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ABSTRACT: Two new bicyclic arginine-glycine-aspartic acid (RGD) peptides,
c(RGD-ACP-K) (1a) and c(RGD-ACH-K) (1b), incorporating the amino-
cyclopentane (ACP) and aminocyclohexane (ACH) carboxylic acids, respectively,
were synthesized by grafting the aminocycloalkane carboxylic acids onto the tetra-
peptide RGDK sequence. These peptides and their conjugates with DO3A
(1,4,7,10-tetraazacyclododecane-1,4,7-trisacetic acid) (2a−b) exhibit high affinity
toward U87MG glioblastoma cells. Their affinity is greater than that exhibited by
c(RGDyK). Labeling these conjugates with radiometal 64Cu resulted in high
radiochemical yields (>97%) of the corresponding complexes, abbreviated as
c(RGD-ACP-K)-DOTA-64Cu (3a) and c(RGD-ACH-K)-DOTA-64Cu (3b). Both
3a and 3b are stable for 24 h in human and mouse serums and show high tumor
uptake, as observed by positron emission tomography (PET). Blocking
experiments with 3a and 3b by preinjection of c(RGDyK) confirmed their target
specificity and demonstrated their promise as PET radiotracers for imaging ανβ3-
positive tumors.
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Arginine-glycine-aspartic acid (RGD) binds to the ανβ3 and
ανβ5 integrins that are overexpressed in nascent

endothelial cells during angiogenesis in various tumors, and
yet not in inactive endothelial cells.1,2 To detect tumor cells in
their early stages, it is essential to deliver tumor-targeting
peptides, such as RGDs, incorporated into imaging probes.3,4 A
wide range of imaging probes in the form of bifunctional
chelates (BFCAs) are used in various diagnostic techniques,
including positron emission tomography (PET), single photon
emission computed tomography (SPECT), and magnetic
resonance imaging (MRI).5,6

Consequently, a great number of RGD derivatives have been
developed in an effort to improve the pharmacokinetics and
binding affinity toward specific cell surface receptors.7 Early
studies demonstrated that simple linear RGD peptides are
active against several integrins but lack selectivity.8,9 Head-to-
tail cyclization of RGD peptides increases both the binding
affinity and selectivity of ανβ3 and ανβ5 integrins.

10,11 Examples
include cyclic peptides such as c(RGDfK), c(RGDyK),
RGD4C, and RGD10 (see Chart S1, Supporting Information).
Specifically, c(RGDfK) and c(RGDyK) have been widely
employed in tumor targeting.12 Quite naturally, binding affinity
increases with an increase in the number of c(RGD) moieties.
For instance, multimeric c(RGD) systems are found in
dendrimers and nanoparticles.13,14 One drawback of multimeric

c(RGD) systems is that they often exhibit a low tumor/blood
ratio because of high uptake in normal organs.15,16 Another
approach to increase receptor affinity and selectivity is the
development of “bicyclic peptides”. Bicyclic peptides are that a
cyclic peptide incorporates an additional ring moiety within the
cycle.17−20 Casiraghi demonstrated that a series of bicyclic
RGD peptides, formed by grafting aminocyclopentane
carboxylic acids (Acpca) into the cyclic RGD tripeptide
sequence, possess significantly increased affinity.21,22 Hao
recently reported the cyclization of linear RGD with BFCA,
leading to the formation of a different type of bicyclic RGD
peptides for imaging integrins.17 In contrast to the multimeric
peptides mentioned above, these bicyclic systems employ single
c(RGD) and have demonstrated rapid blood clearance with an
adequate tumor/blood ratio.8 Bicyclics are straightforward to
synthesize, modify, and use in therapy as well as diagnosis.
Motivated by the observations that bicyclic c(RGD) peptides

put a new entry into highly efficient BFCAs for use in PET
radioimaging, we report the synthesis of two bicyclic c(RGD)
peptides 1a−b and their DO3A conjugates 2a−b. Radiolabeling
with radiometal 64Cu (t1/2 = 12.7 h; β+ 19%, EC 41%)23 results
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in the formation of 3a−b. One characteristic of 1 is that it
adopts a tetrapeptide (RGDK) platform, whereas Casiraghi’s
system employs a tripeptide (RGD) framework. In 1b, a
cyclohexane moiety is grafted onto the bicycle for comparative
studies. 64Cu-labeled bicyclic RGD peptides are rarely used as
PET radiotracers in vivo.17 64Cu-labeling is more convenient
than 18F-labeling because it does not require multistep
syntheses, such as those necessary for [18F]galacto-RGD and
[18F]AH111585.24−27

Scheme 1 shows the synthesis of 1, 2, and 3. Bicyclic
peptides (1a−b) and their conjugates with DO3A (2a−b) were

prepared in high yields following conventional SPPS.28 By
inserting L-lysine (K) in the bicycle, it can be conjugated with
various bifunctional chelates such as DOTA, NOTA, and
NODAGA.3,6,26,27 Product formation was confirmed by
MALDI-mass spectroscopy, and the chemical purity of 2 was
greater than 95%, as confirmed by HPLC. Radiolabeling of 2
with 64Cu resulted in high yields of corresponding complexes
(3). Both the radiochemical yields and purities were greater
than 98% as confirmed by radio-TLC.
The chemical equivalence of 3b with its natural analogue

c(RGD-ACH-K)-DOTA-natCu, was established by analytical
HPLC chromatography (Figure 1). c(RGD-ACH-K)-DO-
TA-natCu and 3b demonstrated similar retention times (Rt)
of 11.6 and 12 min, respectively. The specific activities of 3a

and 3b after labeling (n = 10) were 22.9 ± 0.7 and 22.7 ± 0.8
Ci/g.
Except for 2b, all compounds demonstrated high affinity

toward the ανβ3 integrin receptor in U87MG glioblastoma cells.
Their affinities were better than that of (RGDyK). The IC50
values for 1a, 1b, 2a, 2b, and c(RGDyK) against 125I-echistatin
were 3.5 ± 0.7, 13.2 ± 2.2, 15.7 ± 1.6, 61.1 ± 9.5, and 17.1 ±
1.4 nM, respectively (Figure 2). The IC50 of 1a is nearly four

times as high as that of 1b. This difference may be explained by
the difference in conformational rigidity (or strain) between the
aminocyclopentane derivative (1a) and the aminocyclohexane
analogue (1b). As mentioned in introduction, it is well-known
that the binding affinities of cyclic RGD peptides depend on
the stereochemistry of the individual amino acids and the
conformation of the overall cyclic backbone.8,21,22 The
literature has described the conformational effect as follows:
(i) A cyclic peptide is more effective than its linear counterpart;
(ii) a bicyclic structure incorporating a cyclic linker in the cyclic
backbone is more effective than a simple cyclic RGD; (iii) the
smaller the ring size of the incorporated cyclic moiety, the
higher the binding affinity. Non-natural analogues are known to
exhibit higher affinity than natural amino acids.21,22 On the
basis of these observations, the cyclohexane moiety present in
1b and 2b should exhibit greater conformational flexibility than
the cyclopentane moiety in 1a and 2a.29 The binding affinity of
1 should be higher than that of c(RGDyK) because 1 contains
non-natural amino acids with cycloalkane groups. The apparent
lower binding affinity of 2 relative to 1 can be explained by
conjugation of DO3A as a BFCA. Consequently, the slow
metabolism in vivo of 3a compared with the corresponding
complex of natural c(RGDyK) may be explained by the
stereochemistry cited above.30,31

Complex 3 showed little radiochemical degradation (radio-
chemical purity > 97%) according to the radio-TLC analysis
performed in human and mouse serums for 24 h (Table S1,
Supporting Information). Both 3a and 3b are highly soluble in
water and have log P values of −4.22 ± 0.09 and −4.41 ± 0.05,
respectively (note that the log P for c(RGDyK)-DOTA-64Cu is
−2.8 ± 0.04).32 The differences in hydrophilicity may be
reflected in the biodistribution patterns. Tables S2 and S3,
Supporting Information, list the tissue distribution profiles for
3a and 3b, in nude mice with U87MG glioblastoma tumors.
Figure 3 shows the detailed biodistribution patterns in the

blood, kidneys, liver, and tumor. Both compounds are excreted
rapidly at almost identical rates in the blood and kidney, while
the excretion rates in the liver and tumor differ as a function of
time. The liver-uptake of 3a is slightly higher than that of 3b at
30 min p.i. and decreases over time. The uptake of 3b increases
to a maximum (3.49 ± 0.92 %ID/g) at 3 h p.i. and then
decreases to eventually match the uptake of 3a at 18 h p.i. The

Scheme 1. Synthesis of 1, 2, and 3

Figure 1. Analytical HPLC chromatograms of c(RGD-ACH-K)-
DOTA-natCu (blue, 254 nm) and 3b (red, γ trace).

Figure 2. Cell binding assay of RGD peptides in U87MG cells (A);
IC50 values (average of 3 measurements plus the standard deviation) of
each RGD compound (B).
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high liver-uptake by 3 can be explained by demetalation (64Cu-
dissociation from the chelate).32,33 The degree of 64Cu-
demetalation from 3 is similar to that of other DOTA-based
analogues.34 It is not clear why 3b shows slightly higher uptake
than 3a. The chelation effect of DO3A on 64Cu demetalation is
most apparent in the liver and lung (cf. Figure S1 compared
with Tables S2 and S3, Supporting Information). For example,
the %ID/g values for the free 64Cu(II) ions reach 19 and 15 in
the liver and lung, respectively (Figure S1, Supporting
Information). The patterns for tumor-uptake of both complexes
are similar. The uptake decreases as a function of time, with a
slower excretion rate of 3b, and the %ID/g values for each at
selected time intervals are as follows: (1) 1.52 ± 0.31 (3a) and
2.44 ± 0.30 (3b) at 1 h p.i.; (2) 1.08 ± 0.06 (3a) and 2.02 ±
0.26 (3b) at 3 h p.i. These in vivo observations are in contrast to
those observed in vitro, as previously described in the
literature.7

The tumor regions of U87MG bearing mice are clearly
visualized in the PET images (Figure 4). Of the three
complexes employed, 3b shows the highest tumor-uptake
with %ID/g values as follows: 3.2 ± 0.8 (3b), 2.3 ± 1.5
(c(RGDyK)-DOTA-64Cu), and 2 ± 0.5 (3a) (cf. Figure S2,
Supporting Information). The blocking test demonstrates the

tumor specificity of 3 against ανβ3 integrin receptors (Figure
S3, Supporting Information). One feature of 3 is gallbladder
enhancement, and 3b shows a higher uptake rate in a given
period of measurements (Figures S4 and S5, Supporting
Information). As a result, hepatobiliary uptake followed by
excretion through the intestine would be more predominant
with 3b than 3a (Figure S4, Supporting Information). With 3a,
excretion is expected to occur primarily through the kidney.
The binding affinities of 3a and 3b in vitro and in vivo are not
exactly the same.
In conclusion, we have designed and synthesized two new

bicyclic RGD peptides, c(RGD-ACP-K) (1a) and c(RGD-
ACH-K) (1b), for use as bioconjugates with DO3A (2a and
2b). Both complexes show high affinities toward U87MG
glioblastoma cells, which are better than that of monocyclic
c(RGDyK). The corresponding 64Cu complexes (3a and 3b)
show high tumor uptake, as observed by PET, and 3b exhibited
a higher affinity than 3a.
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