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Abstract 

Despite the progress in diagnosis and treatment, prostate cancer (PCa) is one of the main causes for 
cancer-associated deaths among men. Recently, prostate-specific membrane antigen (PSMA) binding 
tracers have revolutionized the molecular imaging of this disease. The translation of these tracers into 
therapeutic applications is challenging because of high PSMA-associated kidney uptake. While both the 
tumor uptake and the uptake in the kidneys are PSMA-specific, the kidneys show a more rapid clearance 
than tumor lesions. Consequently, the potential of endoradiotherapeutic drugs targeting PSMA is highly 
dependent on a sustained retention in the tumor - ideally achieved by predominant internalization of the 
respective tracer. Previously, we were able to show that the pharmacokinetics of the tracers containing 
the Glu-urea-based binding motif can be further enhanced with a specifically designed linker. Here, we 
evaluate an eventual influence of the chelator moiety on the pharmacokinetics, including the tumor 
internalization. A series of tracers modified by different chelators were synthesized using solid phase 
chemistry. The conjugates were radiolabeled to evaluate the influence on the receptor binding affinity, 
the ligand-induced internalization and the biodistribution behavior. Competitive binding and 
internalization assays were performed on PSMA positive LNCaP cells and the biodistribution of the 
most promising compound was evaluated by positron emission tomography (PET) in 
LNCaP-tumor-bearing mice. Interestingly, conjugation of the different chelators did not cause significant 
differences: all compounds showed nanomolar binding affinities with only minor differences. PET 
imaging of the 68Ga-labeled CHX-A’’-DTPA conjugate revealed that the chelator moiety does not impair 
the specificity of tumor uptake when compared to the gold standard PSMA-617. However, strong 
differences of the internalization ratios caused by the chelator moiety were observed: differences in 
internalization between 15% and 65% were observed, with the CHX-A’’-DTPA conjugate displaying the 
highest internalization ratio. A first-in-man PET/CT study proved the high tumor uptake of this 
68Ga-labeled PSMA-targeting compound. These data indicate that hydrophobic entities at the chelator 
mediate the internalization efficacy. Based on its specific tumor uptake in combination with its very high 
internalization ratio, the clinical performance of the chelator-conjugated Glu-urea-based PSMA 
inhibitors will be further elucidated. 

Key words: prostate-specific membrane antigen, PSMA, tumor targeting, prostate cancer, chelators, 
theranostics, positron emission tomography 

Introduction 
Prostate cancer (PCa) persists to be one of the 

main causes for cancer related deaths among men. 
Diagnostics of PCa is challenging because early tumor 
stages usually do not cause symptoms. Given the poor 

sensitivity and predictive value of CT/MRI for 
extraprostatic disease, PCa diagnosis mainly relies on 
the blood tumor marker prostate-specific antigen 
(PSA) [1]. 
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11C-choline, 18F-fluorocholine and 18F-fluorome-
thylcholine remain hitherto the most promising 
PET/CT imaging agents that were able to detect PCa 
sufficiently yet not optimally [2-4]. Once metastasized 
PCa is no longer curable by surgical and external 
radiation therapies and the treatment option of choice 
remains hormone therapy. However, after some years 
most patients do no longer respond to hormone 
therapy and metastatic castration-resistant prostate 
cancer presents with a poor survival rate [5] owing to 
rare therapeutic options [6] and observed 
ineffectiveness of chemotherapy with taxanes because 
of early resistance and severe side effects [7].  

Improved therapeutic efficacy might be achieved 
with drugs specifically targeting prostate tumors. Due 
to its tumor specific expression the prostate-specific 
membrane antigen (PSMA) represents an ideal 
biological target. PSMA is a membrane bound 
peptidase belonging to the type II transmembrane 
protein family. It is expressed in almost all types of 
prostate tumors with increased amounts in metastatic, 
poorly differentiated and hormone-refractory tumors. 
[8] In these tissues, its expression level is up to 
1000-fold higher as compared to physiological levels 
found in kidney, small intestine and in the brain [9, 
10] where PSMA is also named folate hydrolase 1 [11], 
N-acetylated α-linked acidic dipeptidase 
(NAALADase) [12, 13] or glutamate carboxypeptidase 
II [14]. Moreover, the expression levels of PSMA 
correlate with the progression of the disease [15]. It 
internalizes upon binding to a specific ligand up to 
threefold in comparison to the basal internalization 
level [16]. 

For the noninvasive detection of occult PCa 
ProstaScint®, a PSMA binding antibody was 
developed [17]. This 111In labeled tracer, however, 
suffered from the poor pharmacokinetics caused by 
its high molecular weight and from the fact that it 
recognizes only an intracellular epitope of the protein 
[18, 19]. In former studies it has been shown that 
Glu-urea-based inhibitors show high affinity to PSMA 
[20]. The first imaging agents derived from this 
structure were labeled with radioactive halogen 
isotopes and showed nanomolar binding affinity, 
resulting in excellent imaging properties [21, 22]. In 
subsequent studies ligands labeled with radiometals 
were designed such as [68Ga]Ga-Glu-urea-Lys- 
(Ahx)-HBED-CC (in short: 68Ga-PSMA-11). This 
PSMA ligand provides high detection rates even at 
low PSA levels [23-28]. 

These compounds showed enhanced imaging 
properties for the detection and clinical monitoring of 
prostate tumors [22, 25, 26, 29]. The excellent contrast 
between the tumor and normal tissues indicates a 
high potential of PSMA based therapy. Subsequently, 

first studies using therapeutic radionuclides were 
conducted [30, 31]. The basis for an efficient therapy is 
a selective uptake combined with a high ratio of 
internalization to prolong the exposure of the tumor 
to the decaying radionuclide. While all therapeutics 
currently in development show high binding affinity 
to PSMA in vitro, they often lack high ratios of 
internalization. The most potent ligands currently 
known for therapy with radiometals comprise the 
Glu-urea-based binding motif and the chelator 
coupled via a linker. There is increasing evidence 
about the synergistic effect of the linker moiety on the 
overall binding of PSMA ligands. Consequently, a 
study tested different linkers and found that a linker 
moiety containing 2-naphthyl-L-alanine showed the 
best performance in vitro and in vivo [32].  

Now, the aim of this work is to study the 
influence of the chelator moiety on PSMA ligands in 
detail. The compounds studied included the recently 
first-in-man examined DOTA-coupled compound 
PSMA-617 [30] and the compound coupled to 
HBED-CC (PSMA-11) - a highly efficient tracer for 
PET imaging of PCa [26, 29].  

Experimental 
Synthesis of the PSMA binding motif 

All chemicals were of analytical grade and were 
used without further purification. If not otherwise 
denoted, chemicals were purchased from 
Sigma-Aldrich, Munich, Germany or Merck, 
Darmstadt, Germany. The general synthesis 
procedure has been described in detail [27, 33], the 
details can be found in the supplemental material. In 
short, Fmoc-Lys(Alloc)-OH (Orpegen Peptide 
Chemicals GmbH, Heidelberg, Germany) was 
immobilized on 2-chlorotritylresin. 
H-Glu-(OtBu)-OtBu × HCl was coupled with 
triphosgene yielding the isocyanate of the glutamyl 
moiety. After capping of the resin and cleavage of the 
Fmoc group of the lysine, the isocyanate was added. 
Next, the Alloc-group was cleaved using the Pd 
catalyst tetrakis(triphenylphosphine)palladium(0). 

Coupling of the linker moiety 
The linker moiety comprises a 

2-naphthyl-L-alanine and trans-4-(aminomethyl) 
cyclohexanecarboxylic acid. Coupling was achieved 
using standard peptide synthesis. 

General procedure for the coupling of the 
PSMA binding motif to different chelators 

The chelators presented in figure 1 were coupled 
to the linker by solid phase synthesis. In detail, the 
PSMA binding motif coupled to the resin was 
deprotected using 20% piperidine in DMF. 
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Subsequently, 2 to 4 equivalents of the chelator 
(depending on the reactivity of the chelator), 0.98 × 
nchelator 1-[bis(dimethylamino)methylene]-1H-1,2,3- 
triazolo[4,5-b]pyridinium 3-oxid hexafluoro-
phosphate (HATU) (if required) and 10 equivalents of 
DIPEA, dissolved in 500 µl of DMF were added and 
incubated for 16 h. The exact reaction conditions for 
every chelator are listed in table 1. In order to obtain 
the highly lipophilic derivative of the conjugate 
coupled to bis((1-(carboxymethyl)-1H-imidazol- 
2-yl)methyl)amino (CIM), the Fmoc group was not 
removed. 

The progress of the reaction was monitored by 
HPLC analysis of test samples. Subsequently, the 

peptide was cleaved from the resin. The cleavage 
mixture contained 95% trifluoroacetic acid (TFA, 
Biosolve, Valkenswaard, the Netherlands), 2.5% H2O 
and 2.5% triisopropylsilane (TIPS). 

Purification was achieved by preparative HPLC 
(gradients are specified in table 1). The purified 
compounds were analyzed by analytical HPLC (0 – 
100% MeCN in water within 5 min, Monolith RP 
HPLC column 100 × 3 mm (Merck, Darmstadt, 
Germany) and LC/MS (Thermo Scientific Exactive 
Plus Orbitrap, Thermo Fisher Scientific Inc., Waltham, 
USA). The product fractions were pooled and 
lyophilized.  

 

 
Figure 1: Chemical structures of the binding motif (framed) and the chelator moieties used to study the effect of the distant building block in the PSMA binding conjugates. 

 

Table 1: Specifications of the reaction conditions applied in the conjugation high yields of the final compound. All reactions were carried 
out for 16 h. For the coupling of NODAGA triethylamine (TEA) was used instead of DIPEA. 

 DOTA NOTA DTPA CHX-A’’-DPTA PCTA Oxo-DO3A NODAGA CIM 
Chelator 
precursor 

DOTA-p-nitro-phenol 
ester 

NOTA-difluor-phenol 
ester 

DTPA-tetra  
(t-butyl ester) 

CHX-A’’-DTPA 
isothio-cyanate 

PCTA-isothio-cyanate Oxo-DO3A 
isothio-cyanate 

NODAGA 
isothio-cyanate 

CIM 

Equivalents 
Chelator 

4 2 2 3 2 2 2 2 

Equivalents 
DIPEA 

20 10 10 10 16 16 10 (TEA) 10 

Equivalents 
HATU 

- - 1.96 - - - - 1.90 

Purification 
gradient 

10-40% ACN 10-40% ACN 10-40% ACN 20-50% ACN 15-45% ACN 15-45% ACN 15-45% ACN 25-55% 
ACN 
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177Lu-labeling of DOTA, NOTA, 
CHX-A’’-DTPA, PCTA, oxo-DO3A and 
NODAGA-conjugates 

177LuCl3 (100 MBq, Perkin Elmer Inc., Waltham, 
USA) was mixed with 200 µl of 0.4 M sodium acetate 
buffer containing Chelex (pH = 5, Bio-Rad 
Laboratories GmbH, Munich, Germany). 10 µl of a 1 
mM solution of the compound in 10% DMSO in 
water, 2 µl of a saturated solution of ascorbic acid and 
40 µl of the solution containing 177Lu were mixed and 
heated to 95 °C for 10 min. The labeling was checked 
by radio-HPLC (0 – 100% MeCN in water within 5 
min, Monolith column). 

125I-labeling of MIP-1095 
30 MBq of 125I (Perkin Elmer Inc., Waltham, USA) 

were mixed with 5 µl of a MIP-1095-Sn solution 
(Progenics Pharmaceuticals, New York, USA) 
containing 0.25 mg precursor/ml in ethanol and 2.5 µl 
of 4.5% H2O2 in glacial acetic acid. After 1 min 
incubation the reaction was checked by radio HPLC (0 
– 100% MeCN in water within 5 min, on the Monolith 
RP HPLC) and afterwards taken up into a SOLA 
cartridge. The cartridge was washed with water and 
eluted with 500 µl TFA. The TFA solution was 
incubated for 7 minutes, mixed with water and loaded 
onto a Bond Elut cartridge. Washing was performed 
with 20% ethanol in water and the product was eluted 
with 1 ml ethanol. The ethanol was evaporated in 
vacuo and the product dissolved in 150 µl of 0.9% 
NaCl in water. The result of the labeling was checked 
by radio HPLC (0 – 100% MeCN in water within 5 
min, Monolith column). 

99mTc-labeling of CIM-conjugate 
CIM-conjugate was labeled using a 99mTc(CO)3 

core using a CRS tricarbonyl labeling kit (PSI, Zürich, 
Switzerland). 400 MBq of 99mTcO4- dissolved in 2 ml 
0.9% NaCl was added to the sealed kit vial and heated 
to 95 °C for 10 min. Subsequently, 10 µl of a 10 mM 
solution of the CIM compound was added to 500 µl of 
the 99mTc kit solution and heated to 95 °C for 20 min. 
The labeling reaction was followed by radio HPLC (0 
– 100% MeCN in water within 5 min, Monolith 
column). 

99mTc-labeling of DTPA-conjugate 
To label the DTPA-conjugate with 99mTc, 10 µl of 

a 1 mM DTPA-conjugate solution were mixed with 20 
µl of 0.2 M phosphate buffer (pH = 9), 2 µl of DMSO 
and 10 µl of a solution containing 2 mg/ml SnCl2. 
Finally, approximately 40 MBq of 99mTcO4- in 0.9% 
sodium chloride were added and everything was 
incubated at 95 °C for 20 min. The labeling was 
checked by radio HPLC (0 – 100% MeCN in water 

within 5 min, Monolith column). 

68Ga-labeling of DOTA, NOTA, 
CHX-A’’-DTPA, PCTA, oxo-DO3A and 
NODAGA-conjugates 

For the PET scans, all capable compounds were 
labeled with 68Ga. About 100 µl of 68Ga chloride 
solution containing approximately 100 MBq were 
eluted from a 68Ge/68Ga generator with 0.6 M HCl. 34 
µl NaOAc buffer and 1 µl of a 10 mM solution of the 
compound in DMSO was added, the pH was adjusted 
to 3.6 to 4 and the mixture was incubated for 5 min at 
95 °C. If a high specific activity was required, 2 µl of a 
1 mM solution of the compound were added. The 
labeling was checked using radio HPLC (0 - 100% 
MeCN in water within 4 min, Monolith column). In 
cases the labeling achieved purity below 95%, the 
product was purified using a SOLA cartridge. 
Washing was performed with a 0.9% NaCl solution 
and for elution ethanol was used. The ethanol then 
was vaporized and the remaining product was 
dissolved in 100 µl of a 0.9% NaCl solution and 10 µl 
of phosphate buffer. 

NAALADase Assay 
Recombinant human PSMA (rhPSMA, R&D 

systems, Wiesbaden, Germany) was diluted to 0.4 
µg/ml in assay buffer (50 mM HEPES, 0.1 M NaCl, 
pH 7.5). The substrate Ac-Asp-Glu was diluted to 
yield a concentration of 40 µM in assay buffer. The 
tested, non-labeled compounds were prepared to 
obtain a volume of 30 µl with concentrations of 0 to 
1000 nM in assay buffer. Firstly, 60 µl of rhPSMA 
solution and secondly, 30 µl of substrate solution were 
added to each prepared concentration of the tested 
compounds. The mixture was incubated at 37 °C for 
one hour and then the reaction was stopped by 
heating to 95 °C for 15 minutes. 120 µl of a 15 mM 
solution of ortho-phthaldialdehyde (OPA) in OPA 
Buffer (0.2 M NaOH, 0.1% β-mercaptoethanol (v/v)) 
were added to each vial and incubated for 10 minutes 
at room temperature. 100 µl aliquots of the reaction 
solution were given onto a F16 Black Maxisorp Plate 
(Nunc, Langenselbold, Germany) and read at an 
excitation wavelength of 330 nm and an emission 
wavelength of 450 nm using a microplate reader 
(DTX-880, Beckman Coulter, Krefeld, Germany). Data 
analysis was performed using the one-site total 
binding regression algorithm of GraphPad Prism. 
Each compound was measured at least three times. 

Determination of the IC50 values on LNCaP 
cells 

A filter plate MultiScreenHTS-DV was incubated 
at room temperature with 100 µl PBS with 1% BSA per 
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well for 30 min. After removing the PBS/BSA 
solution, 105 human prostate adenocarcinoma cells 
(LNCaP cells) in 50 µl of Opti-MEM (Life 
Technologies GmbH, Darmstadt, Germany) were 
applied to each well. Different concentrations of the 
non-labeled compounds (leading to concentrations of 
0, 0.5, 1, 2.5, 5, 10, 25, 50, 100, 500, 1000 and 5000 nM in 
each well) in 300 µl of Opti-MEM were mixed with 3 
µl of a 150 nM solution of 125I-labeled MIP – 1095 in 
Opti-MEM. 50 µl of the resulting solution were added 
to each well, each concentration was pipetted in 
quadruples. Each well now contained the 
radiolabeled ligand in a concentration of 0.75 nM and 
the competitive, non-labeled ligand in the 
concentration mentioned above. The plate was then 
incubated for 45 min at room temperature on a 
shaker. 

After the incubation, the cells were washed 2 × 
with 100 µl of ice cold PBS and 1 × with 200 µl of ice 
cold PBS. Finally, the filters were collected and the 
remaining radioactivity was measured with a gamma 
counter. Each tube was measured for 5 min.  

Determination of the ratio of internalization 
Two 24-well plates were coated with 

poly-L-lysine by incubating them with PBS containing 
0.1% poly-L-lysine for 20 min at room temperature. 
The solution was then taken off and each well was 
washed with 1 ml of PBS. Next, 1 ml of a cell 
suspension was added to each well. It contained 105 
LNCaP cells suspended in RPMI medium that 
included 10% fetal calf serum and 1% L-glutamine. 
The plates were incubated at 37 °C overnight. 

The respective 177Lu-labeled compound was 
incubated with the cells under four different 
conditions: at 37 °C with and without blocking of the 
receptor and at 4 °C with and without blocking of the 
receptor. Each sample was measured in triplets. The 
blocking was achieved by adding 
2-(phosphonomethyl)pentanedioic acid (2-PMPA, 
Tocris Bioscience, Bristol, UK) in a concentration of 
500 µM. 

In detail, 99% Opti-MEM was mixed with 0.05% 
of a 6 µM solution of the radiolabeled ligand and with 
0.05% of either 2-PMPA for the blocked fractions or 
DMSO for the others. 250 µl of this solution that 
contained the radiolabeled compound in a 
concentration of 30 nM was added to each well after 
the medium was removed. The plates were then 
incubated for 45 min at 37 °C in a water bath or at 4 °C 
on ice to inhibit the internalization. 

Next, the supernatant was taken off and the cells 
were washed 4 × with ice cold PBS. 500 µl of a 50 mM 
glycine buffer at a pH of 2.8 was added to each well 
and incubated for 5 min at room temperature and ice 

respectively. The supernatant was collected as the first 
washing sample. Again, 500 µl of the glycine buffer 
were added to each well, incubated for 5 min and 
collected as the second washing sample. The cells 
were washed once with ice cold PBS and finally lysed 
by adding 500 µl of a 0.3 M solution of sodium 
hydroxide and incubating it for 10 min at room 
temperature and ice, respectively. The solution was 
then collected as the lysis sample. Finally, a standard 
was created by taking 25 µl of the 30 nM solution of 
the radioactive ligand. All samples were measured in 
a gamma counter for 1 min each. 

Organ distribution 
Organ distribution was carried out in BALB/c 

nude mice LNCaP xenografts anesthetized with 2% 
sevoflurane. 10 nmol of the DOTA and 
CHX-A’’-DTPA conjugates labeled with 
approximately 80 MBq of 68Ga at a specific activity of 
10 MBq/nmol were injected intravenously into the 
tail vein of five mice each. The mice were sacrificed 
after 1 h. All organs were dissected, weighed and the 
remaining radioactivity was measured in a gamma 
counter for 1 min each. 

MicroPET 
All compounds capable of chelating 68Ga (this 

includes the DOTA, NOTA, CHX-A’’-DTPA, PCTA, 
oxo-DO3A and NODAGA conjugates) were shown to 
be readily radiolabelled. The solutions containing the 
purified 68Ga-labeled conjugates of DOTA and 
CHX-A’’-DTPA (specific activity: 50 MBq/nmol) were 
sterile-filtered before 100 µl of the respective solution 
was injected into a BALB/c nude mouse LNCaP 
xenograft anesthetized with 2% sevoflurane, 
intravenously into the tail vein. After recording a one 
hour uptake kinetic microPET scans were gathered for 
up to 180 minutes with a Siemens Inveon PET 
scanner. In order to obtain a reliable comparison of 
both tracers the time dependency of the mean SUVs 
was plotted based on the reconstructed data. 

PET/CT 
The first-in-man PET/CT examination was 

carried out on a Biograph 6 PET/CT scanner 
(Siemens/CTI). Acquisition of the images was started 
60 ± 10 min and 180 ± 10 min after intravenous 
injection of the 68Ga-labeled conjugates containing 
HBED-CC and CHX-A’’-DTPA, respectively. A 
specific activity of 50 MBq/nmol was used. The 
applied doses were 330 MBq 68Ga tagged to 2 nmol 
HBED-CC ligand and 360 MBq 68Ga tagged to 3 nmol 
CHX-A’’-DTPA ligand. For attenuation correction of 
the PET scan, a CT scan (130 keV, 30 mAs; CareDose) 
without contrast medium was performed. 
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Results 
Chemistry 

The synthesis of the basic scaffold and coupling 
of the chelators was achieved by solid phase synthesis 
as described before [27]. Coupling of the chelators had 
to be adapted for each reaction to yield high amounts 
up to 95 % overall yield of the product. The detailed 
reaction conditions for each chelator are listed in table 
1. After purification, all compounds achieved purities 
higher than 95% as determined by HPLC. Table S1 
summarizes all necessary analytical data and HPLC 
results of all conjugates are shown in figure S1. 

Radiolabeling 
Radiochemical yields were determined to be 

>95% by radio-HPLC. All compounds incorporated 
the radiometals readily. 177Lu labeling was achieved 
with a precursor amount of 10 nmol, incubated for 10 
min at 95 °C leading to a specific activity of 
approximately 10 MBq/nmol. Labeling with 68Ga was 
performed with either 10 nmol leading to a specific 
activity of 10 MBq/nmol or with 2 nmol, yielding a 
specific activity of 50 MBq/nmol of the precursor. The 
reaction mixture was incubated for 5 min at 95 °C. 

NAALADase Assay 
The binding affinities of the 

compounds to rhPSMA were expressed as 
their 50% inhibitory concentrations (i.e. 
IC50 values). The IC50 values ranged from 
0.8 to 2.4 nM as shown in figure 2A. The 
best values were obtained for the DTPA, 
CHX-A’’-DTPA and DOTA conjugate (0.8 
± 0.3 nM, 0.8 ± 0.1 nM and 0.8 ± 0.3, 
respectively). 

Competitive Cell Binding 
IC50 values on cells ranged from 5.6 

nM for the compounds coupled to 
CHX-A’’-DTPA to 37.3 for the CIM 
coupled construct (see figure 2C). The 
DOTA-conjugate PSMA-617 (IC50 = 12.2 ± 
4.6 nM) and the HBED-CC-conjugate 
PSMA-11 (24.3 ± 2.0) are currently used in 
first-in-man studies and values obtained 
in this study match the published data [27, 
33]. The CIM- and the 
HBED-CC-conjugate showed two-digit 
nanomolar affinities as compared to the 
one-digit nanomolar and subnanomolar 
affinities determined for the compounds 
analyzed in this study. 

Internalization ratios  
The ratios of internalization are 

shown in figure 2D. The values were 
obtained by setting the total amount of 
compound bound to the cells as 100% and 
then calculating the portion internalized 
into the cells. The DOTA conjugate and 
the HBED-CC conjugate intensely studied 
in current and former studies show the 
lowest values (15.5 ± 7.5% and 17.9 ± 0.7%, 
respectively). The highest ratios of 
internalization were found for the 
CHX-A’’-DTPA conjugate (65.4 ± 5.7%) 
and the NODAGA conjugate (48.5 ± 
16.4%). Absolute values for the amount of 

 

 
Figure 2: A In vitro IC50 values of <chelator>-conjugates determined by binding to purified rhPSMA 
(NAALADase assay). Labeling refers to the chelating entity coupled to the Glu-urea-based scaffold. B 
Exemplary fitting of the raw data of NAALADase assay, shown are the compounds coupled to DOTA 
(PSMA-617 currently in first-in-man studies) and CHX-A’’-DTPA. C IC50 values determined by 
competitive binding on LNCaP cells. D Ratios of internalization. All compounds were labeled with 177Lu 
except for DTPA and CIM which were labeled with 99mTc and HBED-CC conjugate (PSMA-11) which 
was labeled with 68Ga. MIP-1095 is radiolabeled with 125I. The CHX-A’’-DTPA conjugate proved 
significance (one way ANOVA, p < 0.05) in comparison to all compounds except for the NODAGA 
conjugate. E Overall bound activity. The graph indicates the absolute amount of compound internalized 
(black) and surface-bound (grey), respectively, during internalization assay. F Organ distribution of the 
68Ga-CHX-A’’-DTPA conjugate (black) and the 68Ga-DOTA-conjugate (grey) in LNCaP tumor-bearing 
mice. 
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compound bound to the cells can be seen in figure 2E. 
Overall, the amount of bound tracer is comparable, 
only the CIM conjugate shows scarcely any binding. 
Although there are conjugates that show higher 
overall binding, the CHX-A’’-DTPA conjugate also 
obtained the highest absolute value of compound 
inside of the cells with 17.4 ± 10.8%. The CIM 
conjugate (0.46 ± 0.12%) and the DOTA conjugate (3.7 
± 4.6%) showed the lowest amounts of internalized 
compound. 

Organ distribution 
Values obtained for each organ underwent a 

half-life correction. The DOTA-coupled conjugate 
PSMA-617 and the CHX-A’’-DTPA conjugate showed 
enrichment in tumor and kidneys as shown in figure 
2F. Although the amount of tracer in the tumor is 
higher for the DOTA conjugate, the tumor to blood 
ratios are in the same order of magnitude (7.9 for the 
68Ga-labeled DOTA conjugate PSMA-617 vs 6.0 for the 
68Ga-labeled CHX-A’’-DTPA conjugate). 

MicroPET  
To take the examination one step further the 

tumor uptake and pharmacokinetics of the 68Ga 
labeled CHX-A’’-DTPA conjugate was studied in an 
LNCaP-Xenograft. The results were compared to the 
68Ga-labeled DOTA conjugate. The PET scans taken 2 
h post injection are shown in figure 3A and 3B, 
respectively. The scan shows enrichment of the 
compounds in the kidneys and in the bladder, a 
behavior that is known for all urea-based PSMA 
inhibitors. The kidney uptake is higher for the 
CHX-A’’-DTPA conjugate. High tumor uptake can be 
seen, nonetheless, the uptake of CHX-A’’-DTPA is 
remarkably higher. The dynamic behavior of both 
compounds during the first 60 minutes after injection 
is shown in figure 3D. While the amount of 
68Ga-labeled DOTA conjugate in the tumor begins to 
decrease after approximately 15 min, the amount of 
68Ga-labeled CHX-A’’-DTPA conjugate increases until 
60 min after injection and even further until the end of 
investigation (3 h post injection) as shown in table S2. 

Blocking of the receptor by addition of 
100-fold excess of the non-labeled compound 
prevents the tumor uptake of the 68Ga-labeled 
CHX-A’’-DTPA conjugate as shown in 
figure 3C.  

PET/CT 
Following the promising results from in 

vitro and in vivo testing for the 
CHX-A’’-DTPA conjugate, we were able to 
obtain a first-in-man image using the 
68Ga-labeled compound in PET/CT. The 
image was compared to a PET/CT of the 
68Ga-labeled HBED-CC conjugate in the same 
patient as shown in figure 4. The PET/CT 
scans were obtained exactly one week apart. 
As most PCa tumors show a relatively low 
proliferation rate, tumor spread should be 
comparable during this interval. 

The 68-year-old patient had undergone 
previous prostate surgery due to carcinoma 
and had received anti-androgen therapy with 
goserelin and bicalutamide since 2008. He also 
had history of percutaneous radiation therapy 
of several bone lesions, medication with 
zoledronic acid and chemotherapy with 
docetaxel. After developing lung metastases, 
he received 4 cycles of 177Lu-PSMA617 and 
initially responded well. When the patient 
became progressive under that therapy, he 
was evaluated for a CHX-A’’-DTPA 
PSMA-ligand with clinical indication. As this 
chelator is well suited for labeling with 213Bi 
[34], an alpha emitter already proven to break 

 
Figure 3: MicroPET comparison of the 68Ga-labeled CHX-A’’-DTPA conjugate A and the 
68Ga-labeled DOTA conjugate B in the same mouse. Both MIPs were recorded 2 h post injection. 
C MicroPET image (MIP) of the 68Ga-labeled CHX-A’’-DTPA conjugate blocked with 100-fold 
excess of the non-labeled compound 2 h post injection. D Tumor uptake dynamics of the first 60 
minutes post injection of the 68Ga-labeled conjugates coupled to DOTA and CHX-A’’-DTPA. 
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radioresistency against beta-emitters in patients [35], 
this combination might open new therapeutic options 
for this particular patient. 

 

 
Figure 4: PET/CT scans (MIP) with the 68Ga-labeled PSMA binding conjugates 
containing the chelator HBED-CC and CHX-A’’-DTPA. The arrows indicate 
reference lesions for further evaluation (see table 2) 

 

Table 2: Maximum SUV determined using organ-volume of 
interest (VOI) analysis 

 SUV max (organ-VOI) HBED-CC 1 h CHX-DTPA 1 
h CHX-DTPA 3 

h 
A Bone metastases 

(sternum) 6.6 6.1 7 
B Liver 3.1 6.1 6 
C Spleen 8.2 16.3 16.2 
D Blader/urin 74 4.7 3.7 
E Blood-pool 1.1 1.9 1.8 

 
 

Discussion 
Until now, somatostatin receptor (SSTR) 

mediated endoradiotherapy remains the prototype of 
theranostic treatments. [36, 37] Based on the current 
progress in the field of PSMA related diagnostic 
imaging, and due to the high number of patients 
suffering from hormone refractory metastasized 
PSMA related therapies might even outperform the 
clinical value of SSTR binding tracers. This is of 
particular interest as PSMA ligands target prostate 
carcinoma, a tumor entity of high clinical relevance. 
The previous clinical results show excellent tumor 
targeting and therefore present a robust basis to 
achieve therapeutic efficacies. [11, 24, 25, 31, 38] As 
tumor cell internalization is a key factor for the 
efficiency of therapeutic radiopharmaceuticals, the 
currently available tracers still have to be optimized. 
Two components are known to define the 
performance of PSMA targeting tracers, namely the 
Glu-urea-based binding motif causing receptor 
binding and the spacer mediating a secondary 
interaction with the lipophilic surface next to the zinc 
containing binding pocket which simultaneously 

influences the pharmacokinetics. Here, we succeeded 
in determining the influence of the chelating entity on 
the tumor cell internalization of the compound. 
Besides high binding affinity, this is crucial for the 
therapeutic component of the theranostic concept of 
PSMA targeting to treat metastasized, 
hormone-refractory prostate carcinoma. 

As a highly specific PSMA-binding motif was 
already found in earlier studies [20] and a current 
study presented a linker that showed the best 
performance in vitro and in vivo [33], the focus of this 
investigation was to determine the most suitable 
chelator. The different chelator-conjugates were 
screened with respect to their compound-receptor 
interaction on the recombinant receptor and cell based 
binding followed by internalization studies. These 
two different approaches to determine IC50 values 
were utilized to study the interaction of the 
compounds on two different levels. First, the 
NAALADase assay which examines the sheer 
receptor-compound interaction was conducted. The 
IC50 values obtained by this assay yield more precise 
values considering that there are no disruptive factors 
involved. Consequently, these IC50 values are 
generally lower than those measured on LNCaP cells. 
The competitive binding assay on LNCaP cells 
represents binding in the cellular context. The values 
received presumably provide more realistic 
conditions as they involve varying factors such as the 
receptor density and interaction with other proteins 
present. While the improvement of the internalization 
was shown significant for the CHX-A’’-DTPA 
conjugate over all compounds except for the 
NODAGA conjugate, it should be mentioned that this 
improvement could be shown for several of the 
compounds studied. This highlights the influence of 
the chelating agent on the internalization. In vivo 
testing was carried out by means of microPET 
imaging. The ideal compound will combine a binding 
affinity and tumor targeting comparable to the DOTA 
conjugate PSMA-617 with a considerable higher ratio 
of internalization. 

Of all the compounds tested, the CHX-A’’-DTPA 
conjugate showed the most pronounced performance 
in this respect. Figure 5A shows a comprehensive 
overview of the internalization and the competitive 
binding assay in vitro. Most importantly, the 
internalization potency determined for the 
CHX-A’’-DTPA conjugate was remarkably higher 
than that of all other compounds as seen in both, the 
relative and the absolute values. As the ratios of 
internalization differed more significantly than the 
IC50 values, we theorized that the chelator would 
especially influence the ratio of internalization if it 
provides hydrophobic residues (see figure 5C). 
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Therefore, we plotted the hydrophobicity of the tested 
compounds, depicted by the retention time in HPLC, 
against the performance in the internalization assay. 
Increasing hydrophobicity correlates with higher 
internalization (figure 5B). On the other hand this plot 
revealed that there is more to the internalization 
avidity than only the lipophilicity: The compound 
coupled to CHX-A’’-DTPA showed a higher 
internalization ratio as expected when approximated 
by its hydrophobicity. This indicates specific 
interactions of the residues in CHX-A’’-DTPA to the 
receptor in the process of internalization. This was 
further proven by implementation of the CIM 
conjugate, a highly lipophilic compound into the 
group of derivatives. This highly hydrophobic 
compound performed worst in nearly all assays 
conducted. 

Encouraged by these findings, we decided to 
examine the biodistribution behavior of the tested 
compounds. PET scans of mouse xenografts that were 
injected with the 68Ga-labeled CHX-A’’-DTPA 
conjugate showed PSMA-specific enrichment of the 
radioactivity in the tumor. As expected the compound 
also accumulates in the kidneys (see figure 3A and B). 
This is known for PSMA inhibitors as PSMA is also 
found on the proximal tubular cells of the kidneys 
[10].  

To examine the pharmacokinetics of 
CHX-A’’-DTPA, the most promising compound, the 
biodistribution of the DOTA and the CHX-A’’-DTPA 
conjugate was studied in LNCaP tumor bearing mice. 
Both compounds showed high enrichment of the 
tracers in the kidneys and the tumor. The values 
obtained for DOTA were higher in both of these 
tissues. Nevertheless, tumor-to-blood ratios obtained 
were comparable (tumor-to-blood = 5.43 in case of the 
CHX-A’’-DTPA derivative and 3.62 in case of the 
DOTA derivative). As LNCaP tumors unfortunately 
often show highly varying properties, an intra-animal 
comparison using microPET of DOTA and 
CHX-A’’-DTPA was performed as shown in figure 3A 
and B. Again, both compounds showed high tumor 
uptake. Interestingly, the tumor values for the 
CHX-A’’-DTPA conjugate increased until the end of 
the investigation period (3 h post injection), while the 
tumor values of the DOTA conjugate peaked after the 
initial distribution phase and subsequently fell off. 
Kidney values decreased rapidly for the DOTA 
conjugate, but slowly for the CHX-A’’-DPTA 
conjugate. In summary, these results show a benefit 
for the CHX conjugate with respect to tumor uptake 
and most importantly tumor retention while the 
DOTA conjugate provides an improved behavior with 
respect to its renal clearance. 

 

 
Figure 5: A Comparison of ratio of internalization and IC50 values of each compound. The compound coupled to CHX-A’’-DTPA performed best in both assays and may 
therefore be a promising new compound. B Comparison of internalization ratio and retention time. The linear fit represents the correlation of internalization with increasing 
hydrophobicity (Pearson R value = 0.60). C Suggested model of action of the CHX-A’’-DTPA-coupled ligand at the PSMA receptor. While the urea-based binding motif and the 
linker region seem to play primarily a crucial role in targeting the tumor, the chelating entity may have an essential part by enhancing internalization of the compound. 
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The excellent tumor retention of CHX-A’’-DTPA 
combined with the fact that it may be capable of 
breaking radioresistance due to being capable of 
chelating the alpha-emitter 213Bi justified a 
first-in-man application using the 68Ga-labeled 
CHX-A’’-DTPA compound for PET/CT. The obtained 
PET/CT scans indicated that the PSMA-specific 
compound enriches in the tumor and in the 
metastases. Variation of tumor uptake mediated by 
the PSMA binding motif was within ± 10% between 
both tracers, there was no difference in the number of 
lesions detected. Remarkably, the SUVmax value in 
the tumor showed a slight increase from one to three 
hours post injection for the CHX-A’’-DTPA conjugate, 
replicating the tumor uptake behavior seen in the 
LNCaP tumor bearing mice in microPET. Additional 
accumulation can be observed in liver, spleen and in 
the salivary glands. Uptake in liver and spleen was 
approximately 2-fold higher for the CHX-A’’-DTPA 
conjugate in comparison to the HBED-CC conjugate, 
the tracer in use for diagnostic examinations of 
patients suffering from PCa. Simultaneously, 
urine-clearance of the CHX-A’’-DTPA conjugate was 
dramatically reduced and blood/soft-tissue residency 
time prolonged. This implicates a combined renal and 
hepato-faecal clearance of the CHX-A’’-DTPA 
conjugate in comparison to the predominantly renal 
clearance for the non-tumor-bound HBED-CC 
conjugate. In particular, enrichment in kidneys is still 
the main dose-limiting factor of radiolabeled PSMA 
inhibitors used for endoradiotherapy. This combined 
with the fact that the CHX-A’’-DTPA conjugate shows 
extraordinary tumor uptake but also high off-target 
accumulation, a displacement strategy as studied 
recently with 2-(phosphonomethyl)pentanedioic acid 
(PMPA) [39] to protect the kidneys might further 
enhance the potential of this candidate. The PET/CT 
imaging revealed comparatively high uptake in the 
spleen and the liver. Fortunately, these organs are not 
very sensitive to radiation [40]. This has been 
experienced in therapies of neuroendocrine tumors: 
68Ga-DOTATATE is known to suffer from high spleen 
and liver uptake [41]. However, in contrast to its high 
kidney uptake, representing the dose limiting factor 
of endoradiotherapy with DOTATATE, neither the 
liver nor the spleen uptake cause known side effects. 

In conclusion the data presented reveal the 
importance of internalization potency for the 
development of PSMA binding tracers. It could be 
shown that - as exemplified for the CHX-A’’-DTPA 
conjugate - the chelator moiety can be used to trigger 
a progressive long term accumulation in LNCaP mice, 
a behavior not observed to date. This might be of high 
relevance as the chelator CHX-A’’-DTPA is capable of 
stably chelating several radiometals that can be used 

for therapeutic and diagnostic purposes, for example 
68Ga, 177Lu, 90Y, 111In and 213Bi [34, 42-44]. These 
properties indicate that compounds comprising the 
Glu-urea-based binding motif in combination with 
hydrophobic linkers such as the chelator 
CHX-A’’-DTPA represent promising candidates for 
prostate cancer therapy. 
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