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We synthesized disulfide-based cyclic RGD pentapeptides bearing a near-infrared fluorescent dye
(cypate), represented by cypate-c(CRGDC) (1) for integrin-targeted optical imaging. These compounds
were compared with the traditional lactam-based cyclic RGD counterpart, cypate-c(RGDfK) (2). Molecu-
lar modeling suggests that the binding affinity of 2 to integrin avb3 is an order of magnitude higher than
that of 1. This was confirmed experimentally, which further showed that substitution of Gly with Pro, Val
and Tyr in 1 remarkably hampered the avb3 binding. Interestingly, cell microscopy with A549 cells
showed that 1 exhibited higher cellular staining than 2. These results indicate that factors other than
receptor binding affinity to avb3 dimeric proteins mediate cellular uptake. Consequently, 1 and its ana-
logs may serve as valuable molecular probes for investigating the selectivity and specificity of integrin
targeting by optical imaging.

� 2011 Elsevier Ltd. All rights reserved.
The RGD (arginine-glycine-aspartic acid) tripeptide motif plays
an essential role in the molecular recognition of integrin avb3 and
some other integrin subtypes.1–6 The overexpression of integrin
avb3 found in various types of tumors and neo-vasculatures and
this dimeric protein complex is involved in regulating tumor
growth, angiogenesis, and metastasis. Therefore, RGD-based inte-
grin avb3 targeting has provided an effective approach for improv-
ing tumor imaging and drug delivery. Cyclic RGD compounds such
as the conventional lactam-based cyclic pentapeptide c(RGDfK)
(where ‘‘f’’ represents D-phenylalanine) exhibit remarkable binding
affinity and selectivity for integrin avb3.7–9 For example, [18F]galac-
to-RGD and cilengitide have been tested for cancer imaging and
therapy in the clinic.7,10–12

Despite some promising results, many aspects of integrin tar-
geting, tumor imaging, and therapy that employ RGD peptides re-
main unclear.13 In particular, integrins have 24 subtypes through
different combinations of a and b subunits.14,15 Therefore, it is
important to explore novel integrin-targeted ligands that are dis-
tinguishable from c(RGDfK) in structure as well as in receptor bind-
ing selectivity and specificity. We envision that such compounds
with different structural and functional features may further en-
hance our understanding of integrin expressions, signal transduc-
tion, and their roles in cancer biology and pathology.
All rights reserved.
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Over the past years, various types of disulfide-based cyclic RGD
peptides have been reported.16–27 Recently, an internalizing disul-
fide bond-containing RGD peptide, called iRGD, has been devel-
oped to enhance both cancer detection and treatment by deep
tissue penetration.6,28 Nevertheless, such cyclic RGD peptides have
not been explored fully for integrin targeting and tumor imaging
compared to the conventional lactam-based cyclic RGD peptide
analogs. Optical imaging has emerged as a powerful modality for
studying molecular recognition and molecular imaging in a nonin-
vasive, sensitive, and real-time way. The advantages of optical
imaging include cost-effectiveness, convenience, and safety. The
method is also complementary to other imaging modalities such
as positron emission tomography (PET), single-photon emission
computed tomography (SPECT), and magnetic resonance imaging
(MRI). Considerable advances have been made in tumor optical
imaging by using integrin-targeting compounds in both preclinical
and clinical studies.11,29–37

In this work, we synthesized a disulfide-based cyclic penta-RGD
peptides conjugated with a near-infrared fluorescent carbocyanine
dye (cypate) (1) and its analogs for potential integrin targeting and
optical imaging (Fig. 1). They were evaluated for their integrin avb3

binding and cellular staining in comparison with a lactam-based
cypate-c(RGDfK) (2),38 where the cypate moiety was connected
to the e-amino group of lysine.

Based on the previous methods for synthesis of cypate-peptide
conjugates on solid support,37 we used a similar strategy to pre-
pare the disulfide cyclic RGD peptides and their conjugates. The
protected RGD peptide Fmoc-C(Acm)-R(Pbf)-G-D(OBut)-C(Acm)
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Figure 1. The two types of cyclic RGD pentapeptides bearing a near-infrared fluorescent dye, cypate.

Reagents and condition: 1. Peptide assembly using Fmoc chemistry; 2. Tl(CF 3COO)3/DMF; 
3. (a) piperidine/DMF(20%); (b) Cypate/HOBT/DIC/DMF; 4. TFA/water(95:5).

Fmoc-NH Fmoc-Cys(Acm)-Arg(Pbf)-Xaa-Asp(OBut)-Cys(Acm)
1

Fmoc-Cys-Arg(Pbf)-Xaa-Asp(OBut)-Cys-NH
2

S S

Cypate-Cys-Arg(Pbf)-Xaa-Asp(OBut)-Cys-NH
3

S S

4
Cypate-Cys-Arg-Xaa-Asp-Cys-NH2

S S

Xaa: Gly, Pro, Val, Tyr

Scheme 1. Synthesis of cypate-labeling cyclic disulfide RGD peptide.
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was first assembled on Rink amide MBHA resin (1 equiv) using
conventional Fmoc chemistry (Scheme 1). The disulfide-based
cyclization was realized by swirling the resin-bound peptide with
a solution of Tl(F3CCOO)3 in DMF for 2 h, yielding the disulfide-
containing cyclic peptide on a resin, Fmoc-c[CR(Pbf)GD(OBut)C]-
resin.39,40 After the Fmoc protecting group was removed with
piperidine/DMF, the free amino group at the N-terminus was con-
jugated with cypate in the presence of DIC and HOBT. Finally, the
desired product, cypate-c(CRGDC)-NH2 (1) was cleaved from the
resin with aqueous TFA (95%) and purified by semi-preparative
HPLC.

Similarly, several analogs were also successfully synthesized by
varying the glycine residue with other amino acids including Pro,
Val, and Tyr (3, 4, and 5), as shown in Table 1. In addition, we syn-
thesized the lactam-based cyclic RGD peptides: cypate-c(RGDfK)
(2) and c(RGDfV) (6) for comparison.38 As reported previously,37

we also identified the simultaneous formation of their dimeric ana-
logs such as the dimeric analog of 1 cypate-[c(CRGDC)]2 (7) (ES-
MS: [MH2]2+ 1000.05, [MH3]3+ 667.35, and [MH4]4+ 500.70) as
shown in Scheme 2. All the dimeric analogs showed shorter reten-
Table 1
The major ES-MS peaks and integrin avb3 binding affinities of 1, 2, and their analogs

Entry no. Compounds [MH]+/[MH2]2+ IC50 (M)

1 Cypate-c(CRGDC) 1157/579 4.6 � 10�6

2 Cypate-c(RGDfK) 1210/606 7.2 � 10�7

3 Cypate-c(CRPDC) 1196/598 >10�5

4 Cypate-c(CRVDC) 1198/600 >10�5

5 Cypate-c(CRYDC) 1262/632 >10�5

6 c(RGDfV) 575 3.25 � 10�7
tion time compared to their monomeric analogs, but its yield was
low compared to the monomeric analogs.

All the compounds were fully identified by both HPLC and ESI-
MS after semi-preparative HPLC purification. As shown in Figure 2,
all the compounds have similar UV–vis absorption and fluores-
cence emission spectra (kabs

max 783 nm and kem
max 808 nm) in the

near-infrared region in 20% aqueous DMSO.
Integrin avb3 binding affinities were determined based on the

competitive binding between purified integrin avb3 and peptide li-
gands using radiolabeled echistatin as a tracer. Echistatin is a poly-
peptide that binds irreversibly with high affinity and specificity to
the integrin avb3. In particular, 125I-echistatin has been widely used
as a tracer in integrin avb3 binding assays.41–43 The lactam-based
cyclic RGD pentapeptide, c(RGDfV), was used as a reference stan-
dard because it is known to bind integrin avb3 with high affin-
ity.8,29 The obtained IC50 values are summarized in Table 1. The
disulfide cyclic pentapeptide (1) showed lower receptor binding
affinity compared to the two lactam-based cyclic RGD pentapep-
tide 2 and c(RGDfV), both of which display similar binding affinity.
This might be ascribed to the more flexible structure of 1 compared
to the lactam-based analog 2, as was further confirmed by molec-
ular modeling.

Molecular modeling performed according to energy calculation
protocol described elsewhere44 found 24 low-energy conforma-
tions of the peptide backbone for compound 6, 18 for compound
2 and 68 for compound 1. Expectedly, RGD peptide analogs with
more compatible conformations to the structure of c(R1-G2-D3-f4-
NMe-V5) in complex with integrin avb3 (as revealed by the X-ray
spectroscopy15) display tighter specific binding to integrin avb3.
Upon overlapping of Ca-atoms in the ‘template’ X-ray structure
of c(R1-G2-D3-f4-NMe-V5) to the corresponding atoms of com-
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Scheme 2. The simultaneous preparation of two compounds: the monomeric and dimeric cyclic disulfide RGD peptide analogs on solid support.

Figure 2. Normalized UV–vis and emission spectra of cypate and its conjugate
cypate-c(CRGDC) (1).
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pound 6, 19 out of 24 low-energy conformations for compound 6
(ca. 79%) showed the root mean square deviation (rms) val-
ues �1 Å. For compound 2, the same percentage was also ca. 78%
(14 out of 18), but it was significantly lower at ca. 62% (42 out of
68) for compound 1. These results correlate well with experimen-
tal data on integrin binding (see Table 1) showing binding affinities
of compounds 2 and 6 of about one order of magnitude higher than
that of compound 1.

Some of the low-energy conformations for compounds 1 and 2
compatible with the template X-ray structure displayed plausible
Figure 3. Representative conformations of c(RGDf-NMe-V) [a, template conformation], cy
are omitted. The cypate moiety is shown in magenta. av and b3 subunits of integrin are
orientation of the cypate moiety in the cavity between the two
subunits of integrin avb3. As a representative example, Figure
3a–c show spatial orientations of selected conformations of com-
pounds 1 and 2 in complex with integrin avb3 as compared with
the orientation of the template compound.

The A549 cells have been widely used for integrin-targeted tu-
mor imaging due to their overexpression of integrin avb3. Com-
pounds 1 and 2 were incubated with A549 cells for cellular
staining and imaging by fluorescence microscopy (775/50 nm exci-
tation and 845/55 nm emission filters). As shown in Figure 4, com-
pound 1 stained the cells more strongly than 2.

Disulfide bridges represent important evolutionarily conserved
structural motifs in many biologically important peptides and pro-
teins. Our results demonstrated that disulfide-based cyclization
may provide an efficient approach for studying receptor binding
affinity and selectivity of RGD peptides as well as enzymatic and
metabolic stability of RGD peptides employed for integrin target-
ing.1,45,46 As described above, we have successfully synthesized
the near-infrared fluorescent disulfide cyclic RGD peptide and eval-
uated their integrin avb3 binding. The results also confirmed the
importance of Gly in maintaining the binding affinity of such
RGD peptides to integrin avb3.

Based on our results from receptor binding assay and molecular
modeling, 1 could not compete efficiently with 2 in binding affinity
with integrin avb3. However, the remarkable cellular uptake of 1
pate-c(RGDfK) [b], and cypate-c(CRGDC) [c] in complex with integrin. All hydrogens
shown as semi-transparent surfaces in green and red, respectively.



Figure 4. Representative fluorescence images of live A549 cells (top) and relative fluorescence intensity of cellular staining after incubation of A549 cells (bottom) with
compounds 1 and 2 at 1 lM.
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suggests the potential use of this class of RGD for imaging and
treating cancer cells. These preliminary data suggest that, besides
the receptor binding affinities, receptor binding selectivity and
other structural factors such as lipophilicity may also play impor-
tant roles in the cellular internalization. Therefore, all the disulfide
RGD compounds synthesized for this study deserve further inves-
tigation in vitro and in vivo. Further work is underway to unravel
the integrin selectivity, signal transduction, and related biological
activities as well as its potential in integrin-targeted tumor imag-
ing as we reported previously.29,37

This work further demonstrated that the dicarboxylic acid-con-
taining cypate can serve as a scaffold for constructing diverse near-
infrared fluorescent agents for optical imaging as we reported pre-
viously.37 Especially, the compound 1 can serve as an attractive
template for further molecular design and structural modification
to discover some novel innovative integrin-targeted agents for tu-
mor optical imaging, therapy, and drug delivery. For example, a li-
brary of novel diverse disulfide RGD peptides can be synthesized
by solid phase peptide synthesis. The acid group at the side chain
of cypate motif also provides a site for structural modification to
improve the physicochemical properties and integrin targeting
ability. As described above, some dimeric analogs bearing two
disulfide RGD peptide motifs such as 7 can be obtained simulta-
neously. All these will provide some insights into molecular design
and structural modifications to further improve the integrin-tar-
geting activities.

In summary, we have prepared and evaluated some cypate-la-
beled near-infrared fluorescent disulfide-based cyclic RGD peptide
analogs. Although 1 has relatively lower receptor binding affinity
for integrin avb3 compared to 2, it exhibited higher cellular stain-
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ing. This class of near-infrared fluorescent RGD compounds de-
serve further exploration for their integrin targeting in cancer biol-
ogy, optical imaging, and targeted therapy.
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