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Prostate cancer surgery is currently being revolutionized by the use

of prostate-specific membrane antigen (PSMA)–targeted radiotracers,
for example, 99mTc-labeled PSMA tracer analogs for radioguided sur-

gery. The purpose of this study was to develop a second-generation
99mTc-labeled PSMA-targeted tracer incorporating a fluorescent dye.
Methods: Several PSMA-targeted hybrid tracers were synthesized:

glutamic acid-urea-lysine (EuK)-Cy5-mas3, EuK-(SO3)Cy5-mas3,

EuK-Cy5(SO3)-mas3, EuK-(Ar)Cy5-mas3, and EuK-Cy5(Ar)-mas3; the

Cy5 dye acts as a functional backbone between the EuK targeting
vector and the 2-mercaptoacetyl-seryl-seryl-seryl (mas3) chelate to

study the dye’s interaction with PSMA’s amphipathic entrance fun-

nel. The compounds were evaluated for their photophysical and

chemical properties and PSMA affinity. After radiolabeling with
99mTc, we performed in vivo SPECT imaging, biodistribution, and

fluorescence imaging on BALB/c nude mice with orthotopically

transplanted PC346C tumors. Results: The dye composition influ-
enced the photophysical properties (brightness range 0.3–1.5 · 104

M−1 · cm−1), plasma protein interactions (range 85.0% ± 2.3%–

90.7% ± 1.3% bound to serum, range 76% ± 0%–89% ± 6% stability

in serum), PSMA affinity (half-maximal inhibitory concentration [IC50]
range 19.2 ± 5.8–175.3 ± 61.1 nM) and in vivo characteristics (tumor-

to-prostate and tumor-to-muscle ratios range 0.02 ± 0.00–154.73 ±
28.48 and 0.46 ± 0.28–5,157.50 ± 949.17, respectively; renal, splenic,

and salivary retention). Even though all tracer analogs allowed tumor
identification with SPECT and fluorescence imaging, 99mTc-EuK-

(SO3)Cy5-mas3 had the most promising properties (e.g., half-maximal

inhibitory concentration, 19.2 ± 5.8, tumor-to-muscle ratio, 5,157.50 ±
949.17). Conclusion: Our findings demonstrate the intrinsic integra-
tion of a fluorophore in the pharmacophore in PSMA-targeted small-

molecule tracers. In this design, having 1 sulfonate on the indole

moiety adjacent to EuK (99mTc-EuK-(SO3)Cy5-mas3) yielded the most
promising tracer candidate for imaging of PSMA.
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Prostate cancer, with an estimated 1.3 million new cases in
2018 (14% of the total number of new cases of cancer) and a 2018

estimate of over 350,000 deaths worldwide, is the second most

frequent cancer and the fifth leading cause of cancer death in men

(1). To eradicate the primary cancer, radical prostatectomy—

encompassing radical local resection, as well as dissection of lymphatic

spread—is a commonly used surgical approach (2,3). Although effec-

tive, this approach needs refinement and improvements, as recurrence

rates after radical prostatectomy are still high (20%–40%) (4). In this

scenario, prostate-tumor–specific tracers containing both a radioac-

tive and an optical marker are highly warranted. The prostate-specific

membrane antigen (PSMA), a transmembrane protein highly over-

expressed on nearly all prostate cancer tumors (5), has received

increased interest as a target for molecular imaging applications

and, more recently, in image-guided surgical interventions (6,7).
Clinical PSMA imaging reports generally describe the use of

radiolabeled high-affinity targeting moieties based on glutamate–

urea, such as the inhibitor motif glutamic acid–urea–lysine (EuK)

(8,9), which are applied in a microdose regime (#100 mg/patient).

The molecular binding interactions of glutamate–urea moieties to the

PSMA protein have been studied extensively (10). The glutamate–

ureido derivatives coordinate specifically with the binuclear zinc

present deep within the PSMA protein. The amphipathic entrance

funnel—that is, the funnel comprising the arene-binding site, argi-

nine patch, and S1 accessory hydrophobic pocket—leads to this

binding site (11). This S1 accessory hydrophobic pocket can be

exploited as a secondary binding site (12). In line with this finding,

it has been found that refinement of the backbone composition and

length used to connect the imaging (or therapeutic) radiolabel to the
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glutamate–urea targeting vector impacts the PSMA binding in ra-
diotracer development, exploiting charged, uncharged, or lipophilic
spacers (13–15). Next to the development of PSMA-targeted agents
for PET diagnostics (e.g., 68Ga-PSMA-HBED-CC (7)) or therapy
(e.g., 177Lu-PSMA I&T (16) or 177Lu-PSMA-617 (17)), the SPECT
agents 111In-Tc-PSMA I&T and 99mTc-PSMA I&S have success-
fully been used for the radioguided resection of metastatic lymph
nodes in a salvage setting (7,18,19). 99mTc has proven to be the
preferable radionuclide for the latter application because of its low
costs, widespread availability, and short half-life (20).
The field of intraoperative fluorescence-guided surgery has been

growing vigorously over the last 2 decades and is being used within the
clinic more often because of its potential to realize radical resections
while preserving healthy tissue (2,21). With this reasoning, numerous
fluorescence-based probes for the imaging of prostate cancer have
been studied preclinically (22–24). Although the influence of various
families of (commercially available) dyes on the PSMA-targeting
ability has been studied (25), systematic refinement of the dye struc-
ture intending to tailor PSMA interaction has only been reported by
Matsuoka et al., who reported that sulfonation of cyanine dyes had
a positive influence on the PSMA affinity (26). In the development
of fluorescent PSMA-targeted tracers, however, secondary binding
to the amphipathic entrance funnel has also not received much interest.
Relying on fluorescence imaging alone during surgical guid-

ance has its drawbacks: a limited penetration depth (,10 mm), the

inability to roughly assess lesions or metastases preoperatively,
tissue autofluorescence, and a high-dose-dependent detection accu-
racy (27). At the same time, the audible and numeric radioguidance
provided by a g-probe would benefit from being augmented with
intraoperative optical identification of lesions. To overcome these
shortcomings, a fluorescent and a radioactive label can be combined
in a single molecule, creating so-called dual-labeled, bimodal, or rather
hybrid tracers (28). This hybrid concept has also been adapted in
preclinical PSMA imaging—for example, 111In-LICOR-800CW-Lys-
DOTA-EuK (29); PSMA-11 derivatives (13); an 18F-containing,
Cy3-based probe (30); and PSMA imaging and fluorescence
(PSMA I&F) (31). Despite the ability of these tracer designs to
offer a best-of-both-worlds scenario in image-guided surgery, in
vivo analysis of the reported PSMA-targeted hybrid tracer analogs
revealed that the synthetic designs are cleared and accumulated, at
least fractionally, by the kidneys (13,29,31). A drawback from the
intraoperative use of these tracers is that their renal retention profile
might lead to contamination of the surgical field with fluorescent
urine and, as such, prohibit assessment of surgical margins (32).
To advance the concept of PSMA-targeted image-guided sur-

gery, we aimed to design EuK-based, 99mTc-containing hybrid
PSMA-targeted tracers with different substituents (sulfonate or
benzene) that offer a highly selective tumor affinity, a high optical
brightness and tissue penetration, favorable biodistribution, in vivo
stability, and minimal (or fast) renal clearance. By adhering to the

concept that the backbone can promote the
pharmacophore interaction with the amphi-
pathic entrance funnel of PSMA (13–15,33),
we studied the influence of structural modi-
fications on a cyanine dye (Fig. 1).

MATERIALS AND METHODS

The online supplemental materials (avail-

able at http://jnm.snmjournals.org) provide
the complete, detailed synthetic procedures

based on previously reported literature (34–38)
and chemical analyses (matrix-assisted laser

desorption/ionization time-of-flight and nuclear
magnetic resonance [Supplemental Figs. 1–4]

and high-performance liquid chromatography
of hybrid tracers [Supplemental Figs. 5–9]).

Photophysical Properties

Photophysical properties (emissivity, quan-

tum yield, and excitation and emission wave-
lengths [lex/lem]) were assessed as based on

earlier published procedures (39–41).

Brightness

The molar extinction coefficient of the hy-

brid tracers could not be determined because
of their large molecular size. Therefore, the

brightness of each hybrid tracer was calcu-
lated by multiplying its quantum yield by

the emissivity of the corresponding free fluo-
rophore (Supplemental Table 1).

Radiochemistry

The hybrid tracers were radiolabeled with
99mTc for lipophilicity and in vivo experi-
ments as follows: 3.90 mL (6 nmol) of a

1.54 mM hybrid tracer solution was mixed
with 8.13 mL of 0.5 M phosphate buffer, pH 8;

FIGURE 1. (A) Schematic overview of working hypothesis, exemplified by hybrid tracer inside

PSMA binding site with interactions between dye and amphipathic funnel. (B) Selected hybrid tracers

with functionalization introduced on indole with different lipophilicities. (C) Hybrid tracer based on

control Cy5 dye. (D) Chemical structures of EuK and 2-mercaptoacetyl-seryl-seryl-seryl (mas3) moieties.

S1 and S1’ are the primary binding sites of the protein.
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12.03 mL of 0.25 M phosphate buffer, pH 8; 9.62 mL of a 250 mg/mL

solution of sodium L-tartrate in 0.5 M phosphate buffer, pH 8; and
2.41 mL of a 4 mg/mL solution of stannous(II) chloride (freshly made

and purged with helium) in a 3 mg/mL solution of L-ascorbic acid, which
was prepared in a 10 mM HCl solution. After addition of 240 MBq of
99mTc in saline, the solution was heated to 90�C–95�C in capped vials for
20–30 min. The caps were then removed, and the solutions were cooled

to room temperature for 10 min. The degree of labeling (about 95%) was
determined by reversed-phase thin-layer chromatography using an eluent

of CH3CN:H2O (3:7), and the solutions were used without further
purification.

Lipophilicity

The lipophilicity (the partition coefficient in octanol/water [logP(o/w)])

was determined using previously published methods (9).

Plasma Protein Binding (PPB)

PPB was determined using previously published methods, with an 8K

Rapid Equilibrium Dialysis plate (product 90006; Sigma Aldrich) (40).

Plasma Protein Stability

The plasma protein stability was assessed using previously published
methods (42).

PSMA Affinity

The affinity of the different tracers for PSMA (half-maximal inhibitory

concentration [IC50]) was assessed using methods previously described
by Weineisen et al. (9).

Protein–Ligand Docking

Protein–ligand docking interactions were carried out to understand

the differences in the affinity findings and were calculated using Auto-
Dock Vina, version 1.1.2 (43), and visualized using UCSF Chimera,

version 1.31.1 (44), using the ligand-free human glutamate carboxy-
peptidase II (Protein Data Bank identification code 2OOT). After the

protein had been prepared for docking in UCSF Chimera, the ligand
molecule was selected and docking interactions were calculated. The

most viable docking model was selected using the ViewDock plugin.

Fluorescence Confocal Microscopy

C4-2B4 human prostate cells were cultured in RPMI-1640 medium

enriched with 10% fetal bovine serum and penicillin/streptomycin (all
Life Technologies Inc.) and 1 mM enzalutamide (S1250; SelleckChem).

Cells were kept under standard culturing conditions. For fluorescence
confocal imaging, cells were seeded on glass-bottom culture dishes

(MatTek Corp.) and placed in the incubator overnight. Confocal im-

aging was performed on viable cells, using an SP8 WLL fluorescence
confocal microscope (Leica) (42). The cells were incubated with 1 mM

EuK-Cy5-mas3, EuK-(SO3)Cy5-mas3, EuK-Cy5(SO3)-mas3, EuK-(Ar)
Cy5-mas3, or EuK-Cy5(Ar)-mas3 for 1 h at 37�C and washed with

phosphate-buffered saline 3 times. Prior to imaging, the nuclei of the
cells were stained with Hoechst 33342 (ThermoFisher Scientific). Sequen-

tial scanning settings were applied to visualize all fluorescent features:
Cy5 (lex, 633 nm; lem, 650–700 nm) and Hoechst (lex, 405 nm; lem,

420–470 nm). Fluorescence intensities were determined using previously
used methods (45).

In Vivo Tumor Model

PC346C cells were washed with Hanks balanced salt solution
(Invitrogen) and suspended in a 1:1 mixture of Hanks balanced salt

solution and Matrigel (VWR) before injection. Prepared PC346C cells

(46) were orthotopically transplanted into the prostate of male BALB/
c nude mice (Harlan; 6–8 wk old). Before transplantation, the mice

were anesthetized using a 1:1:2 solution of fentanyl-fluanisone (Hyp-
norm; VetaPharma Ltd.), midazolam (Dormicum; Roche), and H2O

(5 mL/g, administered intraperitoneally). The prostate was located via

a small incision in the abdominal wall, after which 2.0 · 106 PC346C

cells (in 20 mL of 1:1 Hanks balanced salt solution/Matrigel) were
injected into the prostate. After repositioning of the prostate, the in-

cision was closed. Pain relief was given via subcutaneous injection of
10 mL of buprenorphine (Temgesic, 5 mg/mL; Actavis) in 0.5 mL of

0.90% (w/v) NaCl in H2O, at 30 min before and 24 h after the pro-
cedure. Approximately 2 wk after transplantation, palpable lesions

were deemed suitable for further experiments when 2–5 mm in di-
ameter. All animal experiments were approved by the local ethics

committee of the Leiden University Medical Center before execution.
The experiments were performed in accordance with the Experiments

on Animals Act (Wet op de Dierproeven, 2014), which is the applica-
ble legislation in The Netherlands in accordance with the European

guidelines (EU directive 2010/63/EU) regarding the protection of an-
imals used for scientific purposes. All experiments were executed in

an establishment licensed for the use of experimental animals (Leiden
University Medical Center).

In Vivo SPECT Imaging and Quantitative Assessment

of Biodistribution

For biodistribution (n5 4) and for SPECT imaging (n5 2), approx-
imately 40 MBq were injected intravenously. At 2 h after injection,

SPECT imaging was performed followed by ex vivo evaluation of the
biodistribution (in total, 6 animals per tracer). Total-body imaging and

data reconstruction for PC346C-tumor–bearing mice was performed on
a U-SPECT scanner (MILabs) using previously described methods

(42,47).
After imaging, the animals were sacrificed by cervical dislocation

and various tissues were resected, weighed, and counted for radioac-
tivity. Quantitative biodistribution measurements (percentage injected

dose per gram of tissue [%ID/g] and tumor-to background ratios
[(%ID/g tumor)/(%ID/g background]) were calculated.

Ex Vivo Fluorescence Imaging

Directly after SPECT imaging, the mice were sacrificed and fluo-

rescence imaging was performed using a clinical-grade laparoscope
(Karl Storz Endoskope GmbH) (48). Ex vivo images of excised tissues

were acquired at Cy5 (lex, 640 nm; lem, 680 nm). For imaging with
the fluorescence laparoscope, the tumor was placed on top of a height-

adjustable lift and imaged with a setup identical to one described
previously (42,48). Images were acquired using a clinical-grade Image

1 S camera system (Karl Storz Endoskope GmbH) equipped with a 0�
laparoscope. Excitation was achieved using a Cy5-modified D-Light C

light source (Karl Storz Endoskope GmbH). Cy5 was detected by
placement of an additional standard eyepiece adaptor (catalog number

20100034; Karl Storz Endoskope GmbH) between the camera and the
laparoscope (42,48).

Statistical Data Analysis

Analytical data were expressed as mean 6 SD as calculated using

GraphPad Prism, version 7. The significance of 2 mean values was
calculated using a Student t test or ANOVA. Outliers were detected

and removed using the Grubbs method. The level of significance was
set at a P value of 0.05 or less.

RESULTS

Chemistry and Photophysical Properties

The supplemental materials show the results for the chemistry
and photophysical properties of the hybrid tracers.

Lipophilicity and Plasma Protein Interaction

The partition coefficient in octanol/water indicated that the site
of functionalization slightly affected the lipophilicity (Table 1). As
a first indication for in vivo behavior, the degree of PPB was
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studied, yielding the following trend: EuK-Cy5-mas3 , EuK-
(SO3)Cy5-mas3 � EuK-Cy5(SO3)-mas3 , EuK-Cy5(Ar)-mas3 ,
EuK-(Ar)Cy5-mas3 (Table 1). It is interesting that the site of the
substitution with a benzene moiety seemed to influence PPB to a
statistically significant degree (81.7% 6 1.4% bound for EuK-
Cy5(Ar)-mas3 vs. 88.6% 6 2.5% bound for EuK-(Ar)Cy5-mas3;
P 5 0.0031), a change that could translate to differences in an in
vivo setting (49). A correlation (R 5 0.9232, P 5 0.0252; Supple-
mental Fig. 11) between lipophilicity and PPB was observed: an
increase in lipophilicity led to a higher PPB, as is in line with the
literature (31).
Besides PPB, the chemical stability in plasma proteins was a

critical feature in tracer performance (41,49). After incubation in
serum at 37�C for 24 h, the absorbance intensity decreased (range,
75% 6 0%–97% 6 2%; P . 0.05; Table 1). The decrease in fluo-
rescence signal was in line with the decrease in absorbance (range,
76% 6 0%–89% 6 6%; Table 1). The 99mTc–mas3 complex was
stable in all tracers (Supplemental Table 2), as previously estab-
lished (9). These findings thus indicated that the tracers are suffi-
ciently stable.

Fluorescence Confocal Microscopy and Receptor Affinity

In vitro imaging revealed an influence of the dye composition
on the cellular binding; EuK-(SO3)Cy5-mas3 portrayed the highest
binding on PSMA-overexpressing LNCaP cells, whereas the sym-
metric EuK-Cy5-mas3 showed the least binding (Figs. 2A and
2B). Blocking with ((S)-1-carboxy-5-(4-(iodo-benzamido)pentyl)
carbamoyl)-l-glutamic acid (10 mM) resulted in a significant re-
duction in tracer uptake (Fig. 2F). Blocking was most efficient
for EuK-(SO3)Cy5-mas3 and EuK-Cy5(SO3)-mas3 (#90%), in-
dicating that these tracers had the lowest amount of nonspecific
binding.
Assessment of the binding affinity (half-maximal inhibitory con-

centration; Figs. 2A–2E) revealed a unique influence of the cya-
nine backbone composition on the affinity for PSMA. EuK-(SO3)
Cy5-mas3 had a high affinity for PSMA (19.2 6 5.8 nM), an
affinity that was in the same range as that of clinically used tracers
such as natRe-PSMA I&S (15.5 6 2.8 nM) (20). All other analogs
had a lower affinity (Figs. 2A–2E); it thus seems that not only the
introduction of a sulfonate moiety but also its location had an
effect on the affinity. This increase could be the result of favorable

interactions of the ligand with the protein. Protein–ligand docking
indeed suggested possible interactions between the cyanine back-
bone and the amphipathic funnel, indicating that the fluorophore
can become an integral part of the pharmacophore (Supplemental
Fig. 12). In correspondence with the affinity results, docking cal-
culations for the other 4 hybrid tracers did not yield this favored
configuration, underlining the importance of functional chemical
moieties and their placement.

In Vivo Imaging and Biodistribution

In vivo SPECT imaging at 2 h after administration of 1 nmol of
tracer revealed clear differences in tracer uptake and distribution
(Fig. 3). Tumors were visible for all tracers, and tracer retention in
the kidneys was measured for all compounds. The more lipophilic
tracers, 99mTc-EuK-(Ar)Cy5-mas3 and 99mTc-EuK-Cy5(Ar)-mas3,
showed higher retention in the liver and bowels than did the other
tracers. Quantitative assessment of the biodistribution ex vivo after
counting of radioactivity and weighing of the excised tissues revealed
biodistribution patterns comparable to those of the SPECT images
(Supplemental Table 3).
Uptake in the kidneys after 2 h was in the range of 8.986 5.78–

18.35 6 8.51 %ID/g (Supplemental Table 3). Other notorious
locations for PSMA tracer accumulation, the salivary glands and
the spleen (which are essentially PSMA-negative in mice) (31),
portrayed low uptake as well (range 0.02 6 0.01–0.23 6 0.12
%ID/g for salivary glands and range 0.18 6 0.19–1.03 6 0.72
%ID/g for spleen; P . 0.05 for all comparisons). Chemical alter-
ations on the cyanine backbone did not induce statistically significant
organ uptake changes (P. 0.05). As expected, hybrid tracer uptake
in the brain was almost undetectable, indicating that the tracers were
not able to cross the blood–brain barrier.
Quantitative assessment of the biodistribution further revealed

the highest accumulation in tumorous tissue for 99mTc-EuK-(SO3)
Cy5-mas3 (15.276 2.85 %ID/g; Supplemental Table 3). The other
tracers had lower tumor uptake and were in the same range (P .
0.05). Blood uptake values seemed to be somewhat in line with
lipophilicity; the more lipophilic a tracer was, the higher was its
blood retention value (Table 1; Supplemental Table 3). 99mTc-
EuK-(SO3)Cy5-mas3 and 99mTc-EuK-Cy5(SO3)-mas3, the most
hydrophilic tracers, thus provided the lowest blood retention at
2 h (Supplemental Table 3). Another important quantification for

TABLE 1
Physical and Photophysical Characteristics of PSMA-Targeted Hybrid Tracers

Compound
lex,max/lem,max

in H2O/PBS (nm)
FF

(% in PBS)

Brightness

(·104 M−1 ·
cm−1 in PBS)†

Lipophilicity
(logP(o/w); n 5 6)*

PPB
(n 5 3)

Serum stability after 24 h
(% remaining; n 5 2)

EuK-Cy5-mas3 644/663 (18)‡ 12 1.1 −2.13 ± 0.10 88.3 ± 1.6 Abs: 80 ± 6/Flu: 86 ± 5

EuK-(SO3)Cy5-mas3 648/664 (16)‡ 15 1.4 −2.86 ± 0.05 85.0 ± 2.3 Abs: 97 ± 2/Flu: 89 ± 6

EuK-Cy5(SO3)-mas3 648/664 (16)‡ 10 1.5 −2.70 ± 0.01 87.4 ± 2.0 Abs: 82 ± 7/Flu: 85 ± 1

EuK-(Ar)Cy5-mas3 664/682 (18)‡ 9 0.3 −1.75 ± 0.10 90.7 ± 1.3 Abs: 85 ± 3/Flu: 79 ± 1

EuK-Cy5(Ar)-mas3 663/680 (17)‡ 12 0.7 −1.84 ± 0.06 89.0 ± 2.5 Abs: 75 ± 0/Flu: 76 ± 0

†Calculated using molecular extinction coefficient of free fluorophore.

*Measured using 99mTc-labeled hybrid tracers.
‡Parenthetic numbers are Stokes shift.

lex,max/lem,max 5 maximum lex/lem; FF 5 quantum yield; logP(o/w) 5 the partition coefficient in octanol/water; PBS 5 phosphate-

buffered saline; Abs 5 absorbance; Flu 5 fluorescence.
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assessing tracer performance was the tumor-to-organ ratio for dif-
ferent tissues, as the tumors were well vascularized and surrounded
by muscle and prostate tissue. Therefore, the tumor uptake was
related to the background uptake in blood, muscle, prostate, and

fat (Supplemental Table 3). Overall, 99mTc-EuK-(SO3)Cy5-mas3
provided the best uptake ratios, as relates to the faster clearance of

this tracer from these tissues.
Fluorescence imaging of the tumor-containing prostate tissue

with a clinical laparoscope for Cy5 imaging allowed for visual

tumor identification (Fig. 4). In line with the brightness (Table 1),
affinity (Figs. 2A–2E), and biodistribution (Supplemental Table 3),

the intensity of the fluorescence signal
stresses that the introduction of an extra

benzene moiety on the chelate-bearing in-

dole slightly reduces the detectability of the

lesion.

DISCUSSION

By exploring the molecular design of
cyanine-based PSMA-targeted hybrid trac-

ers, we found that changes in physical and

photophysical properties, plasma protein

interactions, and PSMA affinity could be

related to in vivo tracer performance. In-

terestingly, the current findings indicate that

a dye can also become an integral part of

the pharmacophore. Of the evaluated panel

of compounds, 99mTc-EuK-(SO3)Cy5-mas3
was the most favorable hybrid PSMA-targeted

tracer.
In contrast to the introduction of a

benzene moiety, the introduction of a sul-

fonate moiety induced a positive effect on

the photophysical properties; the brightness

increased by at least 27% compared with

the nonsubstituted analog EuK-Cy5-mas3
(Table 1). These findings are in line with

previous reports on the photophysical prop-

erties of Cy5 and Cy7 analogs (41,49). It

should be noted that Cy5 analogs in general

yield an approximately 2-fold higher brightness than comparative

Cy7 analogs and are thus favored for use in optical in vivo imaging

(42,48).
Our findings are in concurrence with literature on radiotracer

designs indicating that the location of chemical substituents in the
backbone is of the utmost importance for interactions with PSMA’s
amphipathic funnel (Fig. 2) (12,13,33). Interestingly, the intro-
duction of benzene moieties did not increase the affinity, whereas
the introduction of an anionic sulfonate moiety on the C terminus
of the cyanine backbone increased the PSMA affinity compared
with EuK-Cy5-mas3. Furthermore, the affinity of EuK-(SO3)Cy5-

mas3 was more than 9-fold higher than that
of EuK-Cy5(SO3)-mas3, suggesting interac-
tions with the amphipathic entrance funnel;
the cyanine backbone allows hydrophobic
interactions to be complemented by hydro-
gen bonding enabled by careful placement
of the sulfonate moiety (Fig. 2; Supple-
mental Fig. 12). The Cy5 dyes alone have
a (calculated) lipophilicity ranging from a
clogP of 1.4 to a clogP of 6.3, which over-
laps with the lipophilicity reported for fa-
vorable backbones that contain a naphthalic
moiety (distribution coefficient, 2.9) (33).
In previous studies, natRe-labeled analogs
were chosen to determine a compound’s
affinity, because coordination of a metal
ion to the chelate was shown to increase
the PSMA affinity (20). A limitation of the
current study is that these experiments
with natRe were not performed, meaning

FIGURE 2. In vitro assessment of hybrid tracers. Shown is staining of extracellular expression

of PSMA on C2-2B4 cells after incubation with nuclear stain (Hoechst; in blue) and hybrid tracer

(Cy5; in red), with half-maximal inhibitory concentrations (IC50, measured with 125I-EuK–I-BA [((S)-1-

carboxy-5-(4-(iodo-benzamido)pentyl)carbamoyl)-L-glutamic acid] as competitive radioligand). (A)

EuK-Cy5-mas3. (B) EuK-(SO3)Cy5-mas3. (C) EuK-Cy5(SO3)-mas3. (D) EuK-(Ar)Cy5-mas3. (E) EuK-

Cy5(Ar)-mas3. (F) Blocking (checkered) of PSMA with EuK–I-BA. Binding affinities are represented

as mean ± SD.

FIGURE 3. In vivo SPECT imaging evaluation using BALB/c nude mice with orthotopically

transplanted PC346C cells, each injected with a different PSMA hybrid tracer analog. All im-

ages are scaled relative to tumor. B 5 bladder; I 5 intestines; K 5 kidneys. Tumor is encircled

in red.
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the affinity of the compounds may in fact be higher than re-
ported here. However, the trend between compound affinities
is expected to be similar. The current setting also allowed us to
make comparisons with literature values. Future studies of kon
(association rate constant) and koff (dissociation rate constant)
might provide a deeper understanding of the receptor affinity
in relation to the tracer composition. Also, when 1 nmol is
applied to a mouse, only a relatively small portion of the tracer
will be radiolabeled with 99mTc, meaning fluorescence guid-
ance is not essentially dependent on the radiolabeled fraction
of the tracer. The use of higher doses than, for example, 60
pmol–0.2 nmol (50), is substantiated by the fact that studies
with fluorescent-only PSMA-targeted tracers containing cya-
nine dyes regularly use 1–10 nmol (22,51).
Cyanine dyes, such as indocyanine green (a cyanine dye with

2 sulfonates and 2 benzene moieties), are well known for their
albumin-binding properties (52). In line with this characteristic,
the PPB increased when a sulfonate or extra benzene moiety was
added onto the cyanine backbone (Table 1), molecular features
that have been assigned to Sudlow site I or II (53). The stability
measurements in serum have shown high stability for both im-
aging labels, thus complementing the literature showing that the
EuK moiety is stable (9). The trends observed in lipophilicity
and PPB were, however, only in part related to the biodistribu-
tion profile (Table 1; Supplemental Table 3). This observation

stresses the important role that other molecular characteristics,
such as steric hindrance, polar surface area, or pKa, play on
tracer performance. The most lipophilic hybrid tracers (with
an extra benzene moiety on either indole) provided an increased
hepatobiliary clearance—which could potentially be a favorable
feature—including increased intestinal uptake compared with
the sulfonate-containing hybrid tracers, as is in line with the
literature (47). Furthermore, the most lipophilic tracers pre-
sented an increased retention in muscle, blood, prostate, and
fat at 2 h after injection, thus reducing tumor-to-muscle and
tumor-to-blood ratios (Supplemental Table 3). The biodistribu-
tion data at the 2-h time point used during this study unfortu-
nately complicates a direct comparison with studies that used a
1-h time point (such as for PSMA I&F (31) or 18F-4 (30)), as
biologic half-life can influence renal clearance. Given the delay
between imaging and surgery, we did, however, find it necessary
to take the 2-h time point to assess the tracer potential in an
image-guided surgery setting.
Next to the molecular design and the ability to relate the

tracer performance to a specific cyanine backbone structure, one
of the clear differences between our study and other studies
regarding PSMA-targeted small-molecule hybrid tracers is re-
duced splenic and renal uptake (29–31,54). Considering that the
renal uptake of DOTA (or DOTA analog)-containing PSMA-
targeted hybrid tracers at early time points is around 100 %ID/g
or even higher (29,54), whereas our study and the study of Kommidi
et al. (30) yielded a renal uptake below 19 %ID/g, it seems that the
introduction of radiolabels without relying on charged chelates in
the design of hybrid PSMA-targeted tracers minimizes renal uptake.
As literature underlines that the chelate composition can also have a
profound effect on the biodistribution pattern (29), the insights now
obtained could support further design of PSMA-targeted hybrid
tracers.
In agreement with previous reports (42,45,47), the recent bio-

distribution data underline once more that the composition of the
cyanine backbone is of sheer importance in designing hybrid tracers
and that asymmetric dye substitution holds promise during tracer
refinement.

CONCLUSION

We have demonstrated that cyanine dyes can be used as a chemical
backbone to connect an EuK targeting vector with a chelate for
radiolabeling. By doing so, we discovered that the dye composition
influences the tracer affinity by interacting with the amphipathic
funnel of the PSMA protein. In particular, the introduction of a
sulfonate moiety on the EuK-bearing indole allowed us to tune the
affinity and in vivo performance. Overall, these efforts yielded a
new PSMA-targeted hybrid tracer that could help accommodate
the need for optical augmentation during PSMA-targeted radio-
guided surgery.
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KEY POINTS

QUESTION: Is it possible to make the fluorescent dye an

integral part of the pharmacophore?

PERTINENT FINDINGS: This preclinical study portrayed the use

of cyanine dyes as an integral part of the pharmacophore in the

design of PSMA-targeted hybrid tracers.

IMPLICATIONS FOR PATIENT CARE: First, new hybrid tracer

designs are required to advance the field of image-guided sur-

gery. Second, reduction of renal retention of hybrid tracers might

reduce hindrance of navigation in the surgical field caused by

spillage of fluorescent urine. The promising findings suggest that

clinical studies using PSMA I&S may in the future benefit from a

hybrid PSMA-tracer variant.
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