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Prostate-specific membrane antigen (PSMA) remains an active target for imaging and therapeutic appli-
cations for prostate cancer. Although radionuclide-based imaging is generally more sensitive and also has
been deeply explored, near-infrared fluorescence imaging agents are simple to prepare and compatible
with long-term storage conditions. In the present study, a near-infrared fluorescent imaging probe
(Cy5.5-CTT-54.2) has been developed by chemical conjugation of Cy5.5N-hydroxysuccinimide ester
(Cy5.5-NHS) with a potent PSMA inhibitor CTT-54.2 (IC50 = 144 nM). The probe displays a highly potency
(IC50 = 0.55 nM) against PSMA and has demonstrated successful application for specifically labeling
PSMA-positive prostate cancer cells in both two and three-dimensional cell culture conditions. These
results suggest that the potent, near-infrared Cy5.5-PSMA inhibitor conjugate may be useful for the
detection of prostate tumor cells by optical in vivo imaging.

� 2010 Elsevier Ltd. All rights reserved.
The cell-surface enzyme prostate-specific membrane antigen
(PSMA) is an important enzyme-biomarker and target in prostate
cancer research. PSMA is up-regulated and strongly expressed on
prostate cancer cells, including those that are metastatic.1 Endo-
thelial-expression of PSMA in the neovasculature of a variety of
non-prostatic solid malignancies has also been detected.2,3 The
extracellular domain of PSMA, which also includes the enzyme’s
active site, has attracted considerable attention as a target for anti-
body-guided delivery of imaging and therapeutic agents.4,5 Some
of the most notable efforts in this area have involved the use of
the humanized anti-PSMA radiolabeled antibody J591 in the devel-
opment of targeted radiotherapeutic and immunoscintigraphic
applications.6–9 Those studies have lent support to the position
that PSMA is an ideal biomarker for the targeted imaging and ther-
apy of PSMA-positive prostate cancer.

In addition to the efforts to develop antibody-based probes to
PSMA, there have been considerable biochemical efforts to deter-
mine its substrate specificity, explore its crystal structure,10–12 and
develop various chemical scaffolds for the inhibition of its enzymatic
activity.13,14 This work has led to the design of radiolabeled small-
molecule PSMA inhibitors as imaging agents to serve as pharmaco-
kinetic alternatives to antibody-based approaches.13,15–17

Although imaging with radionuclides provides high-sensitivity
with a strong potential for clinical translation, it presents chal-
lenges and considerations such as safety, time-constraints, and
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costs for preparation, delivery and storage. In contrast, optical
imaging with fluorescent probes does not expose target tissues
with ionizing radiation, presents no danger to medical personnel,
and the preparation and storage of probes is relatively simple.18

The greater tissue penetration of near-infrared light has enabled
the performance of near-infrared fluorescence (NIRF) dyes such
as Cy5.5 for noninvasive in vivo imaging applications.19 Compared
to the efforts to develop radiolabeled PSMA-targeted tumor imag-
ing agents, there are relatively few examples of fluorescent and
NIRF PSMA targeted probes.20–22

We previously reported that phosphoramidate peptidomimetic
PSMA inhibitors were capable of both cell-surface labeling of pros-
tate tumor cells for imaging23 and intracellular delivery for tar-
geted photodynamic therapy.24,25 Using amine-reactive dyes, the
coupling of fluorophores to PSMA inhibitors is now routine in
our lab.23–25 In the present study, we evaluated a NIRF dye-conju-
gate of a phosphate-based PSMA inhibitor core (Fig. 1) for affinity
against purified PSMA and its cellular specificity of labeling PSMA-
positive cells. The preparation of both the phosphate PMSA inhib-
itor and its Cy5.5 dye-conjugate is provided in Supplementary
data.

As shown in Supplementary data (Fig. S1), the absorption
spectrum for Cy5.5-CTT-54.2 was consistent with that for the
unconjugated Cy5.5 dye, which supports the idea that CTT-54.2 does
not affect the spectral properties of the dye. In Supplementary
data Figure S2 A–B, PSMA inhibition studies confirmed that
Cy5.5-CTT-54.2 (IC50 = 0.55 nM) was more potent than the unconju-
gated inhibitor core CTT-54.2 (IC50 = 144 nM) against purified PSMA
isolated from LNCaP cells.26 This trend is consistent with what we
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Figure 1. Structures of CTT-54.2 and the NIRF conjugate Cy5.5-CTT-54.2.

Figure 2. Selective and competitive binding of Cy5.5-CTT-54.2 (10 lM) with
PSMA-positive cells. (A) LNCaP cells. (B) PC-3 cells. (C) LNCaP cells pre-treated
(30 min) with inhibitor CTT-5423 (80 lM) effectively blocked cellular labeling by
Cy5.5-CTT-54.2 (10 lM). (D) Three-dimensional cultured LNCaP cells on Matrigel
labeled by Cy5.5-CTT-54.2 (10 lM). All cells were fixed and nuclei stained with
Hoechst 33342 (blue). Cy5.5 fluorescence was assigned as pseudocolored red.
Distance scale is 20 lm.
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observed previously for other dye-conjugates of PSMA inhibitors.23

By itself, however, the Cy5.5 free acid exhibits very poor inhibition
(IC50 = 6.1 lM) against PSMA (Supplementary data, Fig. S2C) and neg-
ligible cell labeling at 10 lM (Supplementary data, Fig. S3A and B). It
has been shown that S1 and S10 substrate-binding sites of PSMA can
accommodate P1 and P10 residues of substrates or inhibitors.10–12 In
addition, our previous structure–activity relationship (SAR) study27

along with very recent structural observations28 support the pres-
ence of an alternative hydrophobic or arene binding site remote to
the active site of PSMA. This remote binding site appears to be acces-
sible in ligand-induced ‘open’ conformation of the entrance lid
involving amino acids Trp541-Gly548 as opposed to the ‘closed’
entrance lid conformation observed for PSMA complexes with small
ligands.29 Molecular docking of PSMA and Cy5.5-CTT-54.2 suggests
that the Cy5.5 portion is localized at the cleft around the entrance to
the active site and one of its ring structure interacts with the indole
group of Try541 and the guanidinium group of Arg511 (Supplemen-
tary data, Fig. S4) of the recently described arene binding site.28

Therefore, the cooperative participation in binding PSMA in both
remote hydrophobic and substrate-binding sites could contribute
to the enhanced potency against PSMA by Cy5.5-CTT-54.2, whereas
the inhibitor core alone is limited mainly to binding interactions in
the more polar region near the active site.

To determine the specificity of Cy5.5-CTT-54.2 for PSMA-
positive (PSMA+) cells, both LNCaP (PSMA+, Fig. 2A) and PC-3
(PSMA�, Fig. 2B) cells30,31 were incubated with Cy5.5-CTT-54.2
for 2 h at 37 �C. Fluorescence microscopy revealed that only LNCaP
cells were fluorescently labeled with Cy5.5-CTT-54.2 on the surface
and cytoplasm (Fig. 2A), while no labeling was observed for PC-3
cells (Fig. 2B). Although PSMA is identified as a transmembrane
protein, the cytoplasmic localization of PSMA within LNCaP cells
is consistent with its known constitutive or induced internaliza-
tion.23,32,33 The transport of NIRF PSMA inhibitor-conjugates
through the internalization of the PSMA enzyme–inhibitor com-
plex is expected to improve the likelihood of success for optical
in vivo fluorescence imaging of prostate cancer. As expected, the
intensity of the fluorescence signal due to cell labeling with
Cy5.5-CTT-54.2 was notably diminished when LNCaP cells were
pre-treated with the nonfluorescent PSMA inhibitor CTT-5423

(Fig. 2C).
In a three-dimensional cell culture model, LNCaP cells were

grown on Matrigel to mimic tumor growth in vivo. Although the
three-dimensional cultured cells display the different cellular
morphology and growth rates compared to two-dimensional cul-
ture conditions, the cells were also labeled considerably by
Cy5.5-CTT-54.2 (Fig. 2D). These three-dimensional cell culture con-
ditions may better model the performance of optical imaging
agents of in vivo tumor xenografts. Animations displaying the
three-dimensional imaging of LNCaP cells labeled with Cy5.5-
CTT-54.2 in both three- and two-dimensional conditions are
available in Supplementary data. In general, the labeling results
support the conclusion that cell targeting of Cy5.5-CTT-54.2 is
due to specific binding to PSMA.

In a dose-dependent labeling study with LNCaP cells, PSMA
binding appeared to be saturated at 2.5 lM Cy5.5-CTT-54.2 as no
enhancement of signal was observed at 5 and 10 lM (Fig. 3A–C).
Below 2.5 lM, the fluorescence signal was noticeably reduced
(Fig. 3D and E). The saturated binding and internalization of
inhibitor-bound PSMA23,32 are analogous to classic models of
ligand-membrane receptor interactions such as that for transferrin
and the transferrin receptor.23,33 This specific inhibitor-receptor
binding is expected to ensure the cellular accumulation and reten-
tion of this NIRF probe in PSMA+ tumors, thus providing the
enhancing tumor-to-background ratios in in vivo optical imaging
experiments.



Figure 3. Dose-dependent cell labeling with Cy5.5-CTT-54.2. (A–E) Live LNCaP cells were treated with Cy5.5-CTT-54.2 at various concentrations (10, 5, 2.5, 1.5 and 0.625 lM)
for 2 h at 37 �C. All cells were fixed and nuclei stained with Hoechst 33342 (blue). Cy5.5 fluorescence was assigned as pseudocolored red. Distance scale is 20 lm.
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It should be noted that other NIR PSMA probes were made by con-
jugating NIR dye molecules (Indocyanine green or IRDye800CW)
with a urea-based inhibitor or PMPA for NIRF imaging of human
prostate cancer in vitro or in vivo.20–22 The high-affinity and
slowly-reversible PSMA inhibition observed with CTT-54.2 and
Cy5.5-CTT-54.2 (Supplementary data, Fig. S5) may lead to greater
cellular uptake through the internalization of the PSMA inhibitor
complex in PSMA-positive cells.32 Furthermore, the Cy5.5 dye exhib-
its higher fluorescence quantum yield (0.23)34 than both Indocya-
nine green (0.016) and IRDye800CW (0.053).22 Therefore, it is
expected that the Cy5.5-CTT-54.2 NIR PSMA probe will exhibit en-
hanced uptake and retention in labeled prostate tumor cells and that
these in vitro performance characteristics are expected to be partic-
ularly valuable for optical imaging applications for prostate cancer.

In conclusion, the PSMA+ tumor-targeting potential of the NIRF
dye-conjugate Cy5.5-CTT-54.2 has been demonstrated in both
two- and three-dimensional cell culture conditions of prostate tu-
mor cells. This target specificity is dependent upon the interaction
between Cy5.5-CTT-54.2 and the cell-surface enzyme biomarker
PSMA. Subsequent studies with this agent will be aimed at the
evaluating the optical imaging performance of this NIRF imaging
agent in an animal model.
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