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Molecular interactions between RGD peptides and integrins are known to mediate many biological and
pathological processes. This has led to an increased interest in the development of RGD compounds with
high affinity and improved selectivity for integrin receptors. In this study, we synthesized and evaluated a
series of multimeric RGD compounds constructed on a dicarboxylic acid-containing near-infrared (NIR)
fluorescent dye (cypate) for tumor targeting. An array of NIR fluorescent RGD compounds was prepared
efficiently, including one RGD monomer (cypate-(RGD)2-NH2), two RGD dimers (cypate-(RGD)2-NH2 and
cypate-(RGD-NH2)2), one trimer (cypate-(RGD)3-NH2), two tetramers (cypate-(RGD)4-NH2 and cypate-
[(RGD)2-NH2]2), one hexamer (cypate-[(RGD)3-NH2]2), and one octamer (cypate-[(RGD)4-NH2]2). The binding
affinity of the multimeric RGD compounds forRvâ3 integrin receptor (ABIR) showed a remarkable increase
relative to the monomer cypate-RGD-NH2. Generally, the divalent linear arrays of the multimeric RGD
units bound the ABIR with slightly higher affinity than their monovalent analogues. These results suggest
that the receptor binding affinity was not only dependent on the number of RGD moieties but also on the
spatial alignments of the pendant peptides. Internalization of the compounds by ABIR-positive tumor cells
(A549) was monitored by NIR fluorescence microscopy. The data showed that endocytosis of the octameric
RGD derivative was significantly higher by comparison to other compounds in this study. In vivo noninvasive
optical imaging and biodistribution data showed that the compounds were retained in A549 tumor tissue.
These results clearly demonstrated that an array of simple RGD tripeptides on a NIR fluorescent dye core
can be recognized by ABIR. Optimization of the spatial alignment of the RGD moieties through careful
molecular design and library construction could induce multivalent ligand-receptor interactions useful for
in vivo tumor imaging and tumor-targeted therapy.

Introduction

Integrins are a family of heterodimeric transmembrane cell
surface receptors that are associated with cell adhesion and
metastasis.1-3 Among them, theRVâ3 integrin receptor subtype
(ABIR) has received considerable attention because of its
expression in a variety of cell types such as endothelial cells,4-6

platelets,7-9 osteoclasts,10-14 melanoma,15,16and smooth muscle
cells.17-19 Many studies have shown that ABIR interacts with
some adhesion proteins such as fibronectin, vitronectin, collagen,
and fibrinogen in the extracellular matrix through a tripeptide
arginine-glycine-aspartic acid (RGD) sequence.20-24 Therefore,
RGD peptide ligands that target ABIR are attractive for studying
and managing diseases related to their overexpression. To this
end, many research groups have focused on developing RGD
peptides and analogous compounds for biomedical studies.25-27

In particular, the roles of integrins in tumor angiogenesis and
metastasis have spurred interest in developing integrin-specific
RGD peptides and related conjugates for molecular imaging and
targeted therapy.28-36

Optical imaging is attractive because of its high sensitivity
and convenience without the use of ionizing radiation. It has
found wide applications in molecular recognitions.37 For
example, Weissleder et al.38 reported the in vivo imaging of
tumors with protease-activated near-infrared (NIR) fluorescent
probes. Recently, Chen et al.39 and Wang et al.40 used a cyanine-
labeled cyclic RGD pentapeptide to image brain tumor
xenografts in mice by optical method. Burnett et al.41 reported
the synthesis and evaluation of a series of aliphatic carbamate

derivatives of the potent nonpeptide integrin antagonist for
optical imaging of tumors. We have also reported the discovery
and development of integrin-targeting cypate-labeled RGD and
GRD peptides with high and selective tumor uptake in vivo for
optical tumor imaging in mice.42,43Such fluorescent molecules
not only accelerate the screening of new compounds for lead
discovery and optimization at cellular levels, but they are also
advantageous in tracking, visualizing, and quantifying target-
specific fluorescent probes in vivo for distribution and metabo-
lism studies. Particularly, novel NIR fluorescent RGD com-
pounds with improved receptor binding affinity, cellular
internalization, and other activities are needed to improve the
sensitivity and specificity of tumor targeting as well as elucidate
the structure-activity relationship and related mechanisms of
action.

Simultaneous interactions of multiple ligands and multiple
receptors (multivalent molecular recognition) are common in
biological systems,44,45 especially with carbohydrate-mediated
biological processes.46,47 Interestingly, many native ligands for
integrin receptors possess multimeric RGD moieties. For
example, fibronectin contains multiple copies of RGD motif
for multivalent interactions with integrin receptors in epithelial
cells.45 Both RGD ligand binding to integrins and intracellular
activation can induce conformational changes and multimeric
clustering of the integrins.41,48 Recent reports on the use of
multimeric cyclic RGD peptides for ligand endocytosis, imaging
angiogenesis, and tumor targeting have demonstrated that
multivalency is an efficient strategy for discovering and
developing novel RGD compounds with improved integrin
recognition in biological systems.49-51
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Herein, we report the design, synthesis, and evaluation of
novel NIR fluorescent multimeric RGD systems based on the
simplest RGD motif and cypate. Our results suggest that the
number and spatial alignments of pendant RGD moieties on
the cypate scaffold can be optimized to harness the advantages
of multivalency in biological systems.

Results and Discussion

Chemistry. A host of protein receptors is up-regulated on
the cell surfaces of diseased tissues. These provide efficient
molecular targets for imaging the stages, progress, and thera-
peutic response of the diseased tissues, as well as drug delivery
based on the molecular recognition between a native or synthetic
ligand and the target receptor.34-36,52-56 Therefore, the primary
goal of this study is to design and develop optimal NIR
fluorescent RGD peptides to enhance, visualize, and quantify
the molecular recognition of RGD peptides by ABIR.

Repeating RGD Units.The cyclic RGD pentapeptide, cyclo-
(RGDfV), binds to integrins with high affinity.57 Consequently,
this peptide has served as a template for the design of ABIR-
avid molecules for diverse biological applications. Most studies
previously reported focused on this peptide as a monovalent
unit for constructing its multimeric RGD analogues. The
importance of the tripeptide RGD motif in the recognition of
integrin receptors has inspired us to apply this motif directly as
a repeating unit for constructing novel complex multimeric RGD
compounds. Compared to the cyclic RGD pentapeptide ana-
logue, the simple RGD peptide sequence allows us to perform
efficient peptide assembly and construct a library of diverse
molecules on solid support or in solution.

Fluorescent Carbocyanine Scaffold.Cyanine fluorophores
are suitable for in vitro and in vivo studies because of their
high molar extinction coefficient, biocompatibility, and desirable
NIR spectral properties between 700 and 900 nm, where
absorption by intrinsic chromophores are weak. This low tissue
absorption reduces autofluorescence and allows light to penetrate
much deeper in tissue, thereby increasing detection sensitivity
of NIR fluorescent dyes. Recently, we improved the synthesis
of a dicarboxylic acid-containing carbocyanine fluorophore
(cypate) from benzoindole and glutaconaldehyde via a preacety-
lation method.58 Its compatibility with solid-phase synthesis
enabled us to label diverse peptides, including somatostatin,
bombesin, and RGD peptide analogues, on solid support.37,42

The two carboxylic acid groups of cypate facilitated its use as
a fluorescent scaffold to construct diverse complex fluorescent
molecular probes such as cypate-based macrocyclic molecules
and cypate-cored multivalent carbohydrates.59,60 In this study,

we focused on cypate as a NIR fluorescent scaffold for preparing
multivalent RGD compounds.

Fluorescent Multimeric RGD Peptides.Although polysac-
charides with repeating sequences exist in both linear and
dendritic arrays, natural peptides are found primarily in linear
arrays. To explore the design, synthesis, evaluation, and
structure-activity relationships of multimeric RGD peptides,
we initially focused on linear arrays of RGD units on cypate.
As shown in Figure 1, a series of NIR fluorescent RGD
compounds was designed. The two carboxylic acids of cypate
allowed the attachment of one or two RGD peptide chains and
each peptide chain may contain one, two, three, or four linear
RGD units. One of our goals was to use this molecular design
to elucidate the effects of the RGD number and spatial alignment
on the ligand molecular recognition by ABIR and in vivo tumor
targeting.

Synthesis.We used the method described in our previous
report to conjugate cypate to resin-bound peptide and obtain
the monomeric and dimeric RGD peptide derivatives, simulta-
neously.59,60We evaluated different coupling reagents and found
that the mild coupling condition using diisopropylcarbodiimide
(DIC) typically afforded better yields than the conventional
2-(1H-benzotriazol-1-yl)-1,1,1,3-tetramethyluronium hexa-
fluorophosphate (HBTU)/N-hydroxybenzotriazole (HOBt)/di-
isopropylethylamine (DIEA) method on solid supports. As
shown in Scheme 1, the protected tripeptide RGD sequence,
Arg(Pbf)-Gly-Asp(OBut), was first assembled on Rink amide
resin using conventional Fmoc chemistry. Cypate reacted with
the resin-bound peptide in the presence of DIC/HOBt, followed
by trifluoroacetic acid (TFA) cleavage to afford the desired
monomeric (cypate-RGD-NH2) and dimeric (cypate-(RGD)2-
NH2) fluorescent RGD peptides.

The RGD peptide sequence was further elongated with
repeating RGD units on solid support via Fmoc chemistry.
Spacers between RGD units were not included in this study to
retain the simplicity of the molecular construct and assess the
biological effects of the resultant compounds. Different multi-
meric RGD sequences, including two, three, and four RGD units,
were obtained. Similarly, conjugation of cypate with these
peptides in the presence of DIC/HOBt in DMF, followed by
TFA cleavage, afforded the corresponding monovalent and
divalent linear arrays of a dimeric (cypate-(RGD)2-NH2 ), a
trimeric (cypate-(RGD)3-NH2), two tetrameric (cypate-(RGD)4-
NH2 and cypate-[(RGD)2-NH2]2), a hexameric (cypate-[(RGD)3-
NH2]2), and an octameric (cypate-[(RGD)4-NH2]2) RGD motif
on cypate. All the compounds were purified by HPLC and
identified by ES-MS. The compounds were fully characterized

Figure 1. Design of novel NIR fluorescent multimeric RGD peptides based on a dicarboxylic acid-containing carbocyanine (cypate).
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by the double [MH2]2+, triple [MH3]3+, and other multiply
charged peaks in ES-MS because the presence of many
positively charged arginine residues leads to a low abundance
of the molecular ion peaks. As the number of RGD moieties
increased, the ES-MS spectra became complex with multiple-
charged peaks. Particularly, some dehydration peaks accompa-
nied the multiple charged peaks of9 and10. Figure 2 shows
that all the compounds exhibited similar UV-vis and emission
spectra as cypate in 20% aqueous DMSO solution (λmax

abs 784
nm andλmax

em 808 nm).
Biological Studies.We evaluated the ABIR binding affinities,

cellular internalization, and optical imaging of the new com-
pounds in ABIR-positive cells and tumors in mice.

Rvâ3 Integrin Receptor Binding Assays.The ABIR binding
affinities of all the RGD compounds prepared provided a
quantitative measure of the biological effects of the molecular
constructs. The IC50 of the compounds were determined by using
purified ABIR protein and radiolabeled echistatin as tracer. The
use of purified protein receptor enhanced reproducibility of the
assay. Echistatin is a polypeptide that binds irreversibly with
high affinity and specificity to ABIR.61 Radiolabeling the
tyrosine residue with125I does not affect its ABIR binding
affinity. For this reason,125I-echistatin is used widely as a tracer
in ABIR binding assays.61 Commercially available cyclic RGD
pentapeptide, cyclo(RGDfV), was used as a reference standard
because it is known to bind ABIR with high affinity.30 The IC50

values obtained are summarized in Table 1.
The competitive binding assays showed that the IC50 of the

control compound1 is in the sub-micromolar range relative to
the radiolabeled echistatin and provided an index to assess the

contribution of multiple RGD repeat units without spacers.
Cypate and a non-ABIR-avid cypate-labeled octapeptide (cytate)62

were used as negative controls. These compounds did not
displace the tracer, and the gamma counts were similar to those
obtained in the absence of a competitor (nonspecific binding).
The monomeric3 and dimeric4 compounds bound to the
receptor, albeit with low affinity relative to other RGD
compounds in this study. The low ABIR affinity of these
compounds could be attributed to interference of the relatively
large dye moiety with the ABIR molecular recognition of the
small RGD peptide. The ABIR binding affinities of10 was
comparable to the reference standard1 and the cypate-labeled
cyclic RGD peptide2. This shows that multiple RGD units
without spacers are needed to obtain the high ABIR binding
affinity of the conformationally constrained cyclic peptides1
and2. Overall, the binding affinities increased slightly with an
increase in the number of RGD units and followed the general
order: 10> 8 ≈ 6 > 9 > 7 > 5. This trend splits the multivalent
compounds into two classes. The first group (6, 8, and10) has
high ABIR binding affinities and is derived from a divalent
linear arrays of RGD peptides on cypate. The second group
with relatively lower affinities (5, 7, and 9) is derived from
monovalent linear arrays of RGD peptides.

These data suggest that the ligand-receptor interaction is
somewhat dependent on both the number of repeating RGD units
and the structural disposition of the bioactive groups. In this
case, it appears that constructing a linear array of RGD on a
divalent core enhances ABIR binding affinity of the multimeric
RGD motifs. Within the same series, the impact of additional
RGD units on the binding affinity varied. While the affinities
of the divalent linear arrays of RGD motifs indicate that small
increases in the IC50 values were obtained with increments of

Scheme 1.Synthesis of Linearly Arrayed Multimeric RGD-cypate Conjugates on a Solid Supporta

a Reagents and condition: 1. Conventional Fmoc chemistry, i.e., (a) piperidine/DMF (20%); (b) Fmoc-AA/HOBT/HBTU/DIEA/DMF; 2. (a) piperidine/
DMF (20%); (b) cypate/DIC/HOBT/rt/8 h; (c) TFA.

Figure 2. Normalized UV-vis and emission spectra of representative
multimeric RGD compounds in 20% aq DMSO solution.

Table 1. IC50 Values of the RGD Compounds Prepared Using Purified
ABIR Proteins and125I-Echistatin as Radiotracer

structure IC50 (M)

1 cyclo(RGDfV) (control) 2.87( 0.97× 10-8

2 cyclo[RGDfK(cypate)] 6.39( 2.28× 10-8

3 cypate-[(RGD)1-NH2)]1 not applicablea

4 cypate-[(RGD)1-NH2)]2 not applicable
5 cypate-[(RGD)2-NH2]1 7.3( 1.38× 10-7

6 cypate-[(RGD)2-NH2]2 1.04( 0.05× 10-7

7 cypate-[(RGD)3-NH2]1 4.81( 0.78× 10-7

8 cypate-[(RGD)3-NH2]2 1.32( 0.27× 10-7

9 cypate-[(RGD)4-NH2]1 2.59( 0.02× 10-7

10 cypate-[(RGD)4-NH2]2 7.96( 2.5× 10-8

a Values of IC50 > 1 µM were not determined due to limitation of the
assay protocol.
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four RGD units (6 and10), affinities of the monovalent linear
RGD arrays increased gradually and linearly with the number
of RGD units. These findings suggest that starburst multivalent
construct could be favorable over linear monovalent repeat RGD
units. However, it is entirely possible that different spacing of
the RGD repeat units can affect the RGD-ABIR interactions.
Computational modeling could be used to optimize the spatial
alignment of the RGD peptide repeat units.

Internalization of Multivalent RGD Probes in A549 Cells.
A fluorescence microscope equipped with a 775/50 excitation
and 845/55 nm emission filters was used to study the distribution
of the compounds in cells. The nonconjugated dye (cypate) was
used as a negative control, and the fluorescence intensities
shown in Figure 3 are relative to that of cypate. Representative
cellular images of the compounds are shown in Figure 3. An
advantage of imaging in the NIR region is that tissue autofluo-
rescence is low, thereby increasing the sensitivity of the system.
All the multimeric RGD compounds internalized into the cells,
with 10 giving bright fluorescence by comparison. This
observation was expected because10contains more RGD units
than other compounds. The compounds did not translocate into
the cell nucleus, which is important for molecules designed for

use as imaging agents. Nuclear internalization of imaging agents
is undesirable because of potential mutagenesis of healthy cells.
While 6, 9, and10 internalized in the cytoplasm of A549 cells,
5 appears to localize on the cell membrane. However, this did
not inhibit the uptake of5 in tumor bearing mice (see below).
To demonstrate the ABIR-mediated uptake, we coincubated
A549 cells with9 and 1. Figure 3b shows that compound1,
which binds to ABIR, inhibited the uptake of9, while the
fluorescence intensity of the negative control compound (cypate)
remained unchanged. The results of the blocking and ABIR
binding studies suggest that the simple RGD tripeptide repeat
units are recognized by ABIR.

Optical Imaging. We evaluated the in vivo distribution of
three representative compounds,5, 6, and9 by optical imaging
method, as described previously.62,63Compounds6 and9 have
the same number of RGD units constructed on a monovalent
(9) and divalent (6) cypate core. Nude mice were injected
subcutaneously with A549 cells that were allowed to develop
into about 5 mm tumors dorsally. The molecular probes were
administered retro-orbitally and monitored at 5, 10, and 30 min
at the initial stages, followed by 1, 4, and 24 h postinjection.
Figure 4 shows representative images of6 and 9 at 24 h
postinjection. Background fluorescence of the probes in blood
was still high at 4 h postinjection but practically nonexistent
after 24 h. The probes preferentially localized in the tumor
tissues and the major excretion organs, kidneys and liver.

A limitation of planar fluorescence imaging is in the
quantification of the fluorescence intensity map obtained due
to light scattering and absorption by tissue. Consequently, the
fluorescence intensity of the in vivo images obtained is also
dependent on the tumor depth from the light source-detector
systems. Thus, Figure 4 appears to indicate that the retention
of 6 in the tumor is higher than9. While this may be correct in
terms of the net amount of the probes in the tumor, excision
and imaging of tissue parts show that the relative amount of
both probes in the tumor are similar. The major differences
between the two compounds arise from the rate of tumor uptake
and tissue distribution. The tumor is visible with6 within 4 h
postinjection but it was clearly visible with9 at >12 h
postinjection.

We further evaluated the distribution profiles of5, 6, and9
in mice. Taking the averages of the fluorescence intensity (pixel
by pixel) in each tissue, we found that at 24 h postinjection, all
three compounds had similar tumor uptake but different
distributions in nontarget tissues (Figure 5). The two monovalent

Figure 3. a. A549 cells treated with 1µM of compounds (A)5, (B)
6, (C) 9, and (D)10 for 1 h at 37°C. Arbitrary intensity scale is 300
to 650 for5, 6, and9. The intensity scale for 10 is 300 (black) to 1500
(red) because of the exceptionally high fluorescence intensity relative
to other compounds in the figure. b. A549 cells incubated with 1µM
of cypate (E and F) and9 (G and H) for 45 min 37°C, without (E and
G) or with (F and H) 1 h pretreatment with 100µM of cyclo(RGDfV)
that binds ABIR. The intensity scale for 1128 ms exposure is 200
(black) to 600 (red).

Figure 4. Whole-body optical imaging of6 (top) and9 (bottom) at
24 h postinjection of the probes. False color image: red, low; yellow,
medium; green, medium-high; blue, high.
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linear RGD arrays had higher intensities in the kidneys relative
to the divalent analogue6. Interestingly, the histogram in Figure
5 also shows that a significant amount of9 was retained in the
animal skin, which further explains the attenuation of the
observed fluorescence intensity in the tumor tissue for this
compound in living mice (Figure 4). Thus, low skin retention
of molecular probes would enhance the contrast obtained by
noninvasive optical imaging methods. Overall, the results
demonstrate that the simplest RGD peptide sequence can be
used to target ABIR-positive tumors. It appears that the ABIR
binding affinities of the probes affect the rate of tumor uptake,
with higher affinity probes localizing faster in the tumor than
low affinity probes. However, when both low and high affinity
binders are retained in the blood for>4 h, the final distribution
of the probes in tumor tissue appears to be similar. Thus,
compounds possessing high ABIR binding affinities are suitable
for rapid delivery of the probes to target tissue, although low
binders may be useful for slow deposition of the peptide
conjugates to target tissue.

Conclusion

This study describes the first synthesis and evaluation of
multimeric arrays of RGD peptides on a near-infrared (NIR)
fluorescent dye (cypate). It utilized simple RGD units to generate
two classes of multimeric RGD motifs on a cypate core. The
simplicity of the synthetic strategy makes it feasible to prepare
multimeric molecules of higher generation when needed to
elucidate the structure-activity relationships. Because of the
low absorption of endogenous chromophores in the NIR
wavelengths where the dye is photoactive, the fluorescent core
also served as the antenna for optical imaging. The in vitro data
suggest that the molecular design could be used to develop novel
compounds with high ABIR binding affinity and cellular
internalization. Both the number and spatial alignments of the
multivalent RGD units affect the ABIR binding affinity and
tumor uptake. In general, a slight increase in ABIR binding

affinities with each additional RGD unit was observed. In vivo,
we observed that compounds with high receptor binding
affinities localized faster in the target tumor, but after 24 h, the
low binding affinity analogues were also retained in the tumor
tissue. Thus, the strategy developed in this study provides a
template for constructing libraries of diverse biologically
relevant molecules for imaging and treating a variety of diseases.

Experimental Section

Solvents and Reagents.HBTU and HOBt were purchased from
AnaSpec (San Jose, CA). Trifluoroacetic acid (TFA) and DIEA
were purchased from Advanced ChemTech (Louisville, KY).
Glutaconaldehyde dianilide monohydrochloride was purchased from
Lancaster. Dichloromethane (DCM),N,N-dimethyformamide (DMF),
methanol, and acetonitrile were purchased from Fisher Scientific.
Diisopropylcarbodiimide (DIC) and other commercial chemicals
were purchased from Sigma-Aldrich. All solvents and chemicals
were reagent grade and used without further purification. Cypate
was prepared as we reported previously.58

Purification and Analysis. HPLC analysis was performed on a
Vydac C-18 column (250× 4.6 mm) at a flow rate of 1.0 mL/min.
Semipreparative HPLC was performed on a Vydac C-18 column
(25 × 2.2 cm) at 9.5 mL/min. HPLC solvents consisted of solvent
A (water containing 0.05% TFA) and solvent B (acetonitrile
containing 0.05% TFA). The elution protocol for analytical HPLC
started with 90% A for 1 min, followed by a linear gradient to
30% A over 20 min, held at 30% A for 5 min, continuing to 10%
A over 5 min, and finally returned to 90% A over 2 min. The elution
profile was monitored by UV absorbance at 254 and 214 nm. Mass
spectra were obtained using Shimadzu mass spectrometer (LCMS-
2010A) in the positive electrospray mode.

General Protocol for Solid-Phase Peptide Synthesis.All the
peptides were assembled manually on Rink amide resin using the
conventional Fmoc chemistry in a glass reaction vessel fitted with
a sintered glass frit. The coupling reactions were carried out by
adding a preactivated solution of N-R-Fmoc-protected amino acid
(3 equiv), HOBt (3 equiv), HBTU (3 equiv), and DIEA (6 equiv)
in anhydrous DMF (3 mL/g resin) into the resin (1 equiv) and
swirling for 2 h. The progress of the coupling was monitored by

Figure 5. Biodistribution of compounds5, 6, and9 in A549 tumor bearing nude mice.
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Kaiser test. The Fmoc protecting groups were removed by two 10-
min treatments with a solution of 20% piperidine in DMF. The
resin was washed with methanol (1 min, 2×) and DMF (1 min,
6×). The resin bound tripeptide, i.e., H-Arg(Pbf)-Gly-Asp(OBut)-
NH-Resin (about 1.3 g) was assembled as the monomer from
MBHA Rink amide resin (1 g, 0.4 mmol/g) using the general
peptide assembly protocol described above. A portion of the resin
(∼0.1 mmol) was kept for cypate conjugation, and the remaining
portion was used to assemble the dimeric peptide, i.e., H-[Arg-
(Pbf)-Gly-Asp(OBut)]2-NH-Resin (∼0.1 mmol). Similarly, the
trimeric and tetrameric peptides, i.e., H-[Arg(Pbf)-Gly-Asp(OBut)]3-
NH-Resin (∼0.1 mmol) and H-[Arg(Pbf)-Gly-Asp(OBut)]4-NH-
Resin (∼0.1 mmol), were obtained by the same procedure.

Cypate-(RGD)1-NH2 (3) and Cypate-[(RGD)1-NH2]2 (4). A
mixture of cypate (528 mg, 0.75 mmol), DIC (94.5 mg, 0.75 mmol),
HOBt (33.8 mg, 0.25 mmol), and the tripeptide monomer resin,
i.e., H-Arg(Pbf)-Gly-Asp(OBut)-NH-Resin (∼0.1 mmol) in an-
hydrous DMF (2 mL) was swirled for 8 h. The resin was filtered,
washed with DMF (1 min, 3×) and methanol (1 min, 2×), and
dried under vacuum. The resin was cleaved with TFA (5 mL, 1.5
h). The TFA filtrate was concentrated and added to cold MBTE
(10 mL). The solid precipitate was collected by filtration, washed
with petroleum ether, and purified by HPLC to afford the desired
compounds:

Compound3, 23.5 mg (20% yield), observedm/z for [MH] +,
[2MH3]3+, and [MH2]2+ in ES-MS: 951.7, 634.9 (100%), and 476.9.

Compound4, 4.8 mg (3% yield), observedm/z for [MH] +,
[MH2]2+, and [MH3]3+ in ES-MS: 1281.8, 640.9 (100%), and 427.4.

Cypate-(RGD)2-NH2 (5) and Cypate-[(RGD)2-NH2]2 (6). As
described above, the title compounds were prepared similarly from
a mixture of cypate (528 mg, 0.75 mmol), DIC (94.5 mg, 0.75
mmol), HOBt (33.8 mg, 0.25 mmol), and the RGD dimer resin,
i.e., H-[Arg(Pbf)-Gly-Asp(OBut)]2-NH-Resin (∼0.1 mmol) in
anhydrous DMF (2 mL). HPLC purification afforded the desired
compounds:

Compound5, 36 mg (22% yield) observedm/z for [MH] +,
[MH2]2+, and [MH3]3+ in ES-MS: 1280.4, 640.9 (100%), and 427.6.

Compound6, 7.5 mg (3% yield), observedm/z for [MH] +,
[MH2]2+, [MH3]3+, and [MH4]4+ in ES-MS: 1936.3, 968.8, 646.2
(100%), and 484.9.

Cypate-(RGD)3-NH2 (7) and Cypate-[(RGD)3-NH2]2 (8). As
described above, the title compounds were prepared similarly from
a mixture of cypate (528 mg, 0.75 mmol), DIC (94.5 mg, 0.75
mmol), HOBt (33.8 mg, 0.25 mmol), and the RGD trimer resin,
i.e., H-[Arg(Pbf)-Gly-Asp(OBut)]3-NH-Resin (∼0.1 mmol) in
anhydrous DMF (2 mL). HPLC purification afforded the desired
compounds:

Compound7, 41 mg (20% yield), observedm/z for [MH2]2+,
[MH3]3+, and [MH4]4+ in ES-MS: 805.0, 537.0 (100%), and 403.1.

Compound8, 8.5 mg (3% yield), observedm/z for [MH2]2+,
[MH3]3+, and [MH4]4+ in ES-MS: 1297.3, 865.0 (100%), and 649.0.

Cypate-(RGD)4-NH2 (9) and Cypate-[(RGD)4-NH2]2 (10).As
described above, the title compounds were prepared similarly from
a mixture of cypate (528 mg, 0.75 mmol), DIC (94.5 mg, 0.75
mmol), HOBt (33.8 mg, 0.25 mmol), and the RGD tetramer resin,
i.e., H-[Arg(Pbf)-Gly-Asp(OBut)]4-NH-Resin (∼0.1 mmol) in
anhydrous DMF (2 mL). HPLC purification afforded the desired
compounds:

Compound9, 38 mg (15% yield), observedm/z for [MH2]2+,
[MH2-H2O]2+, and [MH3]3+ in ES-MS: 969.1, 960.3 and 646.5
(100%).

Compound10, 8.5 mg (2% yield), observedm/z for [MH2]2+,
[MH3]3+, [MH3 - H2O]3+, [MH4]4+, [MH4 - H2O]4+, [MH5]5+,
[MH5 - H2O]5+, and [MH6 - H2O]6+ in ES-MS: 1624.7, 1083.7,
1078.5, 812.8, 808.4, 650.5 (100%), 646.0, and 539.4.

UV-Vis and Emission Analysis. Absorbance spectra were
measured on a Beckman Coulter DU 640 UV-Visible spectro-
photometer. Fluorescence spectra were recorded on a Fluorolog-3
fluorometer (JOBIN YVON/HORIBA, Edison, NJ). Stock solutions
(1.0 mM) of the dye and its conjugates were prepared by dissolving
each sample in 80% aqueous DMSO. UV-Vis and fluorescence

measurements were carried out by sequentially adding 5.0µL
aliquots of the stock solutions via a micropipet into 3 mL of 20%
aqueous DMSO solution in a quartz cuvette.

Receptor Binding Determination.Receptor binding assays were
performed by using human integrinRVâ3 purified protein from
Chemicon International, Inc. (Temecula, CA). Assays were carried
out using the Millipore Duropore membrane 96-well plates and the
Millipore MultiScreen system (Bedfore, MA).125I labeling of
echistatin (Amersham Biosciences, Piscataway, NJ) was carried out
in a mixture of 0.25% BSA, 5.0% lactose, 0.21% citric acid and
aprotinin (0.9 TIU/mL). The specific activity of radiolabeled peptide
was∼2000 Ci/mmol. Radiochemical purity (90%) was determined
by reverse phase HPLC. The 96-well membrane plate was blocked
with 0.1% polyethylenimine blocking solution overnight at 4°C.
125I-echistatin (50 nmol/L) was added to the binding buffer (50 mM
Tris-HCl, pH 7.4, 100 mM NaCl, 2 mM CaCl2, 1 mM MgCl2, 1
mM MnCl2, 1% BSA) containing integrin ABIR protein (50 ng
per well in 96-well membrane plate) and ligands in a total volume
of 200µL per well. The concentration range of ligand was between
0.01µM and 100µM. The mixtures were incubated for 2 h atroom
temperature, filtered by centrifugation at 1500g, and washed three
times with 0.20 mL of ice-cold binding buffer. The filters containing
radioactivity bound ABIR were removed using a punch apparatus
and counted using a Packard Cobra II Auto-gamma counter
(Meriden, CT). Nonspecific binding of125I-echistatin was deter-
mined to be 5 to 10% of the total binding. The 50% inhibitory
concentrations (IC50) were calculated by nonlinear regression
analysis by use of the GraphPad Prism 4 computer fitting program
(GraphPad Software, Inc., San Diego, CA). Three independent
binding assays were performed in triplicates per sample.

Cell Culture. The human nonsmall cell carcinoma cell line,
A549, is widely used to study the role of integrins in normal and
pathophysiological processes.64-72 The A549 cells were purchased
from ATCC and grown in 75 cm tissue culture flasks or on Lab-
Tek chambered slides in Ham’s F12K medium with 2 mM
L-glutamine supplemented with 1.5 g/L sodium bicarbonate, 10%
fetal calf serum, 100 units/mL Penicillin and 100 units/mL
Streptomycin.

Internalization studies. Cells were grown to confluence on
LabTek microscope slides. After washing with PBS, the cells were
incubated with 1µM of the target compounds for 1 h. The medium
was removed and the cells washed with PBS. The slides were
mounted with anti-fading mounting medium. Cells were visualized
with an Olympus microscope system (FV 1000) using 755
excitation and 845 nm emission filters.

Optical Imaging. All in vivo studies were performed in
compliance with the Washington University Animal Study Com-
mittee’s requirements for the care and use of laboratory animals in
research. Nude mice were anesthetized with xylazine/ketamine
cocktail via intraperitoneal injection and placed in a supine position.
The nude mice (18-22 g) were injected subcutaneously with A549
cells (1× 106) in the lower back of the mice. Tumor masses were
palpable at 5-7 days post implant, which reached 5 mm in 10-15
days. Prior to injection of the probe, the mice were anesthetized as
described above. A 29-gauge was used to inject the probes into
the mouse retro-orbitally.

Optical imaging was performed on living mice as described
previously using two excitation laser diodes of nominal wavelength
780 nm and nominal power of 50 mW, and a Photometrics CCD
camera (16 bit, 1024× 1024 pixel, back illuminated, thermoelectric
Peltier cooled with forced air) equipped with an 830 nm interference
filter. The samples were dissolved in 20% aqueous DMSO, and
animals were injected with doses of 0.3µmol/kg body weight retro-
orbitally. Injected volumes were 100µL for each mouse. Data
analysis consisted of subtracting (pixel by pixel) the preinjection
image from the postinjection images and displaying the false color
results. Integration of the relative fluorescence intensities of tumor
vs surrounding tissues indicated the extent of selective uptake of
the contrast agent. Noninvasive images of the mice were normalized
by comparing the fluorescence intensity of the tumor tissue relative
to the contralateral muscle of the animal to minimize the effects of
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differences in the skin uptake of different probes. At the completion
of the study, the mice were euthanized and some tissues were
excised and rinsed with water. The tissues were placed under the
CCD camera and the fluorescence emission from each organ was
measured after excitation with the 780 nm laser sources. A statistical
program in the WinView package was used to estimate the mean
fluorescence intensity per organ part.
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