]2. Co-injection of excess E[c(RGDfK)]2 resulted in almost complete blockage of
tumor uptake for 64Cu(DOTA-3G3-dimer) (0.43 ± 0.07 %ID/g with E[c(RGDfK)]2 vs. 7.43 ±
2.41 %ID/g without E[c(RGDfK)]2). There was also a significant reduction in organ uptake
of 64Cu(DOTA-3G3-dimer) in the eyes, heart, intestine, kidneys, lungs, liver and spleen (Figure
4A).
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MicroPET Imaging
Figure 4B illustrates the representative microPET images of the glioma-bearing mice at 1 h
after administration of ~100 μCi of 64Cu(DOTA-3G3-dimer) in the absence or presence of
excess E[c(RGDfK)]2. We found that the tumor was clearly visualized with excellent contrast,
suggesting that 64Cu(DOTA-3G3-dimer) is useful for imaging integrin αvβ3-positive tumors.
In the presence of excess E[c(RGDfK)]2, the tumor uptake of 64Cu(DOTA-3G3-dimer) was
almost completely blocked. The uptake of 64Cu(DOTA-3G3-dimer) was also blocked in many
normal organs, in accordance with the biodistribution results shown in Figure 4A.

Tumor Size vs. Tumor Uptake
During the biodistribution studies, we noticed that smaller tumors (< 0.5 g) often have higher
radiotracer uptake than large tumors. To further clarify the relationship between the tumor
uptake and tumor size, we added five extra glioma-bearing mice into the 120 min group
for 64Cu(DOTA-3PEG4-dimer). The 120-min time point was chosen to avoid potential
interference from the blood radioactivity and non-specific radioactivity accumulation in the
tumors. As illustrated in Figure 5A, there was a linear relationship between the %ID tumor
uptake of 64Cu(DOTA-3PEG4-dimer) and the tumor size (0.03 - 0.8 g; n = 7; tumor number =
14) with R2 = 0.9375. The radiotracer %ID tumor uptake increases when tumor size increases.
If the tumor uptake is expressed as %/ID/g (Figure 5B), 64Cu(DOTA-3PEG4-dimer) had the
%ID/g tumor uptake (6.5 - 10.0 %ID/g) with the tumor size in the range of 0.09 g - 0.25 g.
When the tumor size is >0.30 g, the tumor uptake of 64Cu(DOTA-3PEG4-dimer) was in the
range of 6.0 - 7.0 %ID/g. When the tumor size was <0.05 g, its tumor uptake was <5.0 %ID/
g.

Metabolic Properties
Figure 6 shows HPLC chromatograms of 64Cu(DOTA-3PEG4-dimer) (left) and 64Cu
(DOTA-3G3-dimer) (right) in saline before injection, in urine at 30 min p.i. and 120 min p.i.,
and in feces at 120 min p.i. There were no metabolites detected in either urine and or feces
samples from the mouse administered with 64Cu(DOTA-3PEG4-dimer). No metabolites were
detected in the urine samples of the mouse administered with 64Cu(DOTA-3G3-dimer); but
there was no intact 64Cu(DOTA-3G3-dimer) in the feces sample.

DISCUSSION
Previously, we reported the evaluation of 64Cu-DOTA-dimer and 64Cu-DOTA-tetramer as
PET radiotracers for imaging integrin αvβ3 expression in athymic nude mice bearing MDA-
MB-435 breast cancer and U87MG glioma xenografts (50,52). The biodistribution studies
clearly demonstrate that 64Cu-DOTA-dimer and 64Cu-DOTA-tetramer have better tumor
uptake with longer tumor retention time than their monomeric counterparts. In this study, we
prepared two new RGD dimer DOTA conjugates (DOTA-3PEG4-dimer and DOTA-3G3-
dimer) and their 64Cu complexes, 64Cu(DOTA-3PEG4-dimer) and 64Cu(DOTA-3G3-dimer).
The in vitro competition assay shows that the integrin αvβ3 binding affinities of cyclic RGD
peptide conjugates follow the order of DOTA-tetramer > DOTA-3G3-dimer ~
DOTA-3PEG4-dimer > DOTA-dimer. DOTA-3G3-dimer (IC50 = 62 ± 6 nM) and
DOTA-3PEG4-dimer (IC50 = 74 ± 3 nM) share very similar integrin αvβ3 binding affinity with
HYNIC-3G3-dimer (IC50 = 61 ± 2 nM) and HYNIC-3PEG4-dimer (IC50 = 51 ± 7 nM) (72,
73). Apparently, replacing HYNIC with DOTA does not have significant impact on their
integrin αvβ3 binding affinity and the radiotracer tumor uptake. This may explain why 64Cu
(DOTA-3PEG4-dimer) and 64Cu(DOTA-3G3-dimer) have the tumor uptake very similar to
that of 99mTc-3PEG4-dimer and 99mTc-3G3-dimer (72,73).
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There are two factors contributing to their high integrin αvβ3 binding affinity (Figure 1). The
key for bivalency is that the distance between two RGD motifs in multimeric cyclic RGD
peptides must be long enough to achieve simultaneous integrin αvβ3 binding. The distance
between two cyclic RGD motifs is 6 bonds in E[c(RGDfK)]2, 26 bonds in 3G3-dimer and 38
bonds in 3PEG4-dimer (excluding side arms of K-residues). The higher integrin αvβ3 binding
affinity of DOTA-3G3-dimer (IC50 = 62 ± 6 nM) and DOTA-3PEG3-dimer (IC50 = 74 ± 3 nM)
than that of DOTA-dimer (IC50 = 102 ± 5 nM) strongly suggests that 2G3-dimer and 3PEG3-
dimer are bivalent in binding to integrin αvβ3 (Figure 1A), and that the distance between the
two cyclic RGD motifs in E[c(RGDfK)]2 is probably too short for simultaneous integrin
αvβ3 binding. This conclusion is well supported by the significantly higher tumor uptake
of 64Cu(DOTA-3PEG4-dimer) (8.50 ± 1.44 %ID/g and 6.79 ± 1.36 %ID/g at 30 and 240 min
p.i., respectively) and 64Cu(DOTA-3G3-dimer) (8.23 ± 1.97 %ID/g and 6.43 ± 1.22 %ID/g at
30 and 240 min p.i., respectively) as compared to that of 64Cu(DOTA-dimer) (3.23 ± 0.57 %
ID/g at 30 min and 3.83 ± 0.22 %ID/g at 240 min p.i.) in the same tumor-bearing animal model
(50). If DOTA-dimer were able to bind to integrin αvβ3 in the bivalent fashion as
DOTA-2G3-dimer and DOTA-3PEG3-dimer, they would have shared a similar integrin αvβ3
binding affinity, and 64Cu(DOTA-dimer) would have had the similar tumor uptake as 64Cu
(DOTA-3PEG-dimer) and 64Cu(DOTA-3G3-dimer). Even though DOTA-dimer is not
bivalent, the binding of one cyclic RGD motif in E[c(RGDfK)]2 may significantly increase
“local RGD concentration” in the vicinity of neighboring integrin αvβ3 sites (Figure 1B). This
may explain why 64Cu(DOTA-dimer) has better tumor uptake than its monomeric counter part
(50).

The longest distance between the two adjacent cyclic RGD motifs in E[E[c(RGDfK)]2]2 is 16
bonds (excluding side arms of K-residues). The integrin αvβ3 binding affinity of DOTA-
tetramer (IC50 = 10 ± 2 nM) is higher than that of DOTA-3G3-dimer (IC50 = 62 ± 6 nM) and
DOTA-3PEG3-dimer (IC50 = 74 ± 3 nM), suggesting that DOTA-tetramer is also bivalent in
binding to integrin αvβ3. The higher integrin αvβ3 binding affinity of DOTA-tetramer as
compared to DOTA-3G3-dimer and DOTA-3PEG3-dimer is probably caused by the presence
of two extra RGD motifs. This conclusion seems to be consistent with the fact that 64Cu(DOTA-
tetramer) has higher initial tumor uptake (9.93 ± 1.05 %ID/g at 30 min p.i.) as compared to
that of 64Cu(DOTA-3PEG4-dimer) (8.50 ± 1.44 %ID/g at 30 min p.i.) and 64Cu(DOTA-3G3-
dimer) (8.23 ± 1.97 %ID/g at 30 min p.i.) in the same tumor-bearing animal model.

However, 64Cu(DOTA-3PEG4-dimer) and 64Cu(DOTA-3G3-dimer) have significant
advantages over 64Cu(DOTA-tetramer) with respect to their uptake in non-cancerous organs.
For example, the liver uptake of 64Cu(DOTA-3PEG4-dimer) (2.25 ± 0.26 %ID/g at 60 min p.i.
and 1.87 ± 0.51 %ID/g at 240 min p.i.) was significantly lower (p < 0.01) than that of 64Cu
(DOTA-tetramer) (4.38 ± 0.39 %ID/g at 60 min p.i. and 3.57 ± 0.45 %ID/g at 240 min p.i.)
(52). As a result, the tumor/liver ratios of 64Cu(DOTA-3PEG4-dimer) (2.93 ± 0.66 at 60 min
and 3.52 ± 0.61 at 240 min p.i.) were significantly better (p < 0.01) than that of 64Cu(DOTA-
tetramer) (1.98 ± 0.15 at 60 min p.i. and 2.35 ± 0.33 at 240 min p.i.). 64Cu(DOTA-3PEG4-
dimer) has significantly (p < 0.01) lower kidney uptake (6.59 ± 0.93 %ID/g at 30 min p.i. and
2.81 ± 0.36 %ID/g at 240 min p.i.) than 64Cu(DOTA-tetramer) (9.02 ± 0.56 %ID/g at 30 min
p.i. and 4.17 ± 0.35 %ID/g at 240 min p.i.). The higher kidney uptake of 64Cu(DOTA-tetramer)
is probably caused by the presence of four R-residues, which are positively charged under
physiological conditions, in E{E[c(RGDfK)]2}2 as compare to only two R-residues in
both 64Cu(DOTA-3PEG4-dimer) and 64Cu(DOTA-3G3-dimer). On the basis of both tumor
uptake and T/B ratios of 64Cu radiotracers, we believe that 3PEG4-dimer and 3G3-dimer are
better targeting biomolecules than E{E[c(RGDfK)]2}2. In addition, synthesis of E{E[c
(RGDfK)]2}2 is much more challenging than that of either 3PEG4-dimer or 3G3-dimer. The
cost for successful isolation of pure multimeric cyclic RGDfK peptides increases dramatically
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as the peptide multiplicity increases. Therefore, 3PEG4-dimer and 3G3-dimer are better suited
for future development of the integrin αvβ3-targeted radiotracers for imaging purposes.

Since the tumor uptake of 64Cu(DOTA-3PEG4-dimer) is almost completely blocked by co-
injection of E[c(RGDfK)]2, we believe that its tumor localization is indeed integrin αvβ3-
mediated. Similar results were obtained for 64Cu(DOTA-dimer) in athymic nude mice bearing
MDA-MB-435 human breast cancer xenografts (50), and 64Cu(DOTA-tetramer) in athymic
nude mice bearing U87MG human glioma xenografts (52). The uptake blockage in the eyes,
heart, intestine, lungs, liver and spleen suggests that major parts of the uptake of 64Cu
(DOTA-3PEG4-dimer) in these organs is also integrin αvβ3-mediated. This conclusion is
supported by the immunohistopathological studies (53,54), which showed a strong positive
staining of endothelial cells of the small glomeruli vessels in the kidneys and weak staining in
the branches of the hepatic portal vein.

The ability to non-invasively quantify integrin αvβ3 level in vivo will provide new opportunities
to more appropriately select patients for anti-angiogenic treatment and more effectively
monitor the therapeutic efficacy in integrin αvβ3-positive cancer patients (34). The %ID tumor
uptake reflects the total integrin αvβ3 expression level while the %ID/g tumor uptake reflects
the integrin αvβ3 density. When the tumor is very small (<0.01 g or 100 m3), there is little
angiogenesis with very low blood flow. As a result, 64Cu(DOTA-3PEG4-dimer) has low %ID
and %ID/g tumor uptake (Figure 5: A and B). When tumors are in the range of 0.1 - 0.35 g
(100 - 350 m3), the microvessel and integrin αvβ3 density is high. The radiotracer %ID/g tumor
uptake is high (Figure 5B) even though the %ID tumor uptake is relatively low (Figure 5A).
As tumors grow, the total integrin αvβ3 level on tumor cells becomes larger, the microvessel
density decreases due to maturity of blood vessels, and the integrin αvβ3 density also decreases
due to larger interstitial space/pressure and higher collagen concentrations (78). Parts of the
tumor may become necrotic, which also leads to lower integrin αvβ3 density in larger tumors.
As a result, the %ID/g tumor uptake of 64Cu(DOTA-3PEG4-dimer) in larger tumors is lower
than that of smaller ones (Figure 5B) even though its total %ID tumor uptake is higher (Figure
5A). The linear relationship between tumor size and %ID tumor uptake suggests that 64Cu
(DOTA-3PEG4-dimer) might be useful for non-invasive monitoring of integrin αvβ3
expression in cancer patients. This assumption is supported by recent results obtained for the
radiolabeled (18F and 64Cu) multimeric cyclic RGDyK peptides, which clearly showed that
the %ID/g radiotracer tumor uptake was well correlated with the integrin αvβ3 density on the
xenografted tumors of different origin (52,53).

Metabolic degradation has been observed for 64Cu(DOTA-dimer) and 64Cu(DOTA-tetramer)
in kidneys and urine samples (50,52). In contrast, 64Cu(DOTA-3PEG4-dimer) has high
metabolic stability during its excretion from the renal and hepatobiliary routes (Figure 6).
Similar metabolic stability is also observed for 64Cu(DOTA-3G3-dimer) during its renal
excretion; but it is completely metabolized during excretion from the hepatobiliary route. The
PEG4 and G3 linkers have significant impact on metabolic stability of 64Cu-labeled RGD
dimers probably due to in vivo stability PEG4 and G3 linkers. It is important to note that the
radioactivity detected in urine and feces samples represents only the portion of 64Cu
radiotracers excreted from renal and hepatobiliary routes. The remaining radioactivity is still
“trapped” in normal tissues. Since the normal organ uptake of 64Cu(DOTA-3PEG4-dimer) can
be blocked by the presence of excess E[c(RGDfK)]2, it is reasonable to believe that the
radioactivity accumulation inside normal organs is partially integrin αvβ3-mediated.

CONCLUSION
In this study, we prepared two novel cyclic RGD dimer conjugates: DOTA-3PEG4-dimer and
DOTA-3G3-dimer. The integrin αvβ3 binding affinities follow the order of DOTA-tetramer >
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DOTA-3G3-dimer ~ DOTA-3PEG4-dimer > DOTA-dimer. Both DOTA-3G3-dimer and
DOTA-3PEG4-dimer are bivalent in binding to integrin αvβ3, as evidenced by their higher
integrin αvβ3 binding affinity as compared to that of DOTA-dimer and the higher tumor uptake
of 64Cu(DOTA-3PEG4-dimer) and 64Cu(DOTA-3G3-dimer) than that of 64Cu(DOTA-dimer).
The PEG4 and G3 linkers are also useful for improving the radiotracer clearance from normal
organs, such as kidneys, liver and lungs. The ex-vivo biodistribution studies show that there
is a linear relationship between the %ID tumor uptake and tumor size, suggesting that 64Cu
(DOTA-3PEG-dimer) and 64Cu(DOTA-3G3-dimer) might be useful for noninvasive
monitoring of tumor growth or shrinkage during anti-angiogenic therapy. MicroPET imaging
data clearly demonstrate utility of 64Cu(DOTA-3G3-dimer) as a new PET radiotracer for
imaging integrin αvβ3-positive tumors.
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Figure 1.
Novel DOTA-conjugated cyclic RGD dimers (DOTA-3G3-dimer and DOTA-3PEG4-dimer)
and schematic illustration of interactions between cyclic RGD dimers and integrin avb3. A: the
distance between two RGD motifs is long, and the cyclic RGD dimer is able to bind integrin
αvβ3 in a “bivalent” fashion. B: the distance between two RGD motifs is not long enough for
simultaneous integrin αvβ3 binding, but the RGD concentration is “locally enriched” in the
vicinity of neighboring integrin αvβ3 once the first RGD motif is bound. In both cases, the
result would be higher integrin αvβ3 binding affinity for the multimeric cyclic RGD peptides.
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Figure 2.
In vitro inhibition of 125I-echistatin bound to integrin αvβ3 on U87MG glioma cells by DOTA-
dimer, DOTA-3G3-dimer, DOTA-3PEG4-dimer and DOTA-tetramer. Their IC50 values were
calculated to be 102 ± 5, 62 ± 6, 74 ± 3 and 10 ± 2 nM, respectively.
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Figure 3.
Biodistribution data for 64Cu(DOTA-3G3-dimer) and 64Cu(DOTA-3PEG4-dimer) in athymic
nude mice (n = 4) bearing U87MG glioma xenografts.
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Figure 4.
Biodistribution for 64Cu(DOTA-3PEG4-dimer) (n = 4) and in vivo microPET imaging data
for64Cu(DOTA-3G3-dimer) (n = 3) in athymic nude mice bearing U87MG glioma xenografts
in the absence/presence of excess E[c(RGDfK)]2 at 60 min p.i.
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Figure 5.
The relationship between tumor size and tumor uptake for 64Cu(DOTA-3PEG4-dimer) at 120
min p.i. in the athymic nude mice (n = 7 with 14 tumors) bearing the U87MG glioma xenografts.
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Figure 6.
Typical radio-HPLC chromatograms (Method 2) for 64Cu(DOTA-3PEG4-dimer) (left)
and 64Cu(DOTA-3G3-dimer) (right) in saline before injection, in urine at 30 min and 120 min
p.i., and in feces at 120 min p.i.
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