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Abstract: Integrin Rvâ3 plays a significant role in tumor angiogenesis and is a receptor for
the extracellular matrix proteins with the exposed arginine-glycine-aspartic (RGD) tripeptide
sequence. These include vitronectin, fibronectin, fibrinogen, lamin, collagen, Von Willibrand’s
factor, osteoponin, and adenovirus particles. Integrin Rvâ3 is expressed at low levels on epithelial
cells and mature endothelial cells, but it is overexpressed on the activated endothelial cells of
tumor neovasculature and some tumor cells. The highly restricted expression of integrin Rvâ3

during tumor growth, invasion, and metastasis presents an interesting molecular target for both
early detection and treatment of rapidly growing solid tumors. In the past decade, many radio-
labeled linear and cyclic RGD peptide antagonists have been evaluated as the integrin Rvâ3

targeted radiotracers. Significant progress has been made on their use for imaging tumors of
different origin by single photon emission computed tomography (SPECT) or positron emission
tomography (PET) in several tumor-bearing animal models. [18F]Galacto-RGD is under clinical
investigation as the first integrin Rvâ3 targeted radiotracer for noninvasive visualization of the
activated integrin Rvâ3 in cancer patients. This review will focus on the radiolabeled multimeric
cyclic RGD peptides (dimers and tetramers) useful as radiotracers to image the tumor integrin
Rvâ3 expression by SPECT and PET, and some fundamental aspects for the development of
integrin Rvâ3 targeted radiotracers. These include the choice of radionuclide and bifunctional
chelators, selection of targeting biomolecules, and factors influencing the integrin Rvâ3 binding
affinity and tumor uptake, as well as different approaches for modification of radiotracer
pharmacokinetics.
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Introduction
Tumors produce many angiogenic factors, which are able

to activate endothelial cells in the established blood vessels
and induce endothelial proliferation, migration, and new ves-
sel formation (angiogenesis) through a series of sequential

but partially overlapping steps. Angiogenesis is a requirement
for both tumor growth and metastasis.1-7 Without the for-
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mation of neovasculature to provide oxygen and nutrients,
tumors cannot grow beyond 1-2 mm in size. Once vascular-
ized, previously dormant tumors begin to grow rapidly and
their volumes increase exponentially.

The angiogenic process depends on vascular endothelial
cell migration and invasion, which are regulated by cell
adhesion receptors. Integrins are such a family of proteins
that facilitate cellular adhesion to and migration on the
extracellular matrix proteins found in intercellular spaces and
basement membranes, and regulate cellular entry and with-
drawal from the cell cycle.7-10 Integrin Rvâ3 serves as a
receptor for a variety of extracellular matrix proteins with
the exposed arginine-glycine-aspartic (RGD) tripeptide
sequence.8-13 These include vitronectin, fibronectin, fibrino-
gen, lamin, collagen, Von Willibrand’s factor, osteoponin,
and adenovirus particles. IntegrinRvâ3 is 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, neuro-
blastomas, glioblastomas, melanomas, lung carcinomas, and
breast cancer.14-20 A recent study shows that the integrin

Rvâ3 is overexpressed on both endothelial cells and tumor
cells in human breast cancer xenografts.21 The integrinRvâ3

expression correlates well with tumor progression and
invasiveness of melanoma, glioma, and ovarian and breast
cancers.10-20 The highly restricted expression of integrinRvâ3

during tumor growth, invasion and metastasis present an
interesting molecular target for early diagnosis of rapidly
growing and metastatic tumors.21-27

Many high-affinity integrin Rvâ3 antagonists (peptides
and peptidomimetics) have been identified.28-38 These anti-

(8) Jin, H.; Varner, J. Integrins: roles in cancer development and as
treatment targets.Br. J. Cancer2004, 90, 561-565.

(9) Kumar, C. C. IntegrinRvâ3 as a therapeutic target for blocking
tumor-induced angiogenesis.Curr. Drug Targets2003, 4, 123-
131.

(10) Brooks, P. C.; Clark, R. A. F.; Cheresh, D. A. Requirement of
vascular integrinRvâ3 for angiogenesis.Science1994, 264, 569-
571.

(11) Friedlander, M.; Brooks, P. C.; Shatter, R. W.; Kincaid, C. M.;
Varner, J. A.; Cheresh, D. A. Definition of two angiogenic
pathways by distinctRv integrin.Science1995, 270, 1500-1502.

(12) Horton, M. A. TheRvâ3 integrin “vitronectin receptor”.Int. J.
Biochem. Cell Biol.1997, 29, 721-725.

(13) Bello, L.; Francolini, M.; Marthyn, P.; Zhang, J. P.; Carroll, R.
S.; Nikas, D. C.; Strasser, J. F.; Villani, R.; Cheresh, D. A.; Black,
P. M. Alpha(v)beta3 and alpha(v)beta5 integrin expression in
glioma periphery.Neurosurgery2001, 49, 380-389.

(14) Meitar, D.; Crawford, S. E.; Rademaker, A. W.; Cohn, S. L. Tumor
angiogenesis correlates with metastatic disease, N-myc-amplifica-
tion, and poor outcome in human neuroblastoma.J. Clin. Oncol.
1996, 14, 405-414.

(15) Gasparini, G.; Brooks, P. C.; Biganzoli, E.; Vermeulen, P. B.;
Bonoldi, E.; Dirix, L. Y.; Ranieri, G.; Miceli, R.; Cheresh, D. A.
Vascular integrinRvâ3: a new prognostic indicator in breast
cancer.Clin. Cancer Res. 1998, 4, 2625-2634.

(16) Albelda, S. M.; Mette, S. A.; Elder, D. E.; Stewart, R. M.;
Damjanovich, L.; Herlyn, M.; Buck, C. A. Integrin distribution
in maliganant melanoma: association of the beta3 subunit with
tumor progression.Cancer Res.1990, 50, 6757-6764.

(17) Falcioni, R.; Cimino, L.; Gentileschi, M. P.; D’Agnano, I.; Zupi,
G.; Kennel, S. J.; Sacchi, A. Expression of beta 1, beta 3, beta 4,
and beta 5 integrins by human lung carcinoma cells of different
histotypes.Exp. Cell Res.1994, 210, 113-122.

(18) Sengupta, S.; Chattopadhyay, N.; Mitra, A.; Ray, S.; Dasgupta,
S.; Chatterjee, A. Role ofRvâ3 integrin receptors in breast tumor.
J. Exp. Clin. Cancer Res.2001, 20, 585-590.

(19) Felding-Habermann, B.; Mueller, B. M.; Romerdahl, C. A.;
Cheresh, D. A. Involvement of integrin alpha V gene expression
in human melanoma tumorigenicity.J. Clin. InVest. 1992, 89,
2018-2022.

(20) Zitzmann, S.; Ehemann, V.; Schwab, M. Arginine-Glycine-
Aspartic acid (RGD)-peptide binds to both tumor and tumor
endothelial cells in vivo.Cancer Res.2002, 62, 5139-5143.

(21) Weber, W. A.; Haubner, R.; Vabuliene, E.; Kuhnast, B.; Webster,
H. J.; Schwaiger, M. Tumor angiogenesis targeting using imaging
agents.Q. J. Nucl. Med.2001, 45, 179-182.

(22) Costouros, N. G.; Diehn, F. E.; Libutti, S. K. Molecular imaging
of tumor angiogenesis.J. Cell Biol. Suppl.2002, 39, 72-78.

(23) van de Wiele, C.; Oltenfreiter, R.; De Winter, O.; Signore, A.;
Slegers, G.; Dieckx, R. A. Tumor angiogenesis pathways: related
clinical issues and implications for nuclear medicine imaging.Eur.
J. Nucl. Med. 2002, 29, 699-709.

(24) Liu, S.; Robinson, S. P.; Edwards, D. S. IntegrinRvâ3 directed
radiopharmaceuticals for tumor imaging.Drugs Future2003, 28,
551-564.

(25) Liu, S.; Robinson, S. P.; Edwards, D. S. Radiolabeled integrin
Rvâ3 antagonists as radiopharmaceuticals for tumor radiotherapy.
Top. Curr. Chem.2005, 252, 117-153.

(26) Haubner, R.; Wester, H. R. Radiolabeled tracers for imaging of
tumor angiogenesis and evaluation of anti-angiogenic therapies.
Curr. Pharm. Des.2004, 10, 1439-1455.

(27) Chen, X. Multimodality imaging of tumor integrinRvâ3 expression.
Mini-ReV. Med. Chem. 2006, 6, 227-234.

(28) Brooks, P. C.; Montgomery, A. M. P.; Rosenfeld, M.; Reisefeld,
R.; Hu, T. H.; Klier, G.; Cheresh, D. A. IntegrinRvâ3 antagonists
promote tumor regression by inducing apoptosis of angiogenic
blood vessels.Cell 1994, 79, 1157-1164.

(29) Giannis, A.; Ru¨bsam, F. Integrin antagonists and other low molec-
ular weight compounds as inhibitors of angiogenesis: new drugs
in cancer therapy.Angew. Chem., Int. Ed. Engl.1997, 36, 588-
590.

(30) Haubner, R.; Finsinger, D.; Kessler, H. Stereoisomeric peptide
libraries and peptidomimetics for designing selective inhibitors
of theRvâ3 integrin for a new cancer therapy.Angew. Chem., Int.
Ed. Engl.1997, 36, 1375-1389.

(31) Haubner, R.; Gratias, R.; Diefenbach, B.; Goodman, S. L.;
Jonczyk, A.; Kessler, H. Structural and functional aspect of RGD-
containing cyclic pentapeptides as highly potent and selective
integrin Rvâ3 antagonists.J. Am. Chem. Soc.1996, 118, 7461-
7472.

(32) Drake, C. J.; Cheresh, D. A.; Little, C. D. An antagonist of integrin
Rvâ3 prevents maturation of blood vessels during embryonic
neovascularization.J. Cell Sci.1995, 108, 2655-2661.

(33) Aumailley, M.; Gurrath, M.; Mu¨ller, G.; Calvete, J.; Timpl., R.;
Kessler, H. Arg-Gly-Asp constrained within cyclic pentapeptides
strong and selective inhibitors of cell adhension to vitronectin and
laminin fragment P1.FEBS Lett.1991, 291, 50-54.

(34) Lange, U. E. W.; Backfisch, G.; Deltzer, J.; Geneste, H.; Graef,
C.; Hornberger, W.; Kling, A.; Lauterbach, A.; Subkowski, T.;
Zechel, C. Synthesis of highly potent and selective hetaryl ureas
as integrinRvâ3-receptor antagonists.Biorg. Med. Chem. Lett.
2002, 12, 1379-1382.

Integrin RVâ3 Targeted Radiotracers for Tumor Imaging reviews

VOL. 3, NO. 5 MOLECULAR PHARMACEUTICS 473



angiogenic agents are designed to block the formation of
new blood vessels, thereby starving tumors and inhibiting
tumor growth, and have been extensively reviewed.2,3,39-42

Inhibition of integrinRvâ3 with cyclic RGD peptides, such
as EMD 121974, has been shown to induce endothelial
apoptosis,28 inhibit angiogenesis,29,41,42 and increase endo-
thelial monolayer permeability.43 The inhibition of integrin
Rvâ3 activity has also been associated with decreased tumor
growth in breast cancer xenografts.42,43 Synergy of EMD
121974 with radioimmunotherapy (RIT) has also resulted
in increased efficacy of therapy in a murine breast cancer
model.43 Moreover, blocking of the integrinRvâ3 activity
can reduce the invasiveness and spread of metastasis.29,41-43

However, there are several challenges in antiangiogenic clin-
ical trials: (a) selection of the right patients to enter clinical
trials who will benefit most from the specific antiangiogenic
trials, (b) monitoring the therapeutic efficacy of the anti-
angiogenic treatment, and (c) optimization of dose and
schedule for antiangiogenic treatment in the cancer patient.
Thus, it would be highly advantageous to develop an imaging
agent that could be used to noninvasively visualize and
quantify the integrinRvâ3 expression level before and during
antiangiogenic therapy.

In the past decade, many radiolabeled RGD peptides have
been evaluated for their potential as the integrinRvâ3 targeted
radiotracers. Significant progress has been made on their use
in imaging tumors by SPECT (single photon emission com-
puted tomography) or PET (positron emission tomography)
in preclinical animal models and human clinical trials. Sev-
eral review articles appeared recently covering radiolabeled

peptide and non-peptide integrinRvâ3 antagonists.22-27 This
review is not intended to be an exhaustive review of current
literature on radiolabeled RGD peptides. Instead, it will focus
on the use of radiolabeled cyclic RGD peptide dimers and
tetramers as new radiotracers to image the integrinRvâ3

expression by SPECT and PET, and some fundamental
aspects in the development of integrinRvâ3 targeted radio-
tracers. These include choice of radionuclide, selection of
BM, and factors influencing the integrinRvâ3 binding affinity
and tumor uptake of radiolabeled cyclic RGD peptides, as
well as different approaches to modify the radiotracer
pharmacokinetics.

Radiopharmaceutical Design
In general, an integrinRvâ3 targeted radiotracer can be

divided into three parts (Figure 1): the targeting biomolecule
(BM ) cyclic RGD peptide), PKM (pharmacokinetic modi-
fying) linker, and radiometal chelate or18F-containing syn-
thon. The cyclic RGD peptide serves as a vehicle to carry
radionuclide to the integrinRvâ3 overexpressed on tumor cells
and the activated endothelial cells of tumor neovasculature.
For the metal-containing radiotracer, a bifunctional chelator
(BFC) is used to attach the metallic radionuclide to the tar-
geting biomolecule. For18F-based radiotracers, an organic
precursor or synthon is often needed to attach18F onto the
cyclic RGD peptide.

Characteristics of Optimal Radiotracers. For a new
integrin Rvâ3 targeted radiotracer to be successful, it must
show clinical indications for several high-incidence tumor
types (e.g., breast, colorectal, and lung). The radiotracer
should be able to have high tumor uptake with a diagnos-
tically useful target-to-background (T/B) ratio in a short
period of time. To achieve this goal, the radiotracer should
have a fast blood clearance to minimize nontarget radio-
activity. The time for radiotracer to reach the target should
also be short. IntegrinRvâ3 binding rate should be fast, and
the dissociation rate should be slow. In this way, the radio-
activity accumulation in the tumor can be maximized. Since
most high-incidence tumors (namely, lung, colorectal, and
breast cancers metastatic to the lymphatic system) occur in
torso, renal excretion is necessary to avoid accumulation of
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Figure 1. Schematic presentation of the radiopharmaceuti-
cals design. The targeting biomolecule is a cyclic RGD
peptide. The PKM linker is used for modification of pharma-
cokinetics of radiotracers. For the metal-containing radio-
tracers, a BFC is used to attach the metallic radionuclide to
the targeting biomolecule. For 18F-based radiotracers, an
organic precursor or synthon is often needed to attach 18F
onto the cyclic RGD peptide.
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radioactivity in the gastrointestinal tract, which may interfere
with interpretation of tumor activity in the abdominal region.

It is important to note that early detection is only the first
step of cancer patient management. The integrinRvâ3 targeted
radiotracer should also be able (1) to distinguish between
benign and malignant tumors, (2) to follow the course of a
particular tumor type and its response to antiangiogenic
therapy, and (3) to predict success or failure of a specific
therapeutic regime for a given type of tumor in a particular
cancer patient.

Choice of Radionuclide.Nearly 80% of radiopharma-
ceuticals used in the nuclear medicine department are99mTc
compounds for planar and SPECT imaging due to optimal
nuclear properties of99mTc and its easy availability at low
cost.44-47 The 6 h half-life is long enough to allow radio-
pharmacists to carry out radiosynthesis and for physicians
to collect clinically useful images. At the same time, it is
short enough to permit administration of 20-30 mCi of99mTc
without imposing a significant radiation dose to the patient.
The monochromatic 140 keV photons are readily collimated
to give high-quality images with high spatial resolution.

18F is a cyclotron-produced isotope suitable for PET imag-
ing. It has a half-life of 110 min. For the last several years,
18F-FDG (FDG) 2-fluoro-2-deoxyglucose) has been widely
used as an imaging tool for diagnosis of cancers and brain
and cardiovascular diseases. Despite its short half-life,18F-
labeled biomolecules have become much more accessible
to researchers and clinicians in the medium-sized institutions.
The availability of mobile trailers for PET imaging will make
the development of18F-labeled tumor-specific radiotracers
a reality in the near future.

64Cu is another PET isotope useful for development of
target-specific radiotracers. It has a half-life of 12.7 h with
a low â+ emission (18%) and maximumâ+ energy of 0.66
MeV. Despite poor nuclear properties, the long half-life
makes64Cu feasible for PET imaging with radiolabeled small
biomolecules. Copper radionuclides and related radiochem-
istry have been reviewed extensively by Blower et al.48

Nuclear medicine applications of64Cu-labeled proteins and
peptides have been reviewed by Anderson et al.49,50

Bifunctional Chelators. The choice of BFC depends on
the radionuclide. Since18F can be incorporated into the
biomolecule via a covalent bond directly or through a PKM
linker, there is no need for the BFC. In contrast, the BFC is
an important part of both99mTc- and64Cu-based radiotracers.
BFCs for 99mTc-labeling of small biomolecules have been
reviewed extensively.44,46,47Among various BFCs (Figure 2),
6-hydazinonicotinic acid (HYNIC) is of great interest due
to its high99mTc-labeling efficiency (rapid radiolabeling and
high radiolabeling yield), the high solution stability of its
99mTc complexes, and the easy use of different coligands for
modification of biodistribution characteristic of the99mTc-
labeled small biomolecules.51 DOTA (1,4,7,10-tetraaza-
cyclododecane-1,4,7,10-tetraacetic acid) and its derivatives
(Figure 2) will be used as the BFCs for64Cu-labeling small
biomolecules mainly due to the high solution stability of their
64Cu chelates.48-50

Targeting Biomolecules. Selection of targeting bio-
molecules depends largely on their integrinRvâ3 binding
affinity and selectivity. In general, the targeting biomolecule
should be an antagonist since the use of an agonist may cause
certain unwanted side effects even at low dose. It should
have very high integrinRvâ3 binding affinity with IC50 values
in the nanomolar range with a high selectivity for integrin
Rvâ3 over glycoprotein IIb/IIIa (GPIIb/IIIa). In the past dec-
ades, many high-affinity RGD peptide antagonists have been
identified and have been shown to induce endothelial apop-
tosis28 and to inhibit angiogenesis of tumors.29,41,42Figure 3
shows several examples of cyclic RGD peptides, such as
EMD 121974,32,33 that have high affinity and selectivity for
the integrinRvâ3 with IC50 in the nanomolar range. Arrows
indicate possible sites for attachment of a radioisotope or
conjugation of the radiometal chelate. These cyclic RGD
peptides have been successfully used as targeting biomol-
ecules to carry the radionuclide to tumor cells and tumor
neovasculature.

Why Small RGD Peptides?There are several advantages
in using radiolabeled small RGD peptides as radiotracers.
The RGD tripeptide sequences are natural binding units that
are responsible for interactions between integrinRvâ3 and
extracellular matrix proteins, such as vitronectin, fibronectin,
fibrinogen, lamin, collagen, and adenovirus particles. Small
RGD peptides can tolerate harsh conditions for radiolabeling
and chemical modification. Unlike antibodies, they are less
likely to be immunogenic. Because of their small size, they
have a rapid blood clearance. The faster blood clearance
results in adequate T/B ratios earlier so that it is practical to
use99mTc and18F, which are the preferred radionuclides for
SPECT and PET, respectively. When labeled with a suitable
radionuclide, radiotracers targeting integrinRvâ3 might be
useful for tumor radiotherapy.25,46,52
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Factors Influencing Integrin rvâ3 Binding
Linear RGD Peptides. A major challenge in designing

integrin Rvâ3 antagonists is to improve the integrinRvâ3

binding affinity. In theory, targeting biomolecules can be
linear or cyclic if they contain one or more RGD tripeptide
sequences. A99mTc-labeled linear decapeptideRP2 (RGD-

SCRGDSY) has been reported.53 There are two RGD motifs
in the peptideRP2. In patients diagnosed with metastatic
melanoma, six out of eight lymph node metastases (75%)
and all 11 other tumor sites were successfully imaged using
99mTc-labeled peptideRP2.53 An 18F-labeled linear RGD pep-
tide (KPQVTRGDFTEG-NH2) has recently been prepared

Figure 2. ChemDraw structures of bifunctional chelating systems useful for radiolabeling of biomolecules (BM) with metallic
radionuclides, such as 99mTc and 64Cu.

Figure 3. ChemDraw structures of cyclic RGD peptides useful as targeting biomolecules for the integrin Rvâ3 targeted radiotracers.
Arrows indicate possible sites for attachment of a radioisotope or conjugation of the radiometal chelate.
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via rapid solid-phase synthesis.54 It has only one RGD tri-
peptide sequence, and the biodistribution data show a very
low tumor uptake in Balb/c mice bearing colorectal tumors.
A major disadvantage using linear RGD peptides is that they
are often degraded rapidly in serum by proteases. The
combination of low binding affinity (IC50 > 100 nM), lack
of specificity (integrinRvâ3 versus GPIIb/IIIa), and rapid
degradation makes them nonoptimal for tumor imaging.25,45

Cylic RGD Peptides.It has been shown that cyclization
of RGD peptides via linkers, such as S-S disulfide, thioether,
and rigid aromatic rings or other heterocycles, leads to the
increased receptor binding affinity and selectivity.30,31,55How-
ever, there is little evidence to show that any particular mode
of cyclization will result in high-affinity receptor binding.
One thing is clear: Cyclic peptides with the conformation
at the receptor-binding motif similar to that of the natural
receptor ligand are likely to have higher receptor binding
affinity and better selectivity.31,55After extensive structure-
activity-relationship studies,30,31,33,55it was found that incor-
poration of the RGD sequence into a cyclic pentapeptide
framework (Figure 3) significantly increases the binding
affinity and selectivity for integrinRvâ3. It was also shown
that the amino acid in position 5 has no significant impact
on the integrinRvâ3 binding affinity. For example, the valine
amino acid (V) of c(RGDfV) can be replaced by lysine (K)
or glutamic acid (E) to afford cyclic pentapeptides, c(RGD-
fK) and c(RGDfE), respectively, without changing their
integrin Rvâ3 binding affinity.

Multivalency Concept. Since the natural mode of inter-
actions between integrinRvâ3 and RGD-containing proteins,
such as vitronectin, fibronectin, fibrinogen, and lamin, may
involve multivalent binding sites, the idea to improve the
integrin Rvâ3 binding affinity with multivalent cyclic RGD
peptides could provide more effective antagonists with better
targeting capability and higher cellular uptake through the
integrin-dependent endocytosis pathway.56 Multivalent inter-
actions are used in such a way that weak ligand-receptor
interactions may become biologically relevant.57 The multi-

valent concept has been used for development of radiotracers.
For example, Goel et al. reported the99mTc-labeled divalent
and tetravalent scFv’s of mAb CC49.58 Results from bio-
distribution studies showed that99mTc-[sc(Fv)2]2 had approx-
imately 3-fold higher tumor localization than99mTc-sv(Fv)2.58

Viti et al. also reported increased binding affinity and tumor
targeting capability for the125I-labeled divalent recombinant
antibody fragment.59 Results from biodistribution studies in
athymic nude mice bearing sc grafted F9 murine terato-
carcinoma showed that125I-scFv(E1) and125I-scFv(L19)
dimers had tumor uptake that was 3-5 times higher than
that of 125I-scFv(E1) and125I-scFv(L19) monomers.59 Simi-
larly, Kok et al. showed increased affinity of RGD ligands
due to multivalent interactions.60

Cyclic RGDfK and RGDyK Dimers. Rajopadhye and
co-workers were the first to use cyclic RGD dimers, such
as E[c(RGDfK)]2 (Figure 4), as targeting biomolecules for
the development of diagnostic (99mTc and111In) and thera-
peutic (90Y and 177Lu) radiotracers.61-67 Recently, Chen

(53) Sivolapenko, G. B.; Skarlos, D.; Pectasides, D.; Stathopoulou,
E.; Milonakis, A.; Sirmalis, G.; Stuttle, A.; Courtenay-Luck, N.
S.; Konstantinides, K.; Epenetos, A. A. Imaging of metastatic
melanoma utilizing a technetium-99m labeled RGD-containing
synthetic peptide.Eur. J. Nucl. Med.1998, 25, 1383-1389.

(54) Sutcliffe-Goulden, J. L.; O’Doherty, M. J.; Marsden, P. K.; Hart,
I. R.; Marshall, J. F.; Bansal, S. S. Rapid solid-phase synthesis
and biodistribution of18F-labeled linear peptides.Eur. J. Nucl.
Med.2002, 29, 754-759.

(55) Gottschalk, K.-E.; Kessler, H. The structures of integrins and
integrin-ligand complexes: Implications for drug design and signal
transduction.Angew. Chem., Int. Ed. 2002, 41, 3767-3774.

(56) Boturyn, D.; Coll, J. L.; Garanger, E.; Favrot, M. C.; Dumy, P.
Template assembled cyclopeptides as multimeric system for
integrin targeting and endocytosis.J. Am. Chem. Soc.2004, 126,
5730-5739.

(57) Mammen, M.; Choi, S. K.; Whitesides, G. M. Polyvalent Inter-
actions in Biological Systems: Implications for Design and Use
of Multivalent Ligands and Inhibitors.Angew. Chem., Int. Ed.
1998, 37, 2755-2794.

(58) Goel, A.; Baranowska-Kortylewicz, J.; Hinrichs, S. H.; Wise-
carver, J.; Pavlinkova, G.; Augustine, S.; Colcher, D.; Booth, B.
J. M.; Batra, S. K.99mTc-labeled divalent and tetravalent CC49
single-chain Fv’s: novel imaging agents for rapidin ViVo
localization of human colon carcinoma.J. Nucl. Med.2001, 42,
1519-1527.

(59) Viti, F.; Tarli, L.; Giovannoni, L.; Zardi, L.; Neri, D. Increased
binding affinity and valence of recombinant antibody fragments
lead to improved targeting of tumoral angiogenesis.Cancer Res.
1999, 59, 347-352.

(60) Kok, R. J.; Schraa, A. J.; Bos, E. J.; Moorlag, H. E.; AÄ sgeirsdo´ttir,
S. A.; Everts, M.; Meijer, D. K. F.; Molema G. Preparation and
functional evaluation of RGD-modified proteins asRvâ3 integrin
directed therapeutics.Bioconjugate Chem. 2002, 13, 128-135.

(61) Rajopadhye, M.; Harris, A. R.; Nguyen, H. M.; Overoye, K. L.;
Bartis, J.; Liu, S.; Edwards, D. S.; Barrett. J. A. RP593, a99mTc-
labeledRvâ3/Rvâ5 antagonist, rapidly detects spontaneous tumors
in mice and dogs. 47th Annual Meeting of SNM, St. Louis,
Missouri.J. Nucl. Med.2000, 41, 34P.

(62) Liu, S.; Edwards, D. S.; Ziegler, M. C.; Harris, A. R.; Hemingway,
S. J.; Barrett, J. A.99mTc-Labeling of a hydrazinonicotinamide-
conjugated vitronectin receptor antagonist useful for imaging
tumor.Bioconjugate Chem. 2001, 12, 624-629.

(63) Liu, S.; Cheung, E.; Rajopadhye, M.; Ziegler, M. C.; Edwards,
D. S. 90Y- and 177Lu-labeling of a DOTA-conjugated vitronectin
receptor antagonist useful for tumor therapy.Bioconjugate Chem.
2001, 12, 559-568.

(64) Janssen, M. L.; Oyen, W. J. G.; Dijkgraaf, I.; Massuger, L. F.;
Frielink, C.; Edwards, D. S.; Rajopadhye, M.; Boonstra, H.;
Corstens, F. H.; Boerman, O. C. Tumor targeting with radiolabeled
Rvâ3 integrin binding peptides in a nude mouse model.Cancer
Res.2002, 62, 6146-6151.

(65) Janssen, M.; Oyen, W. J. G.; Massuger, L. F. A. G.; Frielink, C.;
Dijkgraaf, I.; Edwards, D. S.; Radjopadhye, M.; Corsten, F. H.
M.; Boerman, O. C. Comparison of a monomeric and dimeric
radiolabeled RGD-peptide for tumor targeting.Cancer Biother.
Radiopharm.2002, 17, 641-646.

(66) Janssen, M. L.; Frielink, C.; Dijkgraaf, I.; Oyen, W. J.; Edwards,
D. S.; Liu, S.; Rajopadhye, M.; Massuger, L. F.; Corstens, F. H.;
Boerman, O. C. Improved tumor targeting of radiolabeled RGD-
peptides using rapid dose fractionation.Cancer Biother. Radio-
pharm.2004, 19, 399-404.

Integrin RVâ3 Targeted Radiotracers for Tumor Imaging reviews

VOL. 3, NO. 5 MOLECULAR PHARMACEUTICS 477



et al.68,69reported the use of E[c(RGDyK)]2 for preparation
of 64Cu- and 18F-based PET radiotracers. The success of
E[c(RGDfK)]2 and E[c(RGDyK)]2 as targeting biomolecules
is very intriguing. Given the short distance (∼20 bond
distance) between two cyclic RGD peptides, it is unlikely
that they would bind to the adjacent integrinRvâ3 receptors
simultaneously. However, the binding of one RGD motif to
integrinRvâ3 will significantly increase “local concentration”
of the second RGD motif in the vicinity of the receptor-
binding site. This might lead to the enhanced integrinRvâ3

binding rate or the reduced dissociation rate of the cyclic
RGD peptide from the integrinRvâ3. The high “local RGD

peptide concentration” may explain the higher tumor uptake
and longer tumor retention times of the radiolabeled (99mTc,
111In, 90Y, 18F, and64Cu) cyclic RGD dimers as compared to
their monomeric analogues.64-69

Cyclic RGDfE Dimers. Recently, Poethko et al. reported
the 18F-labeled cyclic RGDfE peptide dimer (Figure 4:
[c(RGDfE)HEG]2-K-Dpr-[18F]FBOA) and found that [c(RGD-
fE)HEG]2-K-Dpr-[18F]FBOA had much higher integrinRvâ3

binding affinity to the immobilized integrinRvâ3 than its
monomeric analogue: c(RGDfE)HEG-Dpr-[18F]FBOA.70-73

Apparently, the distance between two cyclic RGDfE moieties

(67) Liu, S.; Hsieh, W. Y.; Kim, Y. S.; Mohammed, S. I. Effect of
coligands on biodistribution characteristics of ternary ligand99mTc
complexes of a HYNIC-conjugated cyclic RGDfK dimer.Bio-
conjugate Chem.2005, 16, 1580-1588.

(68) Chen, X. Y.; Liu, S.; Hou, Y.; Tohme, M.; Park, R.; Bading, J.
R.; Conti, P. S. MicroPET imaging of breast cancerRv-integrin
expression with64Cu-labeled dimeric RGD peptides.Mol. Imaging
Biol. 2004, 6, 350-359.

(69) Chen, X. Y.; Tohme, M.; Park, R.; Hou, Y.; Bading, J. R.; Conti,
P. S. MicroPET imaging of breast cancerRv-integrin expression
with 18F-labeled dimeric RGD peptide.Mol. Imaging 2004, 3,
96-104.

(70) Poethko, T.; Thumshirn, G.; Hersel, U.; Rau, F.; Haubner, R.;
Schwaiger, M.; Kessler, H.; Wester, H. J. Improved tumor uptake,
tumor retention and tumor/background ratios of pegylated RGD
multimers.J. Nucl. Med.2003, 44, 46P.

(71) Poethko, T.; Schottelius, M.; Thumshirn, G.; Herz, M.; Haubner,
R.; Henriksen, G.; Kessler, H.; Schwaiger, M.; Wester, H.-J.
Chemoselective pre-conjugate radiohalogenation of unprotected
mono- and multimeric peptides via oxime formation.Radiochim.
Acta 2004, 92, 317-327.

(72) Thumshirn, G.; Hersel, U.; Goodman, S. L.; Kessler, H. Mul-
timeric cyclic RGD peptides as potential tools for tumor target-
ing: solid-phase peptide synthesis and chemoselective oxime
ligation. Chem. Eur. J.2003, 9, 2717-2725.

Figure 4. ChemDraw structures of cyclic RGD dimers: E[c(RGDfK)]2, E[c(RGDyK)]2, and [c(RGDfE)HEG]2-K-Dpr-[18F]FBOA.
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in c(RGDfE)HEG-Dpr-[18F]FBOA is long enough for them
to bind to adjacent integrinRvâ3 receptors simultaneously.

Cyclic RGD Tetramers. Several research groups applied
the multivalent concept to prepare cyclic RGD peptide
tetramers. For example, Boturyn et al. reported a series of
cyclic RGDfK tetramers56 and found that the increase of
peptide multiplicity significantly enhances the integrinRvâ3

binding affinity and internalization in the CHO3a (Chinese
hamster ovary) in vitro assays. Kessler et al. reported a cyclic
RGDfE peptide tetramer (Figure 5) that had better integrin
Rvâ3 binding affinity than its monomeric and dimeric
analogues,70-73 and they found that the minimum linker
length is about 3.5 nm (∼25 bond distances) for simultaneous
binding of two c(RGDfE) motifs in the immobilized integrin
Rvâ3 assay.70

Recently, Liu et al. prepared a cyclic RGDfK tetramer,
E{E[c(RGDfK)]2}2 (Figure 6), which has been used to
develop integrinRvâ3 targeted radiotracers for tumor imaging
by SPECT and PET.74-76 It was found that the integrinRvâ3

binding affinity of E{E[c(RGDfK)]2}2 (IC50 ) 15.1( 1.1 nM)
is higher than that of E[c(RGDfK)]2 (IC50 ) 32.2( 2.1 nM)

against125I-echistatin using the integrinRvâ3 positive U87MG
human glioma cancer cells.75 The longest distance between
two RGD motifs is∼30 bond lengths, which is long enough
for them to bind to adjacent integrinRvâ3 receptors simul-
taneously. Apparently, the increase of peptide multiplicity
enhances the integrinRvâ3 binding affinity. Results from
biodistribution and imaging studies also showed that the use
of E{E[c(RGDfK)]2}2 as the targeting biomolecule enhances
the tumor-targeting capability of radiotracers (99mTc, 111In,
and64Cu).74-76

Metal Chelate Effect.Table 1 lists the integrinRvâ3 bind-
ing data for selected HYNIC and DOTA conjugates (Fig-
ure 7) and their metal complexes. HYNIC-c(RGKfD) was
designed as a negative control, and has a very low binding
affinity for integrin Rvâ3 with IC50 > 10 000 nM, clearly
indicating that the RGD sequence is responsible for the
integrinRvâ3 binding. “Cold” 99Tc, 89Y, and114In complexes
([99Tc]RP593, [99Tc]RP685, [114In]RP686, and [89Y]RP686)
were also prepared to study the impact of radiometal chelate
on integrin Rvâ3 affinity.25 In the ELISA assay against
biotinated vitronectin, both HYNIC and DOTA conjugates
of c(RGDfK) and E[c(RGDfK)]2 show high binding affinity

(73) Poethko, T.; Schottelius, M.; Thumshirn, G.; Hersel, U.; Herz,
M.; Henriksen, G.; Kessler, H.; Schwaiger, M.; Wester, H.-J. Two-
step methodology for high yield routine radiohaligenation of
peptides:18F-labeled RGD and octreotide analogs.J. Nucl. Med.
2004, 45, 892-902.

(74) Liu, S.; Hsieh, W.-Y.; Jiang, Y.; Kim, Y.-S. Impact of peptide
multiplicity and coligands on solution stability, biodistribution
characteristics and metabolic fate of99mTc-labeled cyclic RGDfK
peptides.Bioconjugate Chem., submitted

(75) Wu, Y.; Zhang, X. Z.; Xiong, Z. M.; Cheng, Z.; Fisher, D. R.;
Liu, S.; Gambhir, S. S.; Chen, X.-Y. MicroPET imaging of glioma
Rv-integrin expression using64Cu-labeled tetrameric RGD peptide.
J. Nucl. Med. 2005, 46, 1707-1718.

(76) Dijkgraaf, I.; John A. W. Kruijtzer, J. A. W.; Liu, S.; Soede, A.;
Oyen, W. J. G.; Corstens, F. H. M.; Liskamp, R. M. J.; and
Boerman, O. C. Improved targeting ofRvâ3 by multimerization
of RGD peptides.Eur. J. Nucl. Med.,in press.

Figure 5. ChemDraw structure of an 18F-labeled cyclic RGDfE tetramer, {[c(RGDfE)HEG]2K}2-K-Dpr-[18F]FBOA.
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and good selectivity for integrinRvâ3 (Table 1). There was
no significant difference in the binding affinity between
HYNIC-E[c(RGDfK)]2 or DOTA-E[c(RGDfK)]2 and their
corresponding radiometal complexes, suggesting that attach-
ment of the radiometal chelate has no significant impact on
integrinRvâ3 binding affinity of the cyclic RGDfK dimer.24

Similar results were obtained for the HYNIC- and DOTA-
conjugated cyclic RGDfK tetramer, E{E[c(RGDfK)]2}2.74-76

Factors Influencing Tumor Uptake
Integrin rvâ3 Receptor Population. There are many

factors that can influence the tumor uptake and tumor reten-
tion of a specific radiotracer. These include the integrinRvâ3

population, integrinRvâ3 binding affinity, receptor binding
and dissociation rates, and excretion kinetics. The fact that
the 99mTc-labeled peptideRP2 has been successfully used
for imaging tumors in patients diagnosed with metastatic
melanoma strongly suggests that there is sufficient integrin
Rvâ3 overexpression on tumor cells and the activated endo-
thelial cells of neovasculature for SPECT and PET imaging.
This has been further confirmed by the promising results

from PET imaging studies with18F-galacto-RGD in cancer
patients with metastases of malignant melanoma, sarcomas,
and osseous metastases.77,78

Integrin rvâ3 Binding Affinity. For the last several years,
Edwards’s group at Bristol-Myers Squibb (BMS) Medical
Imaging has been using HYNIC (Figure 7) as a BFC for the
99mTc-labeling of cyclic RGD peptides.79-81 It was found that
the HYNIC-RGD conjugate must have IC50 e 10 nM in the
ELISA assay in order for its ternary ligand99mTc complex
[99mTc(HYNIC-RGD)(tricine)(TPPTS)] (TPPTS) trisodium

(77) Beer, A. J.; Haubner, R.; Goebel, M.; Luderschmidt, S.; Spilker,
M. E.; Webster, H.-J.; Weber, W. A.; Schwaiger, M. Biodistri-
bution and pharmacokineticss of theRvâ3-selective tracer18F-
Galacto-RGD in cancer patients.J. Nucl. Med.2005, 46, 1333-
1341.

(78) Haubner, R.; Weber, W. A.; Beer, A. J.; Vabulience, E.; Reim,
D.; Sarbia, M.; Becker, K.-F.; Goebel, M.; Hein, R.; Wester, H.-
J.; Kessler, H.; Schwaiger, M. Noninvasive visuallization of the
activiatedRvâ3 integrin in cancer patients by positron emission
tomography and [18F]Galacto-RGD.PLOS Med.2005, 2, e70,
244-252.

Figure 6. ChemDraw structure of a cyclic RGDfK peptide tetramer, E{E[c(RGDfK)]2}2. For 99mTc-labeling, the BFC is HYNIC.
DOTA will be used for chelation of 111In, 90Y, and 64Cu.

Table 1. Selected Integrin Rvâ3 Binding Data for HYNIC/DOTA-Conjugated RGD Peptides and Their Metal Complexes

compound
radiometal

complex

IC50 (nM)
ELISA against
biotinated Vn

IC50 (nM)
IIb/IIIa
against

125I-fibrinogen structure acronym

vitronectin (Vn) 5 (n ) 5) 294 (n ) 1) vitronectin
c(RGDfV) 0.4 (n ) 2) 15 399 (n ) 1) c(RGDfV)
HYNIC-c(RGDfK) RP582 1.0 (n ) 2) 8 842 (n ) 1) c(RGDfK)
HYNIC-E[c(RGDfK)]2 RP593 0.6 (n ) 3) 10 209 (n ) 1) HYNIC-c(RGDfK) dimer
HYNIC-E[c(RGDfK)]2 [99Tc]RP593 2.0 (n ) 2) >10 000 (n ) 2) 99Tc complex
HYNIC-c(RGKfD) RP685 >10 000 (n ) 4) >20 000 (n ) 1) c(RGKfD)

[99Tc]RP685 >10 000 (n ) 2) >20 000 (n ) 1) 99Tc complex
DOTA-E[c(RGDfK)]2 RP686/RP697 0.7 (n ) 4) 8 894 (n ) 3) DOTA-c(RGDfK) dimer
In-DOTA-E[c(RGDfK)]2 [111In]RP686 1.2 (n ) 2) >10 000 (n ) 1) indium complex
Y-DOTA-E[c(RGDfK)]2 [90Y]RP697 1.5 (n ) 2) >10 000 (n ) 1) yttrium complex
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triphenylphosphine-3,3′,3′′-trisulfonate) to be useful as a tumor
imaging agent.24 Higher binding affinity of the HYNIC-RGD
conjugate often leads to better tumor uptake for its ternary
ligand99mTc complex [99mTc(HYNIC-RGD)(tricine)(TPPTS)].

For example, HYNIC-c(RGKfD) has very low integrinRvâ3

binding affinity (IC50 > 10 000 nM) due to the “scrambled”
peptide sequence. Its99mTc complex [99mTc(HYNIC-c(RGK-
fD))(tricine)(TPPTS)] (RP685) has no significant tumor up-
take (Figure 8). HYNIC-E[c(RGDfK)]2 has a very high bind-
ing affinity for integrinRvâ3 (IC50 ) 0.6 nM), and its99mTc
complex [99mTc(HYNIC-E[c(RGDfK)]2)(tricine)(TPPTS)]
(RP593) has a high tumor uptake (Table 2 and Figure 8)
and has a long tumor retention time.

Monomer versus Dimer. More than 2099mTc-labeled
cyclic RGD peptides have been screened in the c-neu
Oncomouse model.25 The results from biodistribution studies
showed that RP593 has the best biodistribution characteristics
(Table 2) in terms of tumor uptake and T/B (tumor/liver and
tumor/lungs) ratios. RP593 showed superior tumor uptake
and longer retention than its monomer counterpart [99mTc-
(HYNIC-c(RGDfK))(tricine)(TPPTS)] (RP582). The tumor
uptake of RP593 can be blocked by coinjection of excess
c(RGDfV), a known integrinRvâ3 antagonist, suggesting that

(79) Edwards, D. S.; Liu, S.; Barrett, J. A.; Harris, A. R.; Looby, R.
J.; Ziegler, M. C.; Heminway, S. J.; Carroll, T. R. A new and
versatile ternary ligand system for technetium radiopharma-
ceuticals: water soluble phosphines and tricine as coligands in
labeling a hydrazino nicotinamide-modified cyclic glycoprotein
IIb/IIIa receptor antagonist with99mTc. Bioconjugate Chem.1997,
8, 146-154.

(80) Liu, S.; Edwards, D. S.; Harris, A. R. A novel ternary ligand
system for technetium radiopharmaceuticals: imine-N containing
heterocycles as coligands in labeling a hydrazinonicotinamide-
modified cyclic platelet glycoprotein IIb/IIIa receptor antagonist
with 99mTc. Bioconjugate Chem.1998, 9, 583-595.

(81) Liu, S.; Edwards, D. S.; Harris, A. R.; Ziegler, M. C.; Poirier, M.
J.; Ewels, B. A.; DiLuzio, W. R.; Hui, P. Towards developing a
non-SnCl2 formulation for DMP444: a new radiopharmaceutical
for thrombus imaging.J. Pharm. Sci.2001, 90, 114-123.

Figure 7. ChemDraw structures of the selected HYNIC- and DOTA-conjugated cyclic RGDfK peptide monomers and dimers.
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its tumor localization is indeed due to the integrinRvâ3

binding. Both RP593 and RP582 have also been evaluated
in the female BALB/c mice with subcutaneously growing
OVCAR-3 ovarian carcinoma xenograft.64,65 At 1, 2, and 4
h postinjection, the tumor uptake of RP593 was significantly
higher than that of RP582 (Table 2). These results strongly
suggest that the cyclic RGD dimer E[c(RGDfK)]2 has a
significant advantage over the monomer counterpart with
respect to tumor uptake and retention times. A similar
conclusion was also made for the18F-labeled cyclic RGD
peptide dimer.69

Radiometal Chelate Effect.111In-DOTA-E[c(RGDfK)]2
(RP686) and90Y-DOTA-E[c(RGDfK)]2 (RP697) showed
much higher tumor uptake and longer tumor retention time
(∼3.0% ID/g at 2 h and∼1.5% ID/g at 24 h postinjection)
than their monomer counterparts (∼1.28% ID/g at 2 h and
∼0.5% ID/g at 24 h postinjection) in the c-neu Oncomouse
model.25 Similar results were obtained for RP593, RP686,
and RP697 in BALB/c mice bearing ovarian carcinoma.64,65

Changing the chelator from a bulky ternary ligand system
(HYNIC, tricine, and TPPTS) to a small DOTA did not cause
a significant change in tumor uptake; but it had a significant

impact on the radiotracer uptake in several major organs,
particularly liver and kidneys (Table 2). For example, RP686
and RP697 have a much lower kidney uptake than RP593
in the same animal model, strongly suggesting that the
biodistribution characteristics of a radiotracer can be modified
by the choice of bifunctional chelator or metal chelate.

Impact of Cyclic RGD Peptides.Recently, Chen et al.68

reported two radiotracers,64Cu-DOTA-E[c(RGDfK)]2 and
64Cu-DOTA-E[c(RGDyK)]2, for PET imaging of breast can-
cer in nude mice bearing MDA-MB-435 breast cancer
xenografts.68 It was found that replacing c(RGDfK) with
c(RGDyK) had little effect on the tumor uptake; but64Cu-
DOTA-E[c(RGDyK)]2 showed a faster liver clearance than
64Cu-DOTA-E[c(RGDfK)]2, probably due to the two extra
hydroxyl groups in64Cu-DOTA-E[c(RGDyK)]2. The tumor
uptake can be blocked by coinjection of c(RGDyK), dem-
onstrating that the high tumor uptake of64Cu-DOTA-
E[c(RGDyK)]2 and64Cu-DOTA-E[c(RGDfK)]2 is due to the
integrin Rvâ3 binding.

Dimer versus Tetramer.Liu et al. prepared the HYNIC-
E{E[c(RGDfK)]2}2 conjugate and its ternary ligand99mTc com-
plex [99mTc(HYNIC-E{E[c(RGDfK)]2}2)(tricine)(TPPTS)].74

Biodistribution studies of [99mTc(HYNIC-E{E[c(RGDfK)]2}2)-
(tricine)(TPPTS)]) and RP593 were performed in athymic
nude mice bearing MDA-MB-435 breast cancer xenografts.
It was found that the tumor uptake of [99mTc(HYNIC-E{E-
[c(RGDfK)]2}2)(tricine)(TPPTS)] was much higher than that
of RP593 at 120 min postinjection (Figure 9), most likely
due to higher integrinRvâ3 binding affinity of E{E-
[c(RGDfK)]2}2. It is very interesting to note that there is a
steady increase in tumor uptake for [99mTc(HYNIC-E{E-
[c(RGDfK)]2}2)(tricine)(TPPTS)] while the tumor uptake of
RP593 remains relatively unchanged over the 2 h study
period. Because of the increased tumor uptake, its T/B ratios
were also significantly increased.

To further illustrate the advantage of E{E[c(RGDfK)]2}2,
three DOTA conjugates, DOTA-E-c(RGDfK), DOTA-
E[c(RGDfK)]2, and DOTA-E{E[c(RGDfK)]2}2, and their
111In complexes have been prepared.76 Biodistribution studies
on 111In-DOTA-E-c(RGDfK), 111In-DOTA-E-[c(RGDfK)]2,
and 111In-DOTA-E{E[c(RGDfK)]2}2 were performed in
athymic mice bearing sc SK-RC-52 tumors. Based on their
biodistribution patterns and T/B ratios (Figure 10), it was
clear that the cyclic RGDfK tetramer E{E[c(RGDfK)]2}2 is
the best targeting biomolecule with respect to tumor uptake
and T/B ratios for its radiotracers.76

64Cu-DOTA-E{E[c(RGDfK)]2}2 was also evaluated as a
PET radiotracer in nude mice bearing U87MG human glioma
xenografts.75 64Cu-DOTA-E{E[c(RGDfK)]2}2 has a high
tumor uptake (9.93( 1.05% ID/g at 30 min postinjection)
with a long tumor retention time (4.56( 0.51% ID/g at 24 h
postinjection). It also has a rapid blood clearance (0.61
( 0.01% ID/g at 30 min postinjection and 0.21( 0.01%
ID/g at 4 h postinjection) predominantly via the renal system.
MicroPET images (Figure 11) clearly showed the presence
of glioma tumors in the tumor-bearing nude mice. The com-

Figure 8. Representative images of RP593 (top) and RP685
(bottom) at 30 min and 2 h postinjection in the c-neu
Oncomouse model. Arrows indicate the presence of radio-
activity in tumors or bladder. Images have not been filtered.

Table 2. Biodistribution Data of Radiometal Complexes
(2 mCi/kg, Iv) at 2 h Postinjection in the c-neu Oncomouse
Tumor Model

radiotracer
(radiometal
complex)

tumor
uptake

(% ID/g)

blood
activity

(% ID/g)

kidney
uptake

(% ID/g)

liver
uptake

(% ID/g)

RP582 1.281 (n ) 3) 0.029 (n ) 3) 4.73 (n ) 3) 3.08 (n ) 3)
RP593 3.65 (n ) 5) 1.02 (n ) 5) 11.3 (n ) 5) 5.18 (n ) 5)
RP685 0.61 (n ) 2) 0.91 (n ) 2) 3.4 (n ) 2) 0.51 (n ) 2)
RP686 3.14 (n ) 4) 0.25 (n ) 4) 4.6 (n ) 4) 3.78 (n ) 4)
RP697 3.05 (n ) 4) 0.20 (n ) 4) 4.4 (n ) 4) 3.55 (n ) 4)
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bination of high tumor uptake and rapid clearance from non-
target organs led to very high T/B ratios for64Cu-DOTA-
E{E[c(RGDfK)]2}2 (tumor/muscle) 15.9( 1.2; tumor/liver
) 2.32( 0.18; tumor/kidney) 1.54( 0.12). These prom-
ising results suggest that64Cu-DOTA-E{E[c(RGDfK)]2}2 has
the potential as a PET radiotracer to image integrinRvâ3

expression in glioma.75

Pharmacokinetic Considerations
The main pharmacokinetic consideration for a new tumor

imaging agent is that it has a high tumor uptake with diag-
nostically useful T/B ratio in a short period of time. The
high lipophilicity often leads to more hepatobiliary excretion.
High protein binding often results in longer blood retention
of radioactivity. Hepatobiliary excretion and high protein
binding are detrimental for improvement of the T/B ratio.
Therefore, an important aspect of the research on integrin
Rvâ3 targeted radiotracers is to improve the T/B ratios by
modifying excretion kinetics of radiolabeled cyclic RGD pep-
tides. PKM linkers and their use for modification of radio-
tracer pharmacokinetics have been reviewed recently.25,45,52

The following examples will illustrate their impact on bio-
distribution properties of the radiolabeled cyclic RGD
peptides.

Carbohydrate-Modified Cyclic RGD Peptides.Haubner
et al. were the first to use 3-125I-D-Tyr4-cyclo(RGDyV) and
3-125I-D-Tyr4-cyclo(RGDyK(SAA1)) (Figure 12: SAA)
sugar amino acid) as radiotracers for tumor imaging.82-84 It
was found that substitution of leucine with the SAA-
functionalized lysine resulted in improved renal excretion
and better T/B ratios. A blocking study using c(RGDfV) at

(82) Haubner, R.; Wester, H. J.; Senekowitsch-Schmidtke, R.; Diefen-
bach, B.; Kessler, H.; Sto¨cklin, G.; Schwaiger, M. RGD-peptides
for tumor targeting: biological evaluation of radioiodinated ana-
logs and introduction of a novel glycosylated peptide with
improved biokinetics.J. Labelled Compd. Radiopharm.1997, 40,
383-385.

Figure 9. Direct comparison of the biodistribution characteristics of RP593 (dimer) and [99mTc(HYNIC-E{E[c(RGDfK)]2}2)(tricine)-
(TPPTS)]) (tetramer) in the athymic nude mice bearing the MDA-MB-435 human breast cancer xenografts.

Figure 10. Direct comparison of tumor uptake (top: % ID/g)
and tumor-to-blood ratios (bottom) between 111In-DOTA-E-
c(RGDfK), 111In-DOTA-E-[c(RGDfK)]2, and 111In-DOTA-E{E-
[c(RGDfK)]2}2 at 2, 8, and 24 h postinjection.

Integrin RVâ3 Targeted Radiotracers for Tumor Imaging reviews

VOL. 3, NO. 5 MOLECULAR PHARMACEUTICS 483



a dose of 3 mg/kg clearly demonstrated that the localization
of radiotracer in tumor is due to integrinRvâ3 binding.83,84

[18F]Galacto-RGD (Figure 12) has also been used for PET
imaging of integrin Rvâ3 expression in melanoma- and
osteosarcoma-bearing mice.85 Introduction of the sugar moi-
ety not only improves renal excretion but also enhances
tumor uptake of the radiotracer. Because of the pioneering
efforts from the Haubner’s group, [18F]galacto-RGD has been
under clinical trials as the first-generation integrinRvâ3

targeted radiotracer for tumor imaging.77,78

Peptide PKM Linkers. Small biomolecules in the blood
plasma are filtered through glomerular capillaries in kidneys
and may be subsequently reabsorbed by the proximal tubular
cells through carrier-mediated endocytosis. Membranes of
renal tubular cells contain negatively charged sites to which

the positively charged groups (such as guanidine in the RGD
sequence) are expected to bind. Carboxylic and sulfonic
groups will be deprotonated under physiological conditions.
Therefore, negatively charged small peptide sequence and
single amino acid have been proposed as PKM linkers to
reduce renal uptake and kidney retention of radiolabeled
small biomolecules.24,45,46,52The use of highly charged pep-
tide PKM linkers may also reduce protein bonding, thereby
reducing liver uptake of the radiotracer.

(83) Haubner, R.; Wester, H.-J.; Reuning, U.; Senekowisch-Schmidtke,
R.; Diefenbach, B.; Kessler, H.; Sto¨cklin, G.; Schwaiger, M.
RadiolabeledRvâ3 integrin antagonists: a new class of tracers
for tumor imaging.J. Nucl. Med. 1999, 40, 1061-1071.

(84) Haubner, R.; Wester, H. J.; Burkhart, F.; Senekowisch-Schmidtke,
R.; Weber, W.; Goodman, S. L.; Kessler, H.; Schwaiger, M.
Glycolated RGD-containing peptides: tracer for tumor targeting
and angiogenesis imaging with improved biokinetics.J. Nucl. Med.
2001, 42, 326-336.

(85) Haubner, R.; Wester, H. J.; Weber, W. A.; Mang, C.; Ziegler, S.
I.; Goodman, S. L.; Senekowisch-Schmidtke, R.; Kessler, H.;
Schwaiger, M. Noninvasive imaging ofRvâ3 integrin expression
using 18F-labeled RGD-containing glycopeptide and positron
emission tomography.Cancer Res.2001, 61, 1781-1785.

Figure 11. MicroPET images of the tumor-bearing mouse (with U87MG human glioma xenografts) administered with about
250 µCi of 64Cu-DOTA-E[c(RGDyK)]2.

Figure 12. Examples of the carbohydrate-conjugated cyclic RGD peptides.

Figure 13. ChemDraw structures of [18F]Asp3-RGD and [18F]-
Ser3-RGD.
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The di(cysteic acid) linker has successfully been used to
improve the blood clearance and minimize the liver and
kidney activity of the radiolabeled nonpeptide integrinRvâ3

receptor antagonists.25,86,87 The Asp3 and Ser3 tripeptide
sequences (Figure 13) were also used by Poethko et al.27,70

to modify excretion kinetics of the18F-labeled cyclic RGD
peptide, c(RGDfK). It was found that [18F]Asp3-RGD and
[18F]Ser3-RGD had biodistribution and excretion character-
istics comparable to those of [18F]galacto-RGD (Figure 12).

PEG PKM Linkers. The advantage of using poly-
(ethylene glycol) (PEG) as the PKM linker is that its molec-
ular weight can be controlled by adjusting chain length
without changing the overall molecular charge. Harris et al.

(86) Harris, T. D.; Kalogeropoulos, S.; Nguyen, T.; Liu, S.; Bartis, J.;
Ellars, C. E.; Edwards, D. S.; Onthanks, D.; Yalamanchili, P.;
Robinson, S. P.; Lazewatsky, J.; Barrett, J. A. Design, synthesis
and evaluation of radiolabeled integrinRvâ3 antagonists for tumor
imaging and radiotherapy.Cancer Biother. Radiopharm.2003,
18, 627-641.

(87) Onthank, D. C.; Liu, S.; Silva, P. J.; Barrett, J. A.; Harris, T. D.;
Simon P. Robinson, S. P.; Edwards, D. S.90Y and111In complexes
of A DOTA-conjugated integrinRvâ3 receptor antagonist: dif-
ferent but biologically equivalent.Bioconjugate Chem.2004, 15,
235-241.

Figure 14. PEGylated RGD peptides, [18F]FB-PEG-c(RGDyK) and DOTA-PEG-E[c(RGDyK)]2.

Figure 15. Structures of coligands and their ternary ligand
99mTc complexes: [99mTc(HYNIC-RGD)(tricine)(L)] (RGD )
E[c(RGDfK)]2; L ) TPPTS, ISONIC, NIC, and PDA).
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have successfully used a PEG4 as the PKM linker for the
99mTc-labeled non-peptide integrinRvâ3 receptor antagonists,
and found that the PEG linker can significantly improve
tumor uptake and T/B ratios.24,86,87 Kessler et al. reported
the use of HEG (hexaethylene glycolic acid) as a PKM linker
for the18F-labeled cyclic RGDfE dimer and tetramer.71 The
HEG linker increases the distance between the RGD motifs.
Chen et al. also found that the introduction of the PEG linker
(Figure 14) can improve the tumor uptake and excretion
kinetics of125I- and18F-labeled c(RGDyK) and64Cu-labeled
E[c(RGDyK)]2.88-90

Coligand Effect. Liu et al. have been using the99mTc-
labeling of the cyclic RGD peptides, such as E[c(RGDfK)]2,
to image integrinRvâ3 expression in tumors of different
origin.62,67,91It was found that the coligand has a significant
impact on tumor uptake, metabolic stability, and excretion
kinetics of [99mTc(HYNIC-E[c(RGDfK)]2)(tricine)(L)] (Fig-
ure 15: L) TPPTS, nicotinic acid (NIC), isonicotinic acid
(ISONIC), and 2,5-pyridinedicarboxylic acid (PDA)). Among
several radiotracers, [99mTc(HYNIC-E[c(RGDfK)]2)(tricine)-
(TPPTS)] (RP593) is the best for its imaging quality of

tumor-bearing mice.91 RP593 is a promising radiotracer for
planar and SPECT imaging of the integrinRvâ3 expression
in future preclinical and clinical evaluations.

Monitoring Tumor Growth and Metastasis
As discussed in the previous section, early detection is

only the first step of cancer patient management. In addition
to its capability to image tumors of different origin, the
integrinRvâ3 targeted radiotracer should also be able to stage
the extent of tumor metastasis and to monitor the tumor
growth and therapeutic response of cancer treatment. With
this in mind, Edwards’s group has tested RP593 (a99mTc-
labeled cyclic RGDfK dimer) in canines with confirmed
mammary adenocarcinomas. Figure 16 shows representative
planar images of the same dog administered with RP593 at
60 min postinjection.24 Scintigraphic images of the dog
administered with RP593 show the presence of tumors,
including a rapidly growing tumor (on the left side of each
image). At the time when the first imaging study was per-
formed, the image showed no indication of any metastatic
tumor. Two months later (03/12/98), the metastatic tumor is
clearly seen 60 min after injection of RP593 (0.5 mCi/kg,
iv). As the tumor size increases, the images show increased
localization of radioactivity in the tumor. These results
demonstrated that the integrinRvâ3 targeted radiotracers, such
as RP593, have the capability to monitor metastasis and
tumor growth. They might have the potential to monitor the
therapeutic response of antiangiogenic treatment.

Conclusions
Radiolabeled RGD peptides represent a new class of radio-

tracers with the potential both for early detection of rapidly
growing and metastatic tumors and for monitoring tumor
growth, metastasis, and possibly therapeutic response of
various treatment regimens. For the past several years,

(88) Chen, X.; Park, R.; Shahinian, A. H.; Tohme, M.; Khankaldyyan,
V.; Bozorgzadeh, M. H.; Bading, J. R.; Moats, R.; Laug, W. E.;
Conti, P. S. 18F-labeled RGD peptide: initial evaluation for
imaging brain tumor angiogenesis.Nucl. Med. Biol.2004, 31,
179-189.

(89) Chen, X.; Park, R.; Shahinian, A. H.; Bading, J. R.; Conti, P. S.
Pharmacokinetics and tumor retention of125I-labeled RGD peptide
are improved by PEGylation.Nucl. Med. Biol.2004, 31, 11-19.

(90) Chen, X.; Sievers, E.; Hou, Y.; Park, R.; Tohme, M.; Bart, R.;
Bremner, R.; Bading, J. R.; Conti, P. S. IntegrinRvâ3-targeted
imaging of lung cancer.Neoplasia2005, 7, 271-279.

(91) Jia, B.; Shi, J.; Yang, Z.; Xu, B.; Liu, Z.; Zhao, H.; Liu, S.; Wang,
F. 99mTc-labeled cyclic RGDfK dimer: initial evaluation for
SPECT imaging of brain tumor integrinRvâ3 expression.Bio-
conjugate Chem.,submitted.

Figure 16. Representative images (no decay correction) of RP593 at 60 min postinjection in a canine with confirmed mammary
adenocarcinoma. Arrows indicate presence of tumors.

reviews Liu

486 MOLECULAR PHARMACEUTICS VOL. 3, NO. 5



significant progress has been made on the use of radiolabeled
RGD peptides to visualize tumors by SPECT or PET in
various tumor-bearing animal models. [18F]Galacto-RGD has
been under clinical investigations as the first integrinRvâ3

targeted radiotracer for noninvasive visualization of the
activated integrinRvâ3 in cancer patients.

The tumor uptake of integrinRvâ3 targeted radiotracers is
dependent on the integrinRvâ3 expression levels and the
integrin Rvâ3 binding affinity of cyclic RGD peptides. On
the basis of experiences from imaging studies with99mTc-
labeled peptideRP2 and [18F]galacto-RGD in cancer patients
with metastatic melanoma, it is clear that there is a sufficient
integrinRvâ3 expression for SPECT and PET imaging. The
results from several research groups have demonstrated that
increasing the peptide multiplicity can significantly enhance
the integrin Rvâ3 binding affinity of RGD peptides and
improve tumor targeting capability of the radiotracer. Among
several cyclic RGDfK peptides (monomer, dimer, and
tetramer), E{E[c(RGDfK)]2}2 is the best targeting biomol-
ecule with respect to its integrinRvâ3 binding affinity and
tumor targeting capability of its radiotracers (99mTc, 111In,
and64Cu). From this point of view, further increase of RGD
peptide multiplicity may result in formation of oligomeric
or polymeric cyclic RGD peptides with the improved integrin
Rvâ3 binding affinity and tumor targeting efficacy. However,
modification of in vivo pharmacokinetics of radiolabeled
oligomeric or polymeric cyclic RGD peptides will become
much more difficult.

Radiotracers targeting integrinRvâ3 are useful not only
for early detection of tumors but also for staging the extent
of disease (local or widespread) and monitoring the response
of cancer treatment. They will have direct contact with the
intravasculature, and are expected to be more specific for
growing and metastatic tumors. Since most rapidly growing
and metastatic cancers involve angiogenesis, radiotracers
targeting integrinRvâ3 would be useful for a large population
of cancer patients with integrinRvâ3 positive tumors.

It is important to note that the integrinRvâ3 overexpression
is not limited to rapidly growing and metastatic tumors of
different origin. The integrinRvâ3 is also overexpressed in

endothelial cells during wound healing and postinfarct
remodeling, in rheumatoid arthritis and psoriatic plaque.1-4,92

Therefore, the integrinRvâ3 targeted radiotracers developed
for tumor imaging have been proposed for imaging myo-
cardial angiogenesis93 and inflammatory diseases.94 Recent
results showed that the111In-labeled non-peptide integrinRvâ3

antagonist (RP748) was able to image the angiogenesis in
the heart,94 and the radiotracer uptake in the infarct region
was associated with the integrinRvâ3 expression level. The
results reported by Pichler et al.93 suggest that [18F]galacto-
RGD might become a powerful tool to distinguish between
acute and chronic phases of T-cell mediated immune
responses. These promising results give rise to the possibility
of extending applications of the integrinRvâ3 targeted radio-
tracers from imaging tumor angiogenesis to detection of
inflammatory processes, and to monitoring outcomes of
therapeutic interventions in patients with cancer, myocardial
infarction, and inflammation.
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