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Abstract: Prostate-specific membrane antigen (PSMA) targeting radiopharmaceuticals have been
successfully used for diagnosis and therapy of prostate cancer. Optimization of the available agents is
desirable to improve tumor uptake and reduce side effects to non-target organs. This can be achieved,
for instance, via linker modifications or multimerization approaches. In this study, we evaluated
a small library of PSMA-targeting derivatives with modified linker residues, and selected the best
candidate based on its binding affinity to PSMA. The lead compound was coupled to a chelator for
radiolabeling, and subject to dimerization. The resulting molecules, 22 and 30, were highly PSMA
specific (IC50 = 1.0–1.6 nM) and stable when radiolabeled with indium-111 (>90% stable in PBS and
mouse serum up to 24 h). Moreover, [111In]In-30 presented a high uptake in PSMA expressing LS174T
cells, with 92.6% internalization compared to 34.1% for PSMA-617. Biodistribution studies in LS174T
mice xenograft models showed that [111In]In-30 had a higher tumor and kidney uptake compared
to [111In]In-PSMA-617, but increasing T/K and T/M ratios at 24 h p.i. Tumors could be clearly
visualized at 1 h p.i. by SPECT/CT after administration of [111In]In-22 and [111In]In-PSMA-617, while
[111In]In-30 showed a clear signal at later time-points (e.g., 24 h p.i.).

Keywords: bivalent agent; ligand optimization; preclinical evaluation; prostate cancer; prostate-
specific membrane antigen; radiopharmaceutical design; SPECT/CT

1. Introduction

Prostate carcinoma is the second most common cancer in men, with 1,400,000 new
cases and 375,000 deaths worldwide in 2020 [1]. Despite having a good prognosis at early
stages, patients with advanced prostate cancer (stage IV) often develop castration resistance
and metastases. Novel emerging therapeutic approaches, such as boron neutron capture
therapy [2,3], photodynamic therapy [4], immunotherapy [5], and radioligand therapy, are
showing promising results and gaining increasing interest in the field. Radioligand therapy
(RLT) targeting the prostate-specific membrane antigen (PSMA) has recently emerged as a
promising treatment modality. Thus, PluvictoTM (formerly [177Lu]Lu-PSMA-617) and its
diagnostic counterpart LocametzTM (formely [68Ga]Ga-PSMA-11) received FDA approval
following their clinical validation [6,7]. Furthermore, several clinical studies showed
promising results on combination treatment of PSMA-mediated RLT with other therapeutic
modalities [8–10] and when RLT is integrated at an earlier-stage of the disease [11–13].

However, a significant subset of patients still progress after therapy [14–16], while
patients presenting low intensity PSMA uptake show worse prognosis [17]. Moreover, the
choice of diagnostic companion may influence the eligibility for Lu-PSMA treatment. There
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is also no consensus on the choice of the agent, particularly regarding the choice or combi-
nation between FDG-PET and PSMA-PET [18]. Recommendations for improvement of ther-
apy [19] include, amongst others, pre-therapy personalized screening of patients [20–22],
personalized dosimetry plans [23], combination regimes including both [177Lu]Lu-PSMA
and [225Ac]Ac-PSMA [24,25], and ligand optimization [26].

Structural optimization aims to improve the therapeutic efficacy of PSMA-targeting
agents by reducing the radiation dose to non-targeted organs, while retaining or increasing
the dose delivered to the tumor. The kidneys and the salivary glands are the dose-limiting
organs in the treatment with Lu-PSMA. The most common strategy is the modification
of the linker region, which can significantly affect the pharmacokinetics, binding, and
biodistribution of the radiotracer [27]. Considerable advances on rational ligand design
have taken place over the last decades, which was possible due to the structural characteri-
zation of PSMA [28–30]. Glutamate–urea–lysine-targeting vectors were first introduced
as peptidomimetics based on the structure of NAAG (N-acetyl-L-aspartyl-L-glutamate), a
neurotransmitter which is cleaved by the glutamate carboxypeptidade II (also known as
PSMA) into N-acetylaspartate and glutamate [31–34]. The catalytic site of PSMA can be
divided in three major parts, namely, the catalytic site containing a S1’ glutamate recog-
nition pocket, a Zn2+ active site, and a deep funnel of 20 Å extending from the zinc(II)
atom to the external surface of the protein [28]. The urea moiety interacts with the zinc,
while the carboxylate groups from the glutamate and lysine interact in the S1’ subpocket.
The region extending to the surface of the protein contains the accessory, hydrophobic S1
pocket, and an arene-binding site, where interactions with non-polar and aromatic residues
in the linker region led to an increase in the binding affinity.

Other promising strategies have also been investigated for structural optimization,
such as addition of an albumin-binding domain to increase the tumor uptake [35,36] or
a cleavable linker moiety [37] to decrease renal toxicity. Another interesting approach is
the development of multimeric or multivalent agents, containing more than one targeting
moiety, which allows them to bind to their target with higher avidity and affinity. This
has led to increased and prolonged tumor uptake while retaining favorable tumor to
background ratios, warranting further investigation [38–41].

Herein, we designed a small library of PSMA-targeting molecules based on the
glutamate-urea-lysine binding vector (EuK) and with varying linker composition, in order
to obtain an optimized PSMA-targeting agent. The lead candidate was then (i) evaluated
for its radiochemical and biological properties after addition of a radionuclide chelator;
(ii) used as a base monomeric unit for the construction of a homobivalent ligand; (iii) ra-
diolabeled with the diagnostic radionuclide indium-111 and tested the monomeric and
dimeric agents in a PSMA-positive LS174T tumor xenograft model by in vivo SPECT/CT
imaging and ex vivo biodistribution.

2. Results

The PSMA-binding moiety Glu–urea–Lys (EuK) was synthesized in solid phase by
adapting a protocol described by Derks et al. [42]. The urea moiety was formed via
attachment of a p-nitrophenyl chloroformate moiety to the protected lysine, followed
by substitution with glutamic acid di-tert-butyl ester to yield the protected EuK moiety.
This method offered a milder alternative than the use of the toxic triphosgene [33,43] and
allowed for a facile solid-phase synthesis. We employed the 2-chlorotrityl chloride resin
in place of the Wang resin and the 1-(4,4-dimethyl-2,6-dioxocyclohex-1-ylidene)isovaleryl
(ivDde) protecting group instead of the 4-methyltrityl (Mtt) group, as the peptide was
easily cleaved from the Wang resin under the acidic conditions used for Mtt deprotection.
IvDde deprotection enabled the elongation of the peptide on the side chain of the lysine
residue by coupling Fmoc–Ahx–OH. This intermediate was used for the preparation of
compounds 1–13 (Scheme 1). Compounds 1–13 were obtained in yields of 4.5–49%. In
particular, compounds 11–13, featuring the Ahx–Ala–Sta sequence, were all obtained in
low yields (4.5–7.5%). After cleavage from the resin and ether precipitation, the presence of
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the compounds was observed in the ether phase, which could be due to their lipophilicity.
Similar phenomena could explain the low yield obtained for 2 (EuK(Ahx-Ala), 8%) despite
the partial recovery of the product from the ether phase.

 

 

tt

tt

ffi
ffi

Scheme 1. Design and synthesis of the library of PSMA-targeting compounds 1–23. The lead
candidate, 12, was selected via a NAALADase assay from a library of 13 compounds derived from
the Glu–urea–Lys moiety with the addition of 0–2 amino acids. The synthesis of the Glu–urea–Lys
moiety is also shown. Then, a third amino acid was attached to the lead and these compounds were
evaluated. The best candidate 16 was used as the monomeric unit for the synthesis of a dimerized
compound. A DOTA-GA chelator was attached to 16 in order to evaluate its radiochemical stability,
leading to 22. The D-Phe analogs 21 and 23 were also synthesized as instability due to the presence
of L-Phe has been previously reported.

The IC50 values of 2–13 were determined via a NAALADase assay in a single plate to
avoid inter-assay variations and with PSMA-617 as a reference. All compounds exhibited
binding affinity to PSMA in the nanomolar range (IC50 values ranging from 1.01 to 23.1 nM;
Table S1), indicating that the modifications did not lead to a significant loss of affinity.
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The IC50 value of 12 (EuK(Ahx-Sta-Phe)) was comparable to the IC50 value measured for
PSMA-617 (1.01 ± 0.4 nM for 12 vs. 0.90 ± 0.3 nM for PSMA-617). A third amino acid
was added to 12 in order to obtain an appropriate length between the EuK binding motif
and the chelator, but also to investigate if additional interactions could occur with the
hydrophobic pocket of PSMA. We also evaluated the effect of the chelator by attaching a
DOTA chelator (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) to 12, generating
compound 14. Compound 14 had an IC50 value of 1.73 ± 0.7 nM; therefore, the presence
of the chelator did not considerably affect the binding. Addition of a third amino acid
containing a hydrophobic or charged residue (Asp, Sta, Phe, Tyr, or Dap) did not lead to a
loss of binding (IC50 values ranging between 1.03 and 3.33 nM; Table S1). Consequently,
we decided to proceed with 16 (EuK(Ahx-Sta-Phe-Asp), IC50 = 1.03 ± 0.5 nM) for further
derivatization as it showed the best binding affinity from this second group of compounds.
Attachment of a DOTA-GA chelator (1,4,7,10-tetraazacyclododececane,1-(glutaric acid)-
4,7,10-triacetic acid) to 16 was performed to evaluate the radiochemical and biological
properties of the candidate. DOTA-GA was selected instead of the usual DOTA chelator
due to the presence of the Asp residue in the linker. We hypothesized that the proximity
to the free carboxylic acid group of Asp could influence the coordination sphere of the
chelator. Furthermore, we evaluated EuK(Ahx-Sta-Phe-Asp-DOTA-GA) containing a L-
and D-Phe residue since previous studies showed enhanced metabolic stability of the
sequence containing the D-Phe amino acid [44]. EuK(Ahx-Sta-L-Phe-Asp-DOTA-GA) 22

and EuK(Ahx-Sta-D-Phe-Asp-DOTA-GA) 23 were both obtained in good yields (15 and
37%, respectively) after cleavage from the resin and purification. Both compounds showed
high radiochemical yield and purity (>95%, Table 1), excellent stability in labeling solution,
PBS, and mouse serum up to 24 h (Figure S6), when radiolabeled with indium-111. The
emulsifier Kolliphor was added to the labeling solution to prevent “stickiness” of the
compounds. Compounds 22 and 23 were highly hydrophilic, as demonstrated by the logD
values (22: −3.26 ± 0.05; 23: −3.21 ± 0.07). No proteolytic degradation of [111In]In-22 was
observed, so we opted to proceed solely with the L-analog for further evaluation.

Table 1. Radiochemical data obtained for [111In]In-22 and [111In]In-30.

Compound RCY (%) RCP (HPLC, %) LogD Stability in PBS (%) 1 Stability in Mouse Serum (%) 1

[111In]In-22 99 97.4 −3.26 ± 0.05 95.4 95.1
[111In]In-30 99 92.3 −2.44 ± 0.07 90.8 90.1

1 Values refer to the timepoint of 24 h post-incubation.

Dimerization was performed by elongation of 16 with 3-tritylthiopropionic acid, and
reaction with 3,6-dichlorotetrazine following a biphasic protocol after cleavage from the
solid support [45]. Finally, addition of the chelator DOTA-TCO 26 was performed via
the inverse electron-demand Diels–Alder reaction (IEDDA) to yield the dimeric product
27. However, it was noticed that 27 was not stable in aqueous solution, with degradation
observed by LC-MS 20 min after incubation in water at room temperature. The values
observed in ESI-MS suggested the oxidation of 27, which is likely occurring at one of the
sulfur atoms adjacent to the tetrazine ring, followed by the release of one PSMA-binding
unit. We hypothesized that it could originate from intramolecular interaction between the
sulfur and the carboxylic acid group of the aspartic acid. Therefore, we modified the design
of the dimer to include a longer spacer between 16 and the tetrazine. We replaced the
3-mercaptopropionic acid with a 6-mercaptohexanoic acid spacer. The resulting compound
30 (Scheme 2), obtained after dimerization and IEDDA reaction, was radiolabeled with In-
111 and obtained in high RCY (>99%) and RCP (92.3%). It was stable in aqueous media and
in the radiolabeling conditions, but also in PBS and mouse serum (>90% intact [111In]In-30

at 24 h; Figure S7). [111In]In-30 also retained a fairly hydrophilic character with a logD
value of −2.44 ± 0.07, but showed increased hydrophobicity compared to [111In]In-22,
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likely due to the presence of the pyridazine adduct. Radiochemical data of [111In]In-22 and
[111In]In-30 are summarized in Table 1.
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Scheme 2. General synthetic scheme of the dimeric compounds 27 and 30. The monomeric unit was
obtained by attaching either 3-(tritylthio)propionic acid or TrtS-Hx-OH in solid phase to 16 to obtain
24 or 28, respectively, after cleavage from the resin. Reaction of 24 with 1,2,3,5-dichloro-tetrazine
provided the dimerized compound 25, which was then clicked to the DOTA-TCO chelator (26) to
form the final compound 27. Similarly, the reaction of 28 with the tetrazine yielded the dimerized
compound 29 and the final compound 30 after reacting with 26. The synthesis of 24, 25, and 27 are
detailed in the Supplementary Information.

Subsequently, 22 and 30 were tested for their binding affinity towards PSMA via the
NAALADase assay. Compared to the reference PSMA-617 (IC50 = 0.90 ± 0.30 nM), both 22

and 30 retained a high binding affinity to PSMA (22: IC50 = 1.66 ± 0.63 nM and 30: IC50 =
1.05 nM ± 0.30 nM). The better affinity of 30 was expected since dimeric conjugates have
been shown to display higher affinity towards their cognate receptor [40]. However, the
IC50 values of these three compounds were not statistically different. Next, we evaluated
the uptake and internalization of [111In]In-22 and [111In]In-30 in PSMA-overexpressing
LS174T cells (Figure 1). [111In]In-22 showed PSMA-specific uptake (1.55 ± 0.21% AD),
which was mainly membrane bound (66%). The uptake of the monomer 22 was significantly
lower than the uptake of [111In]In-PSMA-617 (3.14 ± 0.47% AD, 66% membrane-bound).
However, [111In]In-30 showed the highest PSMA-specific uptake of 3.79 ± 0.74% AD
(p = 0.05), of which 92%, surprisingly, corresponded to the internalized fraction. For all
three compounds, no uptake was observed when blocked with an excess (50-fold) of
non-labelled PSMA-617.
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Figure 1. Uptake and internalization of [111In]In-PSMA-617, [111In]In-22 and [111In]In-30 in LS174T
PSMA + cells. Values are expressed as % of the added dose (% AD). p-values smaller than p < 0.0001
were indicated with four (****) asterisks.

Next, the compounds were evaluated in vivo in BalB/C nu/nu mice bearing LS174T
PSMA-positive tumor xenografts. SPECT/CT scans were performed to evaluate the biodis-
tribution of the three compounds in vivo. Mice were injected with [111In]In-PSMA-617
(20.71 ± 0.53 MBq, 1.03 nmol), [111In]In-22 (25.03 ± 0.59 MBq, 1.25 nmol), or [111In]In-30

(26.27 ± 0.39 MBq, 1.31 nmol) and imaged at 1 and 24 h p.i. At 1 h p.i., the tumors (right
flank) were clearly visible in the mice administered with [111In]In-PSMA-617 and [111In]In-
22 (Figure 2). Elevated kidney and bladder uptake were also visible due not only to the
excretion route of these radiolabeled agents but also the natural expression of PSMA in
the kidneys. Due to the extremely high kidney uptake of [111In]In-30 at early time-points,
only the kidneys and the bladder could be seen on the SPECT images at 1 h p.i.. However,
at 24 h p.i., the tumor of the mice injected with [111In]In-30 was clearly visualized, while
tumor uptake was faint with [111In]In-PSMA-617 and not observable with [111In]In-22

(Figure 3). These results indicate that [111In]In-30 could be a suitable imaging probe at later
time-points.

(A) (B) (C) 

T

K

B

K

T

K

B

K

B

KK

Figure 2. Representative MIP images of SPECT/CT scans at 1 h p.i. of (A) [111In]In-PSMA-617;
(B) [111In]In-22; and (C) [111In]In-30 in LS174T xenograft-bearing mice (right flank; n = 4). Color scale
represents % ID/mL. The tumor (T), kidneys (K), and bladder (B) are pointed out with a white arrow.
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Figure 3. Representative MIP images of SPECT/CT scans at 24 h p.i. of (A) [111In]In-PSMA-617;
(B) [111In]In-22; and (C) [111In]In-30, in LS174T xenograft-bearing mice (right flank; n = 4). Color scale
represents % ID/mL. The tumor (T), kidneys (K), and bladder (B) are pointed out with a white arrow.

Mice were intravenously injected with [111In]In-PSMA-617 (5.09 ± 0.43 MBq, 1.02 nmol),
[111In]In-22 (6.34 ± 0.19 MBq, 1.26 nmol), or [111In]In-30 (6.19 ± 0.35 MBq, 1.24 nmol), for
ex vivo biodistribution studies. The results are shown in Figure 4. The values of percentage
of injected dose per gram of tissue (% ID/g) for all organs can be found in Tables S4–S6.
[111In]In-22 showed tumor uptake of 2.05 ± 0.52% ID/g at 1 h p.i., which steadily decreased
to 0.61 ± 0.40% ID/g at 24 h p.i. Compared to [111In]In-PSMA-617, the uptake was lower
at 1 h p.i. (3.12 ± 0.30% ID/g, p = 0.05), but comparable at 4 h and 24 h p.i. (p = 0.05).
In comparison, [111In]In-30 showed a significantly higher uptake of 4.95 ± 1.01% ID/g at
1 h p.i. (p = 0.01), which was retained at 24 h p.i. (1.57 ± 0.17% ID/g). A high uptake of
4.84 ± 1.44% ID/g in the blood at 1 h p.i. indicates that this compound circulated longer in
the blood. It could explain the longer retention of [111In]In-30 in the tumor, but also the high
background found in most organs at 1 h p.i. (liver: 3,94 ± 0.26% ID/g; skin: 4.44 ± 1.06%
ID/g; lung: 2.81 ± 0.36% ID/g; bone: 3.00 ± 0.53% ID/g). Additionally, uptake was
observed at 1 h p.i. for all compounds in the liver, spleen, and in the skin, as PSMA is also
expressed in the endothelium [46]. The kidney uptake of [111In]In-30 increased significantly
compared to [111In]In-22 (138.54 ± 1.44% ID/g at 1 h p.i. and 132.89 ± 11.12% ID/g at
4 h p.i., for [111In]In-30, compared to 22.56 ± 2.59% ID/g at 1 h p.i. and 13.55 ± 1.04%
ID/g at 4 h p.i. for [111In]In-22 (p < 0.001)) but decreased considerably at 24 h p.i. to
26.86 ± 2.37% ID/g for [111In]In-30 and to 5.89 ± 1.49% ID/g for [111In]In-22. Co-injection
of an excess of unlabeled PSMA-targeting ligand significantly reduced the tumor uptake
for all compounds, proving uptake selectivity ([111In]In-PSMA-617 at 4 h p.i. 1.59 ± 0.03%
ID/g vs. blocked 0.46 ± 0.26% ID/g (p < 0.01); [111In]In-22 at 4 h p.i. 1.23 ± 0.59% ID/g vs.
blocked 0.27 ± 0.14% ID/g (p = 0.01); [111In]In-30 at 4 h p.i. 2.94 ± 0.36% ID/g vs. blocked
1.42 ± 0.14% ID/g (p < 0.01)).
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Figure 4. Ex vivo biodistribution of (A) [111In]In-PSMA-617, (B) [111In]In-22 and (C) [111In]In-30.
Organ uptake is shown as percentage of injected dose per gram. Organs were collected at 1, 4, and
24 h p.i., with a block group at 4 h p.i.

The tumor-to-kidney (T/K) ratios (Figure 5) remained constant for [111In]In-PSMA-617
(0.2 to 0.3) and [111In]In-22 (0.08 to 0.09) but increased over time for [111In]In-30 (0.02 to 0.2)
due to prolonged tumor retention and clearance from the kidneys at 24 h. The tumor-to-
muscle (T/M) ratios were determined to evaluate the tumor-to-background levels. This
ratio increased from 1 to 4 h for both [111In]In-PSMA-617 (15 to 39) and [111In]In-22 (31 to
48) and decreased at 24 h (PSMA-617: 26; [111In]In-22: 14), suggesting that 4 h would be an
ideal imaging time-point for these compounds. The T/M ratio for [111In]In-30 was low at 1
and 4 h (4–5) but increased at 24 h (15), suggesting that imaging at a late time-point would
be preferable with [111In]In-30).
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Figure 5. Tumor-to-kidney (T/K) and tumor-to-muscle (T/M) ratios for [111In]In-PSMA-617, [111In]In-
22 and [111In]In-30 at 1, 4 and 24 h p.i. T/M ratios are used to represent tumor-to-background ratios.

3. Discussion

Linker modifications can significantly influence the binding affinity, internalization,
pharmacokinetics, and biodistribution of PSMA-targeting ligands [27]. This is mainly due
to interactions between the chemical groups present in the linker and the binding pocket
of PSMA. Characterization of the binding domain of PSMA led to the discovery of a S1
hydrophobic pocket, as well as an arene-binding site [47]. As expected, it was found that
the binding properties of PSMA-targeting compounds were improved by increasing the
lipophilicity of the linker. Compounds containing aromatic moieties in the linker region also
presented high binding to PSMA [34]. We initially evaluated the effect of three amino acids
(alanine (Ala), phenylalanine (Phe), and statine (Sta)) attached to the glutamate-ureido–
lysine–Ahx in a combinatorial fashion (0 to 2 amino acids). The aminohexanoyl (Ahx)
moiety is known to enhance the lipophilicity while allowing for flexibility and to serve as a
spacer to avoid steric hindrance in the narrow binding region [34]. Ala and Phe contain
hydrophobic side chains, and the presence of Phe residues has been shown to improve bind-
ing [48]. However, hydrophobic groups may influence the logD value of the compounds,
and the change in lipophilicity can affect the clearance by the kidneys, as well as the back-
ground activity. We therefore also included in our investigations Sta, a non-natural amino
acid containing both a hydrophilic hydroxyl group and a hydrophobic isopropyl group to
balance the polarity of our linker. Extensive studies were performed by Benešová et al. [27]
on the design of the linker. An optimal number of three aromatic moieties in the linker was
found to improve binding affinity. However, we did not observe significant difference in
the binding affinity of compounds containing one (4, 6, 8, 9, 12) or two (7) Phe residues.
Biphenyl and multiring substituents have also been evaluated in different studies. While
Benešová et al. [27] found that a biphenyl-residue containing derivative showed the highest
Ki, Wirtz et al. [49] reported that a biphenylalanine-containing derivative showed a lower
binding affinity, possibly due to steric repulsion in the arene-binding site. To minimize
these effects, we have chosen to restrict our investigations to single aromatic rings.

Our lead candidate, 16 (EuK(Ahx–Sta–Phe–Asp)), contains an aspartic acid residue,
which brings a negative charge to the linker. This may be favorable, as charges in the linker
region have also been shown to improve biodistribution of PSMA-targeting agents and
lead to compounds with reduced background compared to non-charged linkers [50,51].
In our study, we compared both the sequences containing a L-Phe (22) and D-Phe (23), as
proteolytic cleavage has been reported when the FFK (Phe-Phe-Lys) linker was used [44].
Both compounds [111In]In-22 and [111In]In-23 were obtained in high radiochemical purity
(>95%) and were >90% stable in PBS and mouse serum for up to 24 h, demonstrating
that the presence of L–Phe did not result into degradation of our linker. Interestingly,
the Phe–Lys (FK) bond has been shown to be cleaved by enzymes present in the renal
brush border membrane of the kidneys, such as the neutral endopeptidase [52], which
could explain the degradation observed by the authors. The absence of a Lys would then
explain why there was no loss of stability in 22. Slight changes in the linker, including the



Molecules 2023, 28, 4022 10 of 20

stereochemistry of the amino acid, may also alter the properties of the final compound.
In our case, while both 22 (L-Phe) and 23 (D-Phe) retained a good IC50, 22 had a two-fold
better value than 23.

The promising preliminary evaluation of 22 led us to consider further modifications
which could improve its biological properties, such as binding affinity, uptake, and inter-
nalization, and possibly in vivo biodistribution. An effective strategy to improve binding is
the attachment of an additional targeting moiety to the conjugate, creating a homobivalent
or dimeric ligand. This strategy has been shown to increase tumor uptake and retention
of radiopharmaceuticals, leading to higher imaging contrast [39,40]. This is due to the
increased avidity and affinity of these ligands, as they present multiple copies of the phar-
macophore. We employed a modular strategy relying on click chemistry, where compound
16 was dimerized by a stapling approach with 1,3-dichloro tetrazine [45]. This strategy
has the advantage of a rapid formation of the dimer, and the tetrazine group can then be
used to perform an IEDDA click reaction for further derivatization. A trans-cyclooctene
functionalized DOTA chelator (26) was synthesized and then attached to the dimer via
the click reaction [53]. The resulting compound 30 showed high affinity to PSMA and,
surprisingly, a high rate of internalization. Internalization is usually desired as it favors
tumor retention and increases the exposure of the tumor cells to the radiolabeled agent.
Wüstemann et al. [54] evaluated the influence of different radionuclide chelators conjugated
to a PSMA-binding ligand. While variations in the binding affinity were minimal, internal-
ization rates varied from 15% to 65% in function of the chelator used (15.5 ± 7.5% for their
DOTA-containing conjugate compared to 48.5 ± 16.4% for their NODAGA-conjugate and
65.4 ± 5.7% for the CHX-A”-DTPA conjugate). They correlated the higher internalization
to the increasing hydrophobicity of the chelator, indicating that interaction between the
chelator and the receptor takes place during internalization. While the DOTA and CHX-A”-
DTPA compound ultimately showed comparable tumor uptake and tumor-to-blood ratios,
tumor retention as well as kidney retention were prolonged for the CHX-A”-DTPA conju-
gate. An increase in cell uptake and internalization in compounds with higher lipophilicity
has also been reported by Wirtz et al. [49]. It can explain the very high internalization
(92%) observed with [111In]In-30, where the DOTA chelator is attached to the hydrophobic
pyridazine adduct, suggesting that this group also interacts with the receptor.

The design and evaluation of homobivalent agents targeting PSMA has been pre-
viously reported in the literature [39,40,55–57]. Banerjee et al. [39] obtained promising
results with their dimerized compound [111In]3, consisting of a EuK binding moiety and
a dialkyne lysine residue to incorporate the second binding unit via click chemistry. The
DOTA chelator was attached to the ε-position of an additional lysine residue. [111In]3
showed high tumor-to-background ratios due to prolonged retention in tumors and fast
renal clearance, while the monomeric [111In]5 had lower renal retention and lower tumor
uptake at 24 h p.i. (23.17 ± 3.53% ID/g, compared to 34.03 ± 7.53% ID/g). Notably,
[111In]3 provided excellent tumor-to-background ratios at 24 h p.i., and even at 192 h
p.i.. Similarly, we have obtained good tumor-to-background ratios for [111In]In-30 at 24 h
p.i., suggesting that further evaluation at later time-points could be interesting. Other
dimeric compounds containing the EuK(Ahx) moiety have shown increased affinity and
cellular uptake compared to their monomeric units, with improved tumor-to-background
ratios [40,55]. In a recent proof-of-concept study by Reissig et al., a monomeric and a
dimeric compound, [225Ac]Ac-mcp-M-PSMA and [225Ac]Ac-mcp-D-PSMA, respectively,
were evaluated in biodistribution studies. The compounds showed high activity in the
kidneys at 1 h p.i. (67.84 ± 23.92% ID/g vs. 103.03 ± 24.68% ID/g for the monomer and
dimer, respectively), but this was cleared rapidly as shown by a steep decrease at 24 h
p.i. (1.35 ± 0.26% ID/g vs. 7.17 ± 1.96% ID/g). The elevated kidney uptake with rapid
clearance after 24 h is similar to what we observed in the biodistribution of [111In]In-30

(138.54 ± 1.44% ID/g 1 h p.i., 26.86 ± 2.37% ID/g at 24 h p.i.). The monomer showed
lower accumulation (6.78 ± 0.45% ID/g) compared to the dimer (12.21 ± 4.31% ID/g)
at 24 h p.i., further supporting the evidence that dimeric compounds show prolonged
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retention in the tumor [56]. These results further illustrate the higher tumor retention of
dimeric compounds compared to monomeric compounds, which we also observed when
comparing [111In]In-30 to compound [111In]In-22.

Elevated kidney uptake is a persistent problem in PSMA-targeting radiopharma-
ceuticals, which is exacerbated by using dimeric constructs. Different strategies have
been proposed to reduce renal uptake, such as co-administration of blocking agents,
in vivo pretargeting, or even simply modifications to the PSMA-targeting moiety. PMPA
(2-(phosphonomethyl)pentanedioic acid), a PSMA inhibitor, has been investigated pre-
clinically and showed to reduce renal uptake in doses as low as 0.2 mg/kg [58]. Another
strategy to reduce the kidney uptake of [177Lu]Lu-PSMA is co-administration with an
excess of non-radiolabeled PSMA-targeting compound such as PSMA-11 [59]. Despite a
44.5% decrease in tumor-uptake due to the reduction of the effective molar activity (as
a consequence of the co-administration of a maximum dose of 2000 pmoles PSMA-11),
kidney and salivary gland uptake decreased by 99.5% and 89.5%, respectively, demon-
strating the potential of this strategy. Co-administration of monosodium glutamate with
[68Ga]-PSMA-11 was also shown to reduce the kidney and salivary gland uptake in mice
bearing LNCaP tumor xenografts. Monosodium glutamate is a weak inhibitor of PSMA
(Ki = 0.90 µM), suggesting that the uptake in these organs is mediated by the glutamate
receptor [60]. Co-administration of [111In]In-30 with one of these agents could therefore be
used as a strategy to reduce its kidney uptake.

Another possibility to reduce kidney uptake would be to use an in vivo pretargeting
approach, which would be possible due to the click chemistry used on our construct. This
approach is based on the separate administration of the tumor-binding agent, which first
accumulates in the tumor site, followed by the administration of the radiolabeled probe to
form the compound in situ. This could be adapted to our compound by administering the
radiolabeled [111In]In-DOTA-TCO at a later time point and then the dimerized 29, i.e., when
the T/K ratio would be optimal. This approach has shown promise with the clinical transla-
tion of a biopolymeric system conjugated to a protodrug of Doxorubicin [61] and with larger
conjugates such as the diabody AVP04-07 for imaging radioimmunotherapy [62]. However,
it still needs to be further validated for low-molecular-weight radiopharmaceuticals [63].

Perhaps the key to reducing kidney uptake lies not only in the optimization of the
linker moiety but also the targeting vector. Kuo [64] et al. have recently reported that replac-
ing the glutamate moiety of the PSMA-targeting ligand with Asp, Aad (L-2-aminoadipic
acid), and Api (2-aminopimelic acid) led to improvements in tumor-to-kidney and tumor-
to-salivary gland ratios in vivo. However, Felber et al. [65] also recently evaluated a series
of PSMA-targeting analogs with modifications within the urea group of a EuE binding
unit, using a thioureate and carbamate derivatives. They also evaluated proinhibitors and
modifications within the γ-carboxylic acid of the glutamate residue. With the exception of
a carbamate and tetrazole derivative which retained nanomolar-range binding affinities,
they observed loss of affinity for all other modifications, illustrating that modifications in
the binding moiety must be proceeded with caution. Nevertheless, replacing the PSMA-
targeting EuK moiety of 30 by one of these alternative sequences could potentially lead to
a decrease of the kidney uptake and improved tumor-to-background ratios. Compound
30 showed promising characteristics for RLT, such as extended circulation time and high
tumor accumulation and retention. Therefore, the aforementioned approaches would be
particularly attractive to decrease the off-target toxicity of 30, when it will be associated to
an α- or β- emitter.

Finally, a limitation of this study is that we did not compare the uptake and biodis-
tribution of [111In]In-30 with its true monomeric unit, consisting of a single EuK(Ahx-Sta-
Phe-Asp-Shx) sequence attached to the tetrazine and clicked to the TCO-DOTA moiety.
Therefore, we cannot conclude if the differences in biodistribution observed between
[111In]In-22 and [111In]In-30 are only due to the presence of the additional binding moiety
or if it partially comes from the modification in the linker and inclusion of the pyridazine.
As previously mentioned, charges in the linker region have been shown to reduce off-target
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retention. [111In]In-22 possesses an additional charge in the linker region due to the pres-
ence of the Asp residue (on top of the charges from the three carboxylic acid residues from
the EuK binding vector) and showed very low off-target retention (with the exception
of some spleen uptake at 1 h p.i., which is rapidly washed out). [111In]In-30, possessing
two targeting vectors and therefore additional charges, however, showed higher uptake
in non-targeted organs. We also observed that while our latest time-point of 24 h was
sufficient for the imaging and biodistribution of [111In]In-PSMA-617 and [111In]In-22, later
time-points are required to better characterization of the pharmacokinetics of [111In]In-30.
The promising results reported thus far warrant further evaluation of these dimeric con-
structs at later time-points and at different dosages, but also as potential theranostic pairs
in therapy studies.

4. Materials and Methods

4.1. General Methods

All chemicals and solvents were obtained from commercial suppliers in reagent grade
or better and were used without further purification unless specified. [111In]InCl3 was
purchased from Curium (Petten, The Netherlands). Solid phase reactions were performed
using a SiliCycle MiniBlock system (Quebec, QB, Canada) [66] or using manual peptide
synthesis vessels (Chemglass; Vineland, NJ, USA). Reactions were monitored using the
Kaiser and/or TNBS test. Incomplete couplings and deprotections were repeated. PSMA-
617 was synthesized as a reference according to the literature [43]. Instant thin-layer
iTLC-SG chromatography plates (Agilent; Folsom, CA, USA) were analyzed by a bSCAN
scanner (Brightspec; Antwerp, Belgium). Radioactivity in biological experiments was
measured using a PerkinElmer Wizard 2 gamma counter (Groningen, The Netherlands).

High Performance Liquid Chromatography (HPLC) Conditions

Reactions were monitored by liquid chromatography–mass spectrometry (LC-MS)
using an Agilent 1260 Infinity II LC/MSD XT system (Amstelveen, The Netherlands) and
an Agilent Infinity Lab Poroshell 120 EC-C18 column (3 × 100 mm, 2.7 µm). The mobile
phase consisted of the following: Solvent A, 0.1% formic acid (FA) in water; Solvent B, 0.1%
FA in acetonitrile (ACN). The following LC gradient was used for all analyses: 0–5 min;
5–100% B; and 5–8 min, 100% B. The flow rate was 0.5 mL/min, and the chromatograms
were recorded at either 220 or 254 nm. Samples were diluted in H2O/ACN 1:1 for a final
volume of 5–10 µL.

Purifications were performed on a preparative HPLC system (Agilent 1290 Infinity II)
using an Agilent 5 Prep C18 column (50 × 21.2 mm, 5 µm). The mobile phase consisted of
the following: Solvent A, 0.1% FA in water; Solvent B, 0.1% FA in ACN. The default gradient
used was 0–8 min, 5–100% B, and 8–10 min, 100% B. The flow rate was 10 mL/min, and
chromatograms were recorded at either 220 or 254 nm using the OpenLab CDS Chemstation
software (Agilent). Samples were diluted in H2O/ACN 1:1 and injection volumes ranged
from 50 to 200 µL.

Radio-HPLC was performed with a Waters Alliance e2695 system (Etten-Leur, The
Netherlands) equipped with a 2998 diode array (PDA) detector for UV detection; a NaI(Tl)
Scionix crystal (Bunnik, The Netherlands) connected to a Canberra Osprey multichannel
analyzer; and a signal amplifier (Zellik, Belgium) for detection of the radioactive signal.
Empower 3 software was used to analyze the chromatograms. The reversed-phase ana-
lytical Gemini C18 column (250 × 4.6 mm, 5 µm) from Phenomenex (Torrance, CA, USA)
was used for all analyses. The mobile phase consisted of the following: Solvent A, 0.1%
trifluoroacetic acid (TFA) in H2O; Solvent B, 0.1% TFA in ACN. Analysis was performed
at a flow rate of 1 mL/min using the following gradient of solvents A and B: 0–3 min, 5%
B; 3–23 min, 5–100% B; 23–27 min, 100% B. HPLC eluates were monitored for their UV
absorbance at 254 nm. Samples were diluted in H2O/ACN 1:1 and injection volumes were
of 50 µL.
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4.2. Chemistry

4.2.1. Synthesis of a Library of PSMA-Targeted Ligands

2-chlorotrityl chloride resin (938 mg, 1.5 mmol,) was swollen in dichloromethane
(DCM; 10 mL) for 30 min. A solution of Fmoc-L-Lys(ivDde)-OH (3.49 g, 6 mmol, 4 equiv.)
in DCM (10 mL) and N,N-diisopropylethylamine (DIPEA; 870 µL, 7.5 mmol, 5 equiv.) was
added to the resin, and the mixture was agitated for 2 h. The resin was washed with
dimethylformamide (DMF; 3 × 10 mL), ethanol (EtOH; 2 × 10 mL), and diethyl ether
(2 × 10 mL) and dried. The Fmoc-loading was determined to be 0.74 mmol/g [67]. The
resin was then capped with DCM/MeOH/DIPEA (10 mL; v/v/v, 80:15:5) for 30 min.
The Fmoc group was deprotected (5 + 10 min) with a solution of 4-methylpiperidine in
DMF (10 mL; v/v, 1:4), and the resin was washed with DMF (5 × 10 mL). A solution of
4-nitrophenyl chloroformate (282 mg, 1.4 mmol, 2 equiv., resin loading 0.74 mmol/g) and
DIPEA (365 µL, 2.1 mmol, 3 equiv.) in 5 mL of DCM was added to the resin and agitated for
1 h. The solution was filtered, and reaction completion was checked by Kaiser test. Then, a
solution of glutamic acid di-tert-butyl ester hydrochloride (621 mg, 2.1 mmol, 3 equiv.) and
DIPEA (487 µL, 2.8 mmol, 4 equiv.) in 5 mL of DCM was added to the resin and agitated
for 1 h. Reaction completion was monitored by LC-MS analysis of a sample cleaved from
the solid support, using 2 mL of a TFA/TIS/H2O (v:v:v 95:2.5:2.5) cocktail. The resin was
then washed with DMF (5 × 10 mL) [42]. The ivDde group was deprotected by treatment
(2 × 15 min) of the resin with a solution of 2% hydrazine in DMF (10 mL), and the resin was
washed with DMF (5 × 10 mL). A solution of Fmoc–Ahx–OH (989 mg, 2.8 mmol, 4 equiv.)
in 10 mL DMF with HBTU (1.04 g, 2.7 mmol, 3.9 equiv.), Oxyma Pure (398 mg, 2.8 mmol,
4 equiv.), and DIPEA (1.22 mL, 7 mmol, 10 equiv.) was added to the resin and agitated for
45 min. The resin was washed with DMF (5 × 10 mL) and the Fmoc group was deprotected
as previously described to obtain tBu–O–Glu(tBu)–urea–Lys(Ahx) resin, which was the
key intermediate for the synthesis of compound 1–13 (Scheme 1). Further elongation of
12 with an additional amino acid or DOTA chelator gave compounds 14–20 (Figure S1).
Further details about the synthesis and characterization of each compound can be found in
the Supplementary Information.

4.2.2. Synthesis of EuK(Ahx-Sta-L-Phe-Asp-DOTA-GA) (22)

To 16 (0.05 mmol) was added a solution of DOTA-GA(tBu)4 (70 mg, 0.10 mmol, 2 equiv.)
in 4 mL of DMF with benzotriazol-1-yloxytripyrrolidinophosphonium hexafluorophos-
phate (PyBOP; 52 mg, 0.10 mmol, 2 equiv.) and DIPEA (35 µL, 0.20 mmol, 4 equiv.). The
resin was agitated overnight at room temperature. When the reaction was complete, the
beads were washed with DMF (5 × 10 mL). The product was cleaved from the resin using
a solution of TFA/TIS/H2O (v:v:v 95:2.5:2.5) for 2 h, rt, and the compound was precipitated
with ice-cold diethyl ether. Additional deprotection step was performed by dissolving the
crude product in 1 mL of a TFA/H2O/TIPS mixture and monitoring by LC-MS. HPLC
purification provided 22 as a white solid (9.6 mg, 7.3 µmol, 15%), which was characterized
by LC-MS (tR = 3.62 min, purity > 95%). ESI-MS m/z: calc’d. for C58H91N11O23: 1309.63;
found: 1310.60 [M+H]+.

4.2.3. Synthesis of (E)-2,2′,2′′-(10-(2-((3-(((cyclooct-4-en-1-yloxy)carbonyl)amino)propyl)amino)-
2-oxoethyl)-1,4,7,10-tetraaza cyclododecane-1,4,7-triyl)triacetic acid, DOTA-TCO (26)

DOTA-NHS ester (12.7 mg, 16.7 mmol, 1.4 equiv.) and TCO-amine HCL salt (3.2 mg,
12.1 µmol, 1 equiv.) were solubilized in DMF (200 µL), to which DIPEA (13.5 µL, 77 µmol,
6.5 equiv.) was added. The reaction was stirred at room temperature and monitored by
LC-MS. After 2 h, full consumption of the TCO-amine indicated reaction completion. The
solvent was removed under vacuum, and the crude was redissolved in H2O/ACN (1:1)
and purified by HPLC (tR = 3.47 min). Compound 26 was obtained as a white solid (5.3 mg,
8.6 µmol, 70% yield) and was characterized by LC-MS (tR = 3.71 min, purity > 95%). ESI-MS
m/z: calc’d for C28H48N6O9 612.35; found 613.30 [M+H]+.
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4.2.4. Synthesis of EuK(Ahx-Sta-L-Phe-Asp-SHx) (28)

To 16 (0.05 mmol) in solid phase was added a solution of TrtS-Hx-OH (156 mg,
0.40 mmol, 4 equiv.) in DMF with HBTU (148 mg, 0.39 mmol, 3.9 equiv.), Oxyma Pure
(57 mg, 0.40 mmol, 4 equiv.), and DIPEA (87 µL, 0.50 mmol, 10 equiv.), and the resin
was agitated for 45 min. Compound 28 was obtained after cleavage from the resin and
purification by preparative HPLC (tR = 4.85 min) as a white solid (19.6 mg, 19.9 µmol, 20%
yield) and was characterized by LC-MS (tR = 4.61 min, purity > 95%). ESI-MS m/z: calc’d
for C45H71N7O15S 981.47; found 982.50 [M+H]+.

4.2.5. Synthesis of [EuK(Ahx-Sta-L-Phe-Asp-SHx)]2-Tz (29)

A total of 6.7 mg of 28 (6.8 µmol, 1 equiv.) was solubilized in 3.75 mL of a solution
of 50 mM NaH2PO4 (pH 5, 2 mM concentration of peptide in solution). A solution of
dichlorotetrazine (2.9 mg, 20.1 µmol, 3 equiv.) in CHCl3 (3.75 mL, equal volume to peptide)
was added to 28 and both phases were stirred vigorously for 1 min. The mixture was
centrifuged for 1 min at 2500 rpm and the aqueous phase was collected. The organic layer
was extracted with an additional portion of water then centrifuged once more at 2500 rpm
for 1 min. The combined water fractions were lyophilized, and the crude product was then
purified by HPLC (tR = 4.61 min). Compound 29 was obtained as a pink solid (1.7 mg,
0.83 umol, 24% yield and was characterized by LC-MS (tR = 4.71 min, purity > 95%). ESI-MS
m/z: calc’d for C92H140N18O30S2 2042.35; found 2043.20 [M+H]+; 1021.70 [M+2H]2+.

4.2.6. Synthesis of [EuK(Ahx-Sta-L-Phe-Asp-SHx)]2-Tz-TCO-DOTA (30)

Compound 29 (0.7 mg, 0.34 µmol, 1 equiv.) was solubilized in 400 µL of H2O/ACN
(v/v, 1:1). A solution of 26 (21 µL, 10 mg/mL, 1 equiv.) in H2O/ACN (v/v, 1:1) was added
and the mixture was stirred at 37 ◦C for 30 min. The orange-pink solution became colorless
when the reaction was completed. Solvents were removed under reduced pressure and
the residue was purified by HPLC to yield 30 as a white solid (0.8 mg, 0.30 µmol, 90%),
which was characterized by LC-MS (tR = 4.30 min, purity > 95%). ESI-MS m/z: cal’d for
C120H188N22O39S2: 2625.28; found: 1313.20 [M+2H]2+; 875.80 [M+3H]3+.

4.3. Radiochemistry

4.3.1. Labeling with [111In]InCl3
All compounds were titrated prior to the labeling as previously described [68]. Label-

ings were performed in a solution containing sodium acetate (1 µL, 2.5 M), ascorbic, and
gentisic acids (10 µL, 50 mM), L-methionine (10 µL, 50 mM), and Milli-Q water comple-
mented with Kolliphor (2 mg/mL). Compound 22 or 30 (1 nmol) and [111In]InCl3 (50 MBq,
370 MBq/mL) were added, and the reaction mixture was heated at 90 oC for 5 min. Quality
control was performed using iTLC-SG plates eluted with a solution of sodium citrate (0.1 M,
pH 5.0). Diethylenetriaminepentaacetic acid (DTPA, 5 µL, 4 mM) was added to complex
free indium-111 before injection onto analytical radio-HPLC.

4.3.2. Stability in Phosphate-Buffered Saline (PBS)

[111In]In-22 or [111In]In-30 (~10 MBq, 20 µL) was mixed with 80 µL of PBS (0.01 M, pH
7.4) and incubated at 37 ◦C for up to 24 h. A sample of the PBS solution was loaded directly
onto the radio-HPLC at 1, 4, and 24 h post-incubation.

4.3.3. Stability in Mouse Serum

[111In]In-22 or [111In]In-30 (~35 MBq, 70 µL) was mixed with 330 µL of mouse serum
and incubated at 37 ◦C for up to 24 h. After 1, 4, and 24 h incubation, 50 µL of the mouse
serum solution was added to a separate vial containing 50 µL of acetonitrile. The sample
was centrifuged at 5000× g for 20 min. The supernatant was analyzed by radio-HPLC.
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4.3.4. Determination of LogD7.4 Value

The distribution coefficients (LogD7.4 values) were determined by a shake-flask method,
in which 2 µL (~0.5 MBq) of the labeling solution ([111In]In-22 or [111In]In-30) were added
to an Eppendorf tube containing 1 mL of PBS (0.01 M, pH 7.4)/n-octanol (v/v, 1:1). After
vigorous vortexing, the solution was centrifuged at 2500× g for 15 min for phase separa-
tion. Samples (3 × 10 µL) of the two phases were taken out and measured in a gamma
counter. LogD7.4 values were calculated by using the following equation: LogD7.4 = log
[(counts in octanol phase)/(counts in aqueous phase)] and the experiment was performed
in triplicate [69].

4.4. Biological Assays

4.4.1. NAALADase Assay

Recombinant human PSMA (rhPSMA; R&D systems, Abingdon, UK) was diluted in
assay buffer (50 mM HEPES, 0.1 M NaCl, pH 7.5) to 0.4 µg/mL. The substrate Ac–Asp–Glu
(40 µM) was mixed with the synthesized derivatives and with a reference (PSMA-617) at
concentrations ranging from 10−6 to 10−13 M in a final volume of 12.5 µL assay buffer. The
mixtures were combined with 12.5 µL of the rhPSMA solution and incubated for 1 h at
37 ◦C in 384-well black polystyrene microplates (ThermoFisher, Bleiswijk, The Netherlands).
The amount of glutamate released was measured by incubating with 25 µL of a working
solution of the Amplex Red glutamic acid kit (ThermoFisher, Bleiswijk, The Netherlands)
at 37 ◦C for 30 min. Fluorescence was measured with a HIDEX Sense Optical System
(Goedereede, The Netherlands) with excitation at 535 nm and emission at 590 nm. Data
were normalized and analyzed using a one-site total binding regression with GraphPad
Prism v9.0 (GraphPad Software, San Diego, CA, USA).

4.4.2. Cell Culture

LS174T human colon carcinoma cells transfected with human PSMA were obtained
from Dr. Sandra Heskamp (Radboud UMC, Nijmegen). Cells were cultured in RPMI-1640
media supplemented with 2 mM glutamine, 10% fetal bovine serum (FBS) and 0.3 mg/mL
G418 (Geneticin, Sigma Aldrich, St. Louis, MO, USA).

4.4.3. Internalization and Cell Uptake Assay

Cells were seeded (1.2 × 106 cells/well) and cultured to confluency for 24 h prior
to experiments. We prepared 10−9 M solutions of [111In]In-PSMA-617, [111In]In-22, and
[111In]In-30 in internalization media (RPMI, 20 mM HEPES, 1% BSA, pH 7.4). The media
were removed from each well, and they were rinsed twice with PBS at rt. 2 mL of the
radioactive compound was then added to each well and incubated at 37 ◦C for 2 h. For
the internalization assay, the media containing radioactive compound were removed, and
each well was washed twice with cold PBS. A total of 1 mL of Glycine buffer (50 mM
glycine, 100 mM NaCl, pH 2.8) was added immediately and incubated for 10 min at rt. The
glycine wash was then collected into counting tubes (membrane-bound fraction). An extra
wash was performed and collected in the same tubes. A total of 1 mL of NaOH (1 M) was
then added to each tube and left for 15 min at rt. The lysate (internalized fraction) was
then collected in separate counting tubes, together with one extra NaOH wash. Data were
normalized to 1,000,000 cells and percentage added dose.

4.5. In Vivo Studies

4.5.1. Mouse Model

Animal experiments were performed in 8–10 weeks old male BALB/c nude mice (Jan-
vier Labs, Le Genest-Saint-Isle, France). Animals were housed in individually ventilated
cages (Blue line IVC, 4 mice per cage) under nonsterile standard conditions with cage enrich-
ment present and free access to chlorophyll-free animal chow (Sniff GmbH, Soest, Germany)
and water and acclimated for 1 week before experiments. Mice were subcutaneously inoc-
ulated with 4.0 × 106 LS174T cells in the right flank, diluted in 100 µL of cell suspension.
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Seven days after tumor cell inoculation, when xenografts were approximately 0.2–0.3 cm3,
the tracers were injected intravenously via the tail vein. All experiments were approved by
the institutional Animal Welfare Committee and were conducted in accordance with the
guidelines of the Revised Dutch Act on Animal Experimentation (WOD).

4.5.2. Biodistribution Studies

Mice were intravenously injected with ~1 nmol of either [111In]In-PSMA-617, [111In]In-
22 or [111In]In-30 with molar activity of 5 MBq/nmol for ex vivo biodistribution studies.
Mice (n = 4/timepoint) were euthanized by cervical dislocation at 1, 4, and 24 h p.i. A
block group was included, and mice were euthanized at 4 h p.i. Organs were collected in
tubes and counted in the gamma counter, where the calibration factor was determined by
measuring different known activities of indium-111.

4.5.3. SPECT/CT Imaging

Mice were intravenously injected with 1 nmol of [111In]In-PSMA-617, [111In]In-22, or
[111In]In-30 (n = 4 mice/timepoint) with molar activity of 20 MBq/nmol. At 1 and 24 h
p.i., mice were placed on a heated bed under 2% isoflurane/O2 anesthesia and imaged
in a dedicated small-animal PET/SPECT/CT scanner (VECTor5CT scanner, MILabs B.V.,
Utrecht, The Netherlands) with a high sensitivity pinhole collimator (XXUHS-M, 3.00 mm
pinhole diameter). Whole-body SPECT images (transaxial field of view—54 mm) were
acquired over 30 min using a spiral scan in normal scan mode in list-mode acquisition.
This was followed by a whole-body CT scan within 5 min, with the following imaging
settings: full angle scan, angle step 0.75 degrees, normal scan mode, 50 kV tube voltage,
0.21 mA tube current, 500 µm aluminum filter. Reconstruction of the SPECT images was
performed using the similarity-regulated SROSEM method and MLMN method (MILabs
Rec 12.00 software) performing 9 and 128 iterations, respectively, at 0.8 mm3 resolution,
using 173 keV ± 10% and 247 keV ± 10% energy windows for In-111. Two adjacent
background windows per photo peak were used for triple-energy window scatter and
crosstalk correction. Reconstructed volumes of SPECT scans were post-filtered with an
isotropic 3-dimensional Gaussian filter of 1 mm full width at half-maximum. The CT
and registered attenuation-corrected SPECT images were analyzed using IMALYTICS
Preclinical 3.0 (Gremse-IT GmbH, Aachen, Germany).

4.5.4. Statistical Analysis

Statistical analysis was performed using GraphPad Prism v9. Outliers testing was per-
formed using the Grubbs test and normality was tested using the Shapiro–Wilk normality
test. Significant differences for the competitive binding, uptake, internalization, and ex vivo
biodistribution of [111In]In-PSMA-617, [111In]In-22, and [111In]In-30 were evaluated using
an unpaired t-test or a Mann–Whitney U test. The difference was considered statistically
significant if the p-value was < 0.05. p-values smaller than 0.05 (p < 0.05), p < 0.01, p < 0.001,
and p < 0.0001 were indicated with one (*), two (**), three (***), or four (****) asterisks,
respectively. Data are reported as average ± standard deviation.

5. Conclusions

Linker modifications consisting of 1–3 amino acids to a PSMA-targeting EuK(Ahx)
vector were well tolerated, with the compounds retaining binding to PSMA in the nanomo-
lar range. The EuK(Ahx–Sta–Phe–Asp) (16) sequence provided the best binding affinity to
PSMA among the library of compounds, which is attributed to its hydrophobicity, the pres-
ence of an aromatic group, and a negative charge on the linker. Attachment of a DOTA-GA
chelator for radiochemical evaluation using indium-111 yielded [111In]In-22, which showed
good tumor targeting properties with low off-target retention in LS174T PSMA-positive
tumor xenograft models. The homobivalent [111In]In-30 was designed based on this se-
quence, and it demonstrated high uptake and internalization in LS174T cells. [111In]In-30

showed increasing T/M and T/K ratios over time and good tumor targeting properties
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at 24 h p.i. in LS174T tumor xenograft models, despite initially elevated kidney uptake.
Further evaluation of this compound at later time-points is required to determine whether
it shows promise as a theranostic agent.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28104022/s1, Chemical Synthesis of compounds 1–30;
Figure S1: Structure of compounds 1 to 23; Figure S2: Characterization of compounds 1 to 30; Table S1:
Summary of the library compounds 1 to 20; Figure S3: Radio-HPLC chromatogram of [111In]In-
22; Figure S4: Radio-HPLC chromatogram of [111In]In-30; Figure S5: Radio-HPLC chromatogram
of [111In]In-27; Figure S6: Stability of [111In]In-22; Figure S7: Stability of [111In]In-30; Figure S8:
NAALADase assay of PSMA-617, 22 and 30; Table S2: Numerical values of the IC50 obtained for
PSMA-617, 22 and 30 via the NAALADase assay; Table S3: Numerical values of the uptake and
internalization of [111In]In-PSMA-617, [111In]In-22 and [111In]In-30 in PSMA expressing LS174T cells;
Table S4: Ex vivo biodistribution data of [111In]In-PSMA-617; Table S5: Ex vivo biodistribution data
of [111In]In-22; Table S6: Ex vivo biodistribution data of [111In]In-30.
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