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Abstract
Since the seminal contribution of Rolf Huisgen to develop the [3+2]-cycloaddition of 1,3dipolar compounds, the azide-alkyne cycloaddition has established itself as the key step in
numerous organic syntheses and bioorthogonal processes for applications in materials
science and chemical biology. In the present study, the copper(I)-catalyzed azide-alkyne
cycloaddition was applied for the development of a modular molecular platform for medical
imaging of the prostate-specific membrane antigen (PSMA), using positron emission
tomography. This process is shown from molecular design, through synthesis automation
and in vitro studies, all the way to preclinical in vivo evaluation of fluorine-18– labeled (t½:
109.7 min) PSMA-targeting ‘F-PSMA-MIC01’ radiotracer. Preclinical data indicate that the
modular PSMA-scaffold has a similar binding affinity and imaging properties to the
clinically used [68Ga]PSMA-11. The here presented PSMA-binding scaffold potentially
facilitates easy coupling to other medical imaging moieties, enabling future developments of
new modular imaging agents.
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3.1 Introduction

3
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The accelerating pace of modern science frequently depends on breakthrough discoveries that
reveal their true impact only decades later, as is evident for the azide-alkyne 1,3-dipolarcycloaddition that revolutionized syntheses ranging from materials science to chemical
biology. Recent progress in bioconjugations in vitro, bioorthogonal chemistry, in vivo
transformations and medical imaging, among others, has revealed a key role for the azidealkyne cycloaddition. Although reactions of 1,3-dipolar compounds, such as ozones, nitrones
or azides, were already known at the time, it was Rolf Huisgen who changed the face of
heterocyclic chemistry by introducing the principle of [3+2]-cycloadditions using 1,3-dipolar
compounds [1,2], in particular the reaction of azides and alkynes providing 1,4- and 1,5disubstituted 1,2,3-triazoles (Figure 1A) [3,4]. With the introduction of the ‘click chemistry’
concept by Kolb, Finn and Sharpless in 2001, the azide-alkyne [3+2]-cycloaddition was
crowned to be the ‘cream of the crop’ [5]. Inspired by Huisgen’s seminal work, Sharpless and
Meldal discovered the regioselective, CuI-catalyzed azide-alkyne cycloaddition (CuAAC)
variant (Figure 1B) [4,6]. Ever since, the Huisgen azide-alkyne cycloaddition is known to be the
prototypical click chemistry method: it is a highly selective reaction, is performed under mild
conditions, and proceeds with high yield while maximizing atom economy [5,7]. The resulting
1,2,3-triazole scaffold showed to have biological activities [6,8] and was identified to be a
bioisostere for esters [9], aromatic rings, double bonds, and amides [10]. Therefore, compounds
bearing this motif are widely applied in medicinal chemistry [11,12], whereas click chemistry
inspired the development of in vivo applications, such as the Staudinger-Bertozzi ligation [13]
and the copper-free, strain-promoted click reaction (SPAAC) [14]. The fastest bioorthogonal
reaction known at this moment is the inverse-electron demand Diels-Alder of tetrazines with
cyclooctenes with a reaction rate of k ~ 1 – 106 M-1 s-1 compared to k~ 1 – 60 M-1 s-1 for SPAACs
[15]
.
A

B

Figure 1. Azide-alkyne Click Reactions. (A) Thermal azide-alkyne [3+2]-cycloaddition. (B) Copper(I)catalyzed azide-alkyne cycloaddition (CuAAC).

Gradually, CuAAC reactions were also used in the clinic for the production of imaging agents,
which enable the non-invasive diagnosis through various modalities including magnetic
resonance imaging (MRI) [16,17], optical imaging [18] and positron emission tomography (PET)
[19,20]
. Additionally, these imaging techniques were combined to obtain anatomical accuracy
and associated physiological information, such as in the case of PET-MRI imaging [21]. The
applied imaging agents are designed to unveil specific biomarkers that are targeted by ligands,
such as small molecules, antibodies, affibodies or peptides [22], and visualized with a signaling
moiety, e.g. a complex of paramagnetic metal, fluorescent moiety or a radionuclide [23,24].
43
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Click reactions are ideal transformations for the synthesis of imaging agents, since they are
highly specific and they do not require protection-deprotection steps [25], which simplifies
purification and further down-stream processing. The up to 107-fold higher reaction speed of
CuAAC compared to the thermal Huisgen [3+2]-cycloaddition [26] is particularly attractive for
the synthesis of radiotracers [27], which is time-sensitive due to short half-lives of PETradionuclides (11C: 20.4 min, 18F: 109.7 min, and 68Ga: 67.9 min) that form the foundation of
PET imaging due to their main decay mechanism involving + decay ( >99 % for 11C, 96.7 %
for 18F, 88.6 % for 68Ga) [19,27,28]. Since its first PET-application in 2006 [29], CuAAC found
several applications in radiotracer preparation [30–32], the triazole appending-agents (e.g. TAAG
prosthetic group) and multivalent or multimodal imaging agents [33–35].
Facing the challenges to develop new molecular scaffolds to be used as modular imaging agents
for a broader range of medical applications, we explore azide-alkyne cycloadditions for quick
assembly of imaging agents. Our key challenge is to develop a flexible synthetic platform to
access imaging agents that are modular with respect to imaging modality and to the degree of
multivalency. Here we present a CuAAC-based radiotracer targeting prostate cancer (PCa),
including automated synthesis, molecular modeling, in vitro studies and data obtained all the
way to the in vivo evaluation in mice to showcase its potential for a clinically relevant disease.
PCa is the third most frequently diagnosed cancer among the male European population in 2018
[36]
. The high morbidity constitutes a world-wide health problem [37–40]. The current detection is
based on the determination of prostate specific antigen (PSA) levels in blood, a digital rectal
exam, and biopsies [41]. However, the varying etiopathology of PCa makes it difficult to define
the correct critical limit of PSA-levels [39]. For efficient diagnosis, a PCa-specific non-invasive
diagnosis supported by medical imaging was urgently needed. In the 90’s, the discovery of the
prostate-specific membrane antigen (PSMA), overexpressed in PCa, improved the clinical
assessment of PCa by nuclear medicine imaging [39,42–44]. Next to the presence in primary
tumors, PSMA is expressed in metastases and primary lymph nodes, as well as in the recurrent
disease [45–47]. Hence, three PSMA-targeting tracers have been clinically introduced for this
purpose: [68Ga]PSMA-11, [18F]PSMA-1007 and [18F]DCFPyL [48,49]. They all are using the
glutamate-urea-lysine (Glu-urea-Lys) binding motif (Figure 2) [50]. Realizing that this small
motif binds specifically and with high affinity to PSMA and lends itself to further
modifications, we envisioned that it provides a privileged scaffold for the development of clickbased PSMA-targeted imaging agents [51]. This was further supported by the key observation
that a 1,2,3-triazole attached to an oxyethylene-linker compels PSMA to rearrange by molecular
interactions and leads to improved binding [51].
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Figure 2. Clinically used radiotracers for the imaging of recurrent prostate cancer and metastases.
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In the present study, we introduce a versatile, CuAAC-based modular molecular platform for
development of PSMA-targeting imaging agents. Due to the ability to engage in the Huisgen
[3+2]-cycloaddition, the PSMA-binding scaffold presented here can potentially be easily
modified for other medical imaging modalities (Figure 3). In particular, we present a novel
fluorine-18 based, PSMA-targeting radiotracer designated [18F]PSMA-MIC01. To reduce
radiation burden for the radiochemist and allow a robust and reproducible synthesis,
[18F]PSMA-MIC01 production was automated in a FlowSafe radiosynthesis module, which
combines 18F-fluorination in continuous-flow microfluidics with a versatile CuAAC reaction
performed in-batch mode. After synthesis, optimization and characterization in terms of
radiotracer stability, lipophilicity and in vitro binding affinity, the imaging potential of
[18F]PSMA-MIC01 was evaluated in vivo and compared to [68Ga]PSMA-11.

Figure 3. Principle of a modular imaging agent consisting an alkyne-functionalized Glu-urea-Lys motif that
can be ‘clicked’ to a selected signaling moiety with azide-functionality. The signaling moiety is chosen out of
the range of different moieties, represented as the blue star with different imaging tags attached, that is required
for the aimed medical imaging application. The here presented study is showcasing its application in PET imaging.

3.2 Results and discussion

3.2.1 Design of F-PSMA-MIC01
PSMA is a well-characterized target in structure-activity-relationship (SAR) studies [52]. The
natural function of this membrane zinc-metallopeptidase is to cleave glutamate from N-acetylL-aspartyl-L-glutamate. This antigen has a glutamate-favoring S1’-pocket [53–55] and SAR
analysis revealed an adaptive, hydrophobic-favoring S1-pocket, created by an arginine patch
formed by Arg463, Arg534 and Arg536 that can accommodate a variety of inhibitors [56].
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PSMA-targeting compounds with the Glu-urea-Lys motif bind to the S1-hydrophobic pocket
and the S1’-pocket, as well as to the zinc ions [56]. Interestingly, it was found that the presence
of a 1,2,3-triazole motif in PSMA inhibitors enables binding to an additional arene-binding site,
which has inspired us to use this moiety in developing PSMA-targeting radiotracers with high
affinity [56]. For this purpose, we designed a modular synthesis approach for PSMA-targeting
radiotracers, which can potentially be applied to different imaging modalities by adapting the
existing Glu-urea-Lys motif [56] so that it is able to undergo the Huisgen [3+2]-cycloaddition.
We introduce the radiotracer [18F]PSMA-MIC01 (Figure 2A), which is formed by the alkyneGlu-urea-Lys motif and PET-radionuclide 18F, spaced from the 1,2,3-triazole by a diethyleneglycol-linker, which was shown to display the right linker length [51]. The synthesis of
[18F]PSMA-MIC01 follows a two step proecure, in which the linker is first [18F]-fluorinated
and then clicked to the PSMA-binding motif Glu-urea-Lys. It was decided to perform the click
reaction of the linker and the binding motif in the final step to avoid protection-deprotection
steps of the carboxylic acids of the Glu-rea-Lys binding motif during the nucleophilic
substitution to keep the binding motif intact.

3.2.2 Synthesis of precursors and F-PSMA-MIC01

The synthesis of amine-Glu-urea-Lys motif 3 was performed as previously described [57–59]. The
alkyne-functionality was introduced by NHS-ester coupling to 4-[(trimethylsilyl)ethynyl]
benzoic acid 4, followed by reaction with amine 3. Deprotection with trifluoroacetic acid gave
alkyne-Glu-urea-Lys motif 7 (Figure 4). The fluorinated azide-reference 9 was obtained in
33 % yield by substitution reaction of tosylate 8 using tetrabutylammonium fluoride. CuAAC
of precursor 9 with alkyne-Glu-urea-Lys motif 7 gave the compound F-PSMA-MIC01 in 81 %
yield (Figure 4).

Figure 4. Synthesis route of the alkyne-Glu-urea-Lys motif and the reference compound F-PSMA-MIC01.
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A High-Performance Liquid Chromatography (HPLC) method was developed for the
compounds 7, 9 and F-PSMA-MIC01 that allows the purification of the final radioactive
compound and at the same it is used to determine the radiosynthesis yield. In this context it is
important to note that radiopharmaceuticals cannot be analysed with the typical analytical
techniques such as nuclear magnetic resonance or mass spectrometry, as first the cocentrations
of the produced radioactive compound are too low to provide reliable data and second the
radiation exposure for the radiochemist would be too high. Additionally, the purification of the
cycloaddition is, according to the definition of click chemistry, very easy and therefore very
suitable for the final step in radiopharmaceutical productions as the purification with HPLC is
sufficient to directly formulate the radiotracer into an injectable solution.

The nucleophilic substitution reaction to obtain [18F]9 is very sensitive to moiste and requires
the dryness of tosylate 8 before usage in order to obtain reproducible, high radiochemical
conversions (RCCs) of up to 92% on radio-TLC. With a radiochemical yield (RCY) [60] of 21
% after 20 min reaction time, the purified intermediate [18F]9 was used for the CuAAC reaction
with 7. Subsequently, the crude reaction mixture was purified by semi-preparative HPLC and
formulated into a 5 mL injectable solution of 10 % EtOH in phosphate-buffered saline (PBS).
[18F]PSMA-MIC01 was manually produced in an overall RCY of 9 % with an overall
production time of 148 min (Figure 5B).
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3.2.3 Radiolabeling of [18F]PSMA-MIC01

Interestingly, the synthesis of F-PSMA-MIC01 involved 2 days of stirring, which would imply
that the reaction is slow, while the reaction time of the radiosynthesis to produce [18F]PSMAMIC01 was only 20 min. This difference can be explained by the amount of catalyst used. For
the radiosynthesis we used, ~1 equiv. CuIISO4 and 2 equiv. L-ascorbic acid, while we only used
0.05 equiv. CuIISO4 and 0.1 equiv. L-ascorbic acid for the synthesis of F-PSMA-MIC01. Hence,
the synthesis of F-PSMA0MIC01 had a lower reactive CuI content. Additionally this reaction
was performed at room temperature, while the radiosynthesis was heated to 80 oC. This high
temperature and catalyst loading is required for radiosyntheses, as the radiopharmaceutical
production needs to be as fast as possible, while picolmolar amounts of the radionuclide are
used. Using the same mild reaction conditions for synthesis and radiosynthesis would lead to
too low concentrations of the final radiottacer, despite the high efficiency of CuAACs. While
for the synthesis of F-PSMA-MIC01 using the same conditions as used for [18F]PSMA-MIC01,
the purification would not be as efficient as too much catalyst would be used relatively to the
substrate. Therefore, we decided to perform the synthesis of F-PSMA-MIC01 under mild
reaction conditions, while we speed-up the radiosynthesis of [18F]PSMA-MIC01 by increasing
the amount of catalyst and temperature.
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Figure 5. Radiolabeling towards PET-tracer [18F]PSMA-MIC01. a) Manual synthesis route of [18F]PSMAMIC01. The final PET-tracer was obtained in an overall radiochemical yield of 9 % in a total production time of
148 min, including purification of intermediate and product. b) The automated synthesis route using the FlowSafe
radiosynthesis module.

Clinical translation requires higher amounts of radioactivity than those manually achievable,
which are limited by radiation burden for the radiochemist. Therefore, the synthesis of
[18F]PSMA-MIC01 was automated on a FlowSafe radiosynthesis module, a continuous-flow
microfluidics platform. [18F]PSMA-MIC01 was produced in an overall RCY of 21 % with an
overall production time of 139 min. The higher RCY can be explained by the use of the
microfluidic set up for the [18F]fluorination towards intermediate [18F]9. Microfluidic systems
have a higher surface-to-volume ratio which results in an increased heat transfer capacity
compared to in-batch syntheses [61]. This enabled reduction of the effective reaction time of the
18
F-fluorination to 75 s with concomitant reduction of 18F-side-products and increased the
intermediate RCY of [18F]9 to 42 % and overall RCY to 21 %. The obtained molar activity of
[18F]PSMA-MIC01 (AM: 14.1  12 GBq µmol-1) and high radiochemical purity (see
Experimental Section for UPLC chromatogram) was sufficient for evaluation of the in vivo
organ distribution (vide infra). The AM can be increased by increasing the starting amount of
fluorine-18 which increases the binding potency as the radioactivity of the radiolabeled product
per µmol would be higher thus less competition between radiolabeled and non-radiolabeled FPSMA-MIC01 would occur.
The stability of the radiotracer [18F]PSMA-MIC01 in 10 % EtOH/PBS was tested for 4 h with
radio-HPLC. No degradation products could be detected (see Figure 10 in Experimental
Section), indicating that the radiotracer is stable. The measured lipophilicity (logD) in noctanol/PBS was -3.01  0.22 (see Experimental Section). It has been indicated in literature that
for the detection of primary PCa and lymph node metastasis, a logD value between -2 and -3 is
ideal [62]. The here obtained logD is therefore in this ideal range.

3.2.4 In vitro studies of F-PSMA-MIC01
The binding affinity of F-PSMA-MIC01 to PSMA was determined in a cell-based competitive
binding radioassay using [68Ga]PSMA-11 (Figure 2) and the reference compound F-PSMAMIC01 as competitor on PSMA-expressing LNCaP cells [63]. As expected, we found that F48
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PSMA-MIC01 was able to block the binding of [68Ga]PSMA-11 and had a binding affinity in
the nanomolar range, as shown in Figure 6. To compare the binding affinity of F-PSMA-MIC01
with “gold standard” PSMA-tracers, the same assay was performed using the precursor of
[68Ga]PSMA-11. To our delight, the obtained logIC50 values for F-PSMA-MIC01 and the
precursor of [68Ga]PSMA-11 showed the same high inhibitory potency.

3
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Figure 6. Binding affinity. logIC50 determination of the F-PSMA-MIC01 and the precursor of [68Ga]PSMA-11
using the cell-based competitive binding radioassay with [68Ga]PSMA-11 as competitor on the PSMA-positive
LNCaP cell line.

3.2.5 In vivo studies of [18F]PSMA-MIC01

The in vivo imaging potential of [18F]PSMA-MIC01 was evaluated using a murine animal
model (see experimental details) [64]. This was performed in a procedure that involved the study
of the tumor uptake, binding specificity and comparison to [68Ga]PSMA-11. Tumor uptake of
[18F]PSMA-MIC01 was assessed by performing a 90 min dynamic PET scan. The time-activity
curves (TAC, Figure 7A) represent the radiotracer kinetics of [18F]PSMA-MIC01, calculated
by image quantification using the Standardized Uptake Values (SUVmeanBW) [65]. The TACs
reveal that, after 20 min, the uptake in the PSMA-positive LNCaP tumor is increased compared
to heart/blood, liver, muscle and brain. This is also supported by the increasing tumor-to-blood
(T/B) and the tumor-to-muscle (T/M) ratios (Figure 7B and C).
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Figure 7. Dynamic PET scan results. (A) Time-activity curves in several organs during a 90 min dynamic PET
scan, calculated based on the body-weight corrected Standardized Uptake Value (SUVmeanBW).[65] Additionally, the
(B) tumor-to-muscle (T/M) and (C) tumor-to-blood (T/B) ratios are shown. The values are represented as Mean
(n=6).

After successful demonstration of the tumor uptake of [18F]PSMA-MIC01, binding specificity
to PSMA was evaluated and compared to [68Ga]PSMA-11. For this purpose, three experimental
groups were defined: i) Comparison of tumor uptake in LNCaP xenografts of [18F]PSMA49
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MIC01 and [68Ga]PSMA-11 in the same animal. ii) A negative-control tumor model, in which
a PSMA-negative xenograft is used based on the PC3 cell line [63], to check whether the
observed tumor uptake is caused by specific interactions with PSMA or rather based on nonspecific effects, such as the enhanced permeability and retention (EPR) effect [66]. iii)
Confirmation of binding specificity of radiotracer [18F]PSMA-MIC01, by blocking PSMA in
LNCaP-xenografts prior to radiotracer injection [64], using the potent PSMA-inhibitor 2(phosphonomethyl)pentanedioic acid (2-PMPA, IC50: 0.3 nM [67]). All groups were evaluated
by visual assessment of the PET image and the percentage injected dose per gram (%ID g-1).

Figure 8. Static PET scan results. Representative PET images obtained during a 30 min static PET scan, started
60 min p.i. The dotted lines highlight the tumors (LNCaP- or PC3 –xenografts). The first two scans shown,
[68Ga]PSMA-11 and [18F]PSMA-MIC01, are performed in the same animals on consecutive days. The upper row
shows the transversal view on mouse and the lower row the coronal view.

The static PET images (Figure 8) visualize the organ distribution of [ 18F]PSMA-MIC01 in
different groups. In all four conditions, tumor uptake was detected. While the tumor uptake
based on visual assessment of the SUV-based PET image of [18F]PSMA-MIC01 and
[68Ga]PSMA-11 looks quite similar, the uptake in the PC3- and blocked LNCaP-xenografts is
clearly reduced. This is in agreement with the ex vivo organ distribution of [18F]PSMA-MIC01,
shown in Table 1, in which parts of the organs were dissected after the PET scan and the
radioactivity content was measured. The tumor uptake of [68Ga]PSMA-11 was
6.8  6.3 %ID g-1, while the uptake of [18F]PSMA-MIC01 was 11.7 ± 4.2 %ID g-1 in LNCaP
xenografts. Although [18F]PSMA-MIC01 showed equivalent uptake compared to [68Ga]PSMA11 in terms of the probability value, the Cohen’s d (d=0.93, see Experimental Section for
calculation) indicates even a large effect size between these two groups. In literature, the
LNCaP tumor uptake of [18F]PSMA-1007 is reported to be 8.04 ± 2.4 %ID g-1 [64], which is in
the same range than the values obtained in this study for [68Ga]PSMA-11 and [18F]PSMAMIC01.The relatively large standard deviations in the non-blocked LNCaP xenografts may be
a result of the difficult cell growth of LNCaP cells and their different degree of vascularization,
possibly due to the androgen-sensitivity of those cells [68]. Tumor development is therefore
50
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strongly dependent on the hormonal levels of the male mice used in the study, which were not
determined.
Table 1. Ex vivo organ distribution of the PET-tracers [18F]PSMA-MIC01 and [68Ga]PSMA-11.
Radioactivity was corrected for the injected dose per gram (%ID g-1).

Chapter

3

For non-specific binding of [18F]PSMA-MIC01 in the PSMA-negative PC3 xenograft, an
uptake value of 3.0 ± 1.8 %ID g-1was measured. Compared to the LNCaP-xenografts, this is
significantly lower and indicates only minor non-specific binding effects. In the blocking group,
we observed tumor uptake of 2.8 ± 0.8 %ID g-1, which is similar to the PSMA-negative PC3
xenograft. Although the organ distribution of [68Ga]PSMA-11 and [18F]PSMA-MIC01 slightly
differ in terms of liver and stomach uptake, no significant differences were observed in the other
organs. The lipophilicity (logD value -3.01  0.22) of [18F]PSMA-MIC01 may result in a
delayed renal clearance and hepatobiliary clearance [62], as it was shown that lower lipophilic
structures such [18F]PSMA-1007 [64] or DOTA-chelates [69] showed a higher initial liver uptake
with faster clearance, while [18F]PSMA-MIC01 remain relatively constant during time This
might be the explanation for the difference in the liver uptake between [ 68Ga]PSMA-11 (logP
of -3.89  0.16 [70]) and [18F]PSMA-MIC01. However, [68Ga]PSMA-11 is already known for
the low uptake in the liver [50]. Compared to the liver uptake of [18F]PSMA-1007 with 1.06 
0.2 %ID g-1 (logP of -1.6 [62]), the liver uptake of [18F]PSMA-MIC01 is also elevated, indicating
indeed a hepatobiliary clearance.
[68Ga]PSMA-11 and other PSMA-binding tracers are known to have a quite high
accumulation in the salivary glands of patients [71] which is a limiting factor in its application
as theranostic agent due to the possible side-effect of xerostomia [72]. The ex vivo organ
distribution data of [18F]PSMA-MIC01 show that the salivary gland uptake is low in all
groups (0.5 to 1.1 %ID g-1). In summary, the in vivo data suggest that the tracer uptake in
tumor of [18F]PSMA-MIC01 is comparable with [68Ga]PSMA-11.

51

Chapter 3

3.3 Conclusions
We have established a modular molecular platform for targeting the prostate-specific membrane
antigen by modifying the glutamate-urea-lysine binding motif with an alkyne-functionality.
This study is showcasing the potential of prostate cancer imaging agents for interchangeable
medical imaging purposes, based on the CuI-catalyzed Huisgen [3+2]-cycloaddition. While it
only represents the appliacation in positron emission tomography, it is widely known that
copper-catalyzed azide-alkyne cycloadditions can be universally applied to any compound.
Wehave demonstrated the successful route starting from molecular design all the way to in vivo
evaluation. Preclinical analysis of the here presented radiotracer [18F]PSMA-MIC01 revealed
to have a similar binding affinity as well as imaging performance as the clinically used
[68Ga]PSMA-11 PET-tracer. Importantly, the high binding potential of the Glu-urea-Lys motif
was maintained, offering prospects for the use of clickable alkyne-PSMA-binding motif 7 as a
general modular platform.
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3.5 Experimental Section
3.5.1 General Materials

Solvents and reagents were purchased from commercial suppliers FluoroChem, TCI Chemicals,
Rathburn, Sigma-Aldrich, Acros chemicals, Fluka, Merck, Honeywell and Braun. Column
chromatography was performed using Merck silica gel 60 Å (40-63 m). 1H-NMR (500 MHz)
were measured on a Bruker Avance 4-channel NMR Spectrometer. 1H-NMR (400 MHz) and
19
F-NMR were measured on an Agilent Technologies 400-MR (400/54 Premium Shielded)
Spectrometer (400 MHz). NMR spectra were analyzed with the Software MestReNova
(Mestrelab Research) and chemical shifts are expressed in ppm with residual chloroform (δ =
7.26 ppm (1H)), methanol (δ = 3.35 ppm (1H)), or dimethylsulfoxide (δ = 2.77 ppm (1H)) as
reference. In case not stated otherwise, radio-thin layer chromatography (rTLC) and thin layer
chromatography (TLC) were conducted with Sigma-Aldrich silica gel on TLC Al foils with
fluorescent indicator 254 nm and measured with an Amersham Typhoon GE Healthcare BioSciences AB Fluorescent analyzer or Cyclone phosphor storage system from PerkinElmer Life
and Analytical Science, Waltham, USA. High Performance Liquid Chromatography (HPLC)
was performed on a preparative HPLC system composed of a Waters Pump Control Module II,

52

Towards Modular Medical Imaging Agents: Synthesis and pre-clinical evaluation of [18F]PSMA-MIC01

XBridge Prep C18 5m 10x250mm column, Waters 2489 UV/Visible Detector, Berthold
FlowStar LB 513 radioactivity.
FlowSafe radiosynthesis module was developed and programmed by FutureChemistry. The
FlowSafe radiosynthesis module is a synthesizer in which radiochemical reactions can be
automated. It is a continuous-flow microfluidic platform using a glass microreactors (100 uL),
which are connected to a back-pressure regulator. The regulator adjusts the pressure within the
microreactor to 5.0 bar, which increases the boiling points of solvent. Additionally, this module
can combine microfluidics with in-batch reactions, as well as purification, by solid-phaseextraction or HPLC, see chapter 4 of this thesis for detailed description.

3.5.2 Organic Chemistry
(9S,13S)-Tri-tert-butyl
tricarboxylate (2).
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[18O]H2O was purchased from Cortecnec. For -counter measurements the Wizard 2480 from
Perkin Elmer was used. PET image analysis and quantification was performed using PMOD
v3.9 software (PMOD Technologies, Zürich, Switzerland).
3,11-dioxo-1-phenyl-2-oxa-4,10,12-triazapentadecane-9,13,15L-Glutamic

acid di-tert-butyl ester
hydrochloride 1 (10.0 g, 34 mmol, 1.7
eq.) and triethylamine (Et3N, 15.4 mL,
111.0 mmol) were dissolved in
dichloroethane (300 mL) and the
resulting solution was cooled to -78 °C. Triphosgene (3.41 g, 11.5 mmol, 0.6 eq.) in
dichloroethane (100 mL) was added dropwise to the reaction mixture. Upon complete addition,
the reactionmixture was allowed to warm to room temperature and stir for 30 min. H-Lys(Z)O-t-Bu hydrochloride (7.55 g, 20.2 mmol) was added, followed by Et3N (2.8 mL, 20.2 mmol,
1.0 eq.). The reaction mixture was allowed to stir at room temperature over the weekend.
Progress of the reaction can be followed on TLC by means of cerium nitrate dip reagent (with
heating). The reaction mixture was then diluted with dichloroethane (500 mL), and washed with
water (2 x 500 mL). The crude mixture was dried over sodium sulfate (Na2SO4) and
concentrated under reduced pressure. A clear oil (16.4 g) was isolated. Column chromatography
of the resulting oil (silica gel, hexane : ethyl acetate (EtOAc) gradient) yielded the target
compound 2 as a colorless oil (11.2 g, 18.0 mmol, 89 %). 1H NMR (299 MHz, Chloroform-d)
δ 7.40 – 7.28 (m, 5H), 5.22 – 5.00 (m, 6H), 4.33 (d, J = 4.6 Hz, 2H), 2.41 – 2.19 (m, 4H), 2.19
– 1.98 (m, 2H), 1.98 – 1.71 (m, 4H), 1.45 (s, 18H), 1.43 (s, 9H), in agreement with literature
data.[73]
Di-tert-butyl (((S)-6-amino-1-(tert-butoxy)-1-oxohexan-2-yl)carbamoyl)-L-glutamate (3).
To a solution of compound 2
(11.17 g, 17.96 mmol) in ethanol
(EtOH, 360 mL) were added
ammonium formate (11.33 g,
179.6 mmol, 10.0 eq.), followed
by 10 % palladium on carbon (10 % Pd/C, 1.13 g). The suspension was stirred at room
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temperature overnight. The reaction 0.mixture was filtered over Celite and concentrated to give
9.23 g of an oil, which solidified to a white residue. The product, which still contained
ammonium formate, was dissolved in dichloromethane (DCM, 100 mL), filtered, and washed
with 50 mL water. The layers were separated by centrifuging (4700 rpm, 20 min). The organic
layer was washed with 20 mL brine, dried over Na2SO4, filtered, and concentrated to give
compound 3 (6.62 g, 13.6 mmol, 76 %) as a white foam with a purity of 99.8 % according to
ELSD-HPLC. 1H NMR (300 MHz, Chloroform-d) δ 6.34 (d, J = 7.9 Hz, 1H), 6.12 (d, J = 8.2
Hz, 1H), 4.39 – 4.22 (m, 2H), 3.10 (m, 2H), 2.34 (m, 2H), 2.06 (d, J = 7.0 Hz, 1H), 1.79 (dq, J
= 21.8, 6.3 Hz, 5H), 1.59 (s, 4H), 1.45 (s, 18H), 1.43 (s, 9H). HPLC-MS: 3.963 min purity
99.8% (ELSD), ES-MS m/z 488.2 [M+1], in agreement with literature data.[73]
2,5-Dioxopyrrolidin-1-yl 4-((trimethylsilyl)ethynyl)benzoate (5).
To 4-[(trimethylsilyl)ethynyl] benzoic acid 4 (500
mg, 2.29 mmol) and N-hydroxysuccinimide
(NHS, 264 mg, 2.29 mmol) in tetrahydrofuran
(THF,
18
mL)
was
added
N,N’dicyclohexylcarbodiimide (DCC, 473 mg, 2.29 mmol). The mixture was stirred under nitrogen
overnight. After 10 min a suspension started to form. The reaction mixture was filtered over
Celite and the Celite cake was washed with THF. The filtrate was concentrated to give 725 mg
crude product. The product was purified by automated column chromatography (silica gel,
heptane : EtOAc gradient) to give compound 5 (0.63 g, 2.00 mmol, 87 %) as a white solid,
which was used in the next step without further characterization. 1H NMR (299 MHz, DMSOd6) δ 8.09 – 8.01 (m, 2H), 7.72 – 7.65 (m, 2H), 2.88 (s, 4H), 0.25 (s, 9H).
Di-tert-butyl (((S)-1-(tert-butoxy)-1-oxo-6-(4-((trimethylsilyl)ethynyl)benzamido) hexan2-yl)carbamoyl)-L-glutamate (6).
A mixture of compound 3 (0.50 g, 1.03
mmol), succinimide 5 (0.32 g, 1.03 mmol,
1.0 eq.) and Et3N (0.14 mL, 1.0 mmol, 1.0
eq.) in 50 mL DCM was stirred at reflux
temperature under nitrogen overnight. The
mixture was washed with 50 mL water,
dried over Na2SO4, filtered and
concentrated to give 0.82 g yellow oil. The crude product was purified by automated column
chromatography (silica gel, gradient heptane : EtOAc) to give compound 6 (500 mg, 0.727
mmol, 72 %) as a white foam with a purity of 89 % according to HPLC, which was used in the
next step without further characterization. 1H NMR (299 MHz, Chloroform-d) δ 8.35 (s, 1H),
7.78 (d, J = 8.0 Hz, 2H), 7.48 (d, J = 8.0 Hz, 2H), 6.75 (s, 2H), 5.22 (s, 2H), 4.29 (d, J = 22.5
Hz, 2H), 3.44 (s, 2H), 2.33 (tq, J = 17.1, 10.5, 8.6 Hz, 2H), 2.07 (m, 2H), 1.84 (q, J = 8.1, 7.3
Hz, 4H), 1.45 (s, 9H), 1.44 (s, 9H), 1.43 (s, 9H), 0.26 (s, 9H). ES-MS m/z 688.3 [M+1].
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(((S)-1-Carboxy-5-(4-ethynylbenzamido)pentyl)carbamoyl)-L-glutamic acid (7).
A solution of compound 6 (1.3 g, 1.89 mmol)
in dry dichloroethane (5 mL) and
trifluoroacetic acid (TFA, 10 mL) was stirred
at room temperature for 3 h. The reaction
mixture was worked up by evaporation and
co-evaporation with dichloroethane three
times to remove residual TFA. The compound
was purified by automated reverse phase column chromatography. Fractions containing the
product were combined and the solvent partially evaporated. The aqueous residue was dried by
freeze drying. The product 7 was isolated as a white solid (580 mg, 1.3 mmol, 69 %). 1H NMR
(299 MHz, Methanol-d4) δ 8.50 (d, J = 5.9 Hz, 1H), 7.85 – 7.71 (m, 2H), 7.59 – 7.46 (m, 2H),
4.29 (ddd, J = 8.2, 6.5, 4.9 Hz, 2H), 3.65 (s, 1H), 3.38 (tt, J = 6.4, 3.3 Hz, 2H), 2.50 – 2.31 (m,
2H), 2.25 – 2.05 (m, 2H), 2.04 – 1.79 (m, 2H), 1.79 – 1.59 (m, 4H), 1.49 (p, J = 7.3 Hz, 2H).
ES-MS m/z 448.2 [M+1], 917.2 [2M+23].
2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl (8).
2-(2-(2-Azidoethoxy)ethoxy)ethan-1-ol S1 (1.0 g,
5.7 mmol) was dissolved in 6 mL anhydrous DCM
with Et3N (1.5 g, 14.9 mmol) and 4dimethylaminopyridine (DMAP, 0.09 g, 0.74
o
mmol) and cooled to 0 C. p-Toluenesulfonyl chloride (TsCl, 1.5 g, 8.0 mmol), dissolved in 3
mL DCM was slowly added to the solution. The reaction mixture was stirred at room
temperature for 18 h. After completion, the reaction mixture was washed with 1 M hydrochloric
acid (aq. 1 M HCl), saturated aq. sodium bicarbonate (sat. NaHCO3) and brine. The organic
layer was separated and volatiles were removed in vacuo to obtained crude product 8 which
was further purified by column chromatography (silica gel, 1:2 EtOAc: hexane). The product 8
was obtained as yellow oil (1.4 g, 4.3 mmol, 74 %).1H NMR (400 MHz, Chloroform-d) δ= 7.80
(d, J = 8.2 Hz, 2H), 7.36 – 7.33 (m, 2H), 4.18 – 4.15 (m, 2H), 3.72 – 3.69 (m, 2H), 3.64 (dd, J
= 5.5, 4.6 Hz, 2H), 3.60 (s, 4H), 3.38 – 3.35 (m, 2H), 2.45 (s, 3H), 1.57 (s, 3H), which is in
agreement with literature data.[74]
1-Azido-2-(2-(2-fluoroethoxy)ethoxy)ethane (9).
To a solution of compound 8 (200 mg, 0.60
mmol) in tert-butanol (4.8 mL) was added
tetrabutylammonium fluoride (TBAF, 1 M in
THF, 1.2 mL, 1.2 mmol, 2.0 eq.). The mixture
was stirred in a closed vial at 100 °C under nitrogen overnight. The reaction mixture was
concentrated and the residue was extracted with DCM (5 mL) / water (5 mL). The organic layer
was dried over Na2SO4, filtered and concentrated to give 267 mg of a yellow oil. The crude
product was purified by column (silica gel, heptane : EtOAc, gradient 5 % - 10 % EtOAc) to
give compound 9 as a colorless oil (62 mg, 0.20 mmol, 33 %). 1H NMR (299 MHz, Chloroformd) δ 4.69 – 4.62 (m, 1H), 4.52 – 4.46 (m, 1H), 3.85 – 3.78 (m, 1H), 3.75 – 3.64 (m, 7H), 3.40
(t, J = 5.1 Hz, 2H), which is in agreement with literature data.[74]
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(((S)-1-Carboxy-5-(4-(1-(2-(2-(2-fluoroethoxy)ethoxy)ethyl)-1H-1,2,3-triazol-4yl)benzamido)pentyl)carbamoyl)-L-glutamic acid (F-PSMA-MIC01).
A mixture of compounds 7 (30 mg, 0.07
mmol) and 9 (21 mg, 0.067 mmol, 1.0
eq.) in dimethylformamide (DMF, 1.5
mL) was stirred under nitrogen. A
sonicated yellow suspension of
copper(II)
sulfate
pentahydrate
(CuIISO4  5 H2O, 0.83 mg, 0.003 mmol,
0.05 eq.) and L-ascorbic acid sodium
salt (1.3 mg, 0.007 mmol, 0.1 eq.) in water (0.5 mL) was added. The resulting yellow solution
was stirred for 2 d. A colorless reaction mixture was formed. The mixture was concentrated and
the crude product purified by preparative HPLC to give reference compound F-PSMA-MIC01
as a white solid (34 mg, 0.054 mmol, 81 %). 1H NMR (299 MHz, Methanol-d4) δ 8.47 (s, 1H),
7.92 (app d, J = 1.2 Hz, 4H), 4.66 (t, J = 5.0 Hz, 2H), 4.60 – 4.51 (m, 1H), 4.44 – 4.34 (m, 1H),
4.19 (s, 2H), 4.02 – 3.91 (m, 2H), 3.77 – 3.70 (m, 2H), 3.69 – 3.56 (m, 4H), 3.40 (t, J = 6.7 Hz,
2H), 2.38 (s, 2H), 2.12 (s, 2H), 1.95 (s, 2H), 1.66 (d, J = 8.6 Hz, 4H), 1.51 (s, 2H). 13C NMR
(75 MHz, Methanol-d4) δ 168.20, 146.36, 133.96, 133.36, 127.62, 125.10, 122.43, 83.75, 81.52,
70.26, 70.16 (d, J = 1.5 Hz), 70.05, 70.01, 68.91, 50.16, 39.61, 32.85, 29.28, 28.80, 22.81. 19F
NMR (376 MHz, Methanol-d4) δ = -224.62 (tt, J = 48.3, 30.3). ES-MS m/z 625.3 [M+1]. ESIHR-MS: m/z 647.2437 [M+Na] (theoretical: m/z 647.2447 [M+Na]).

3.5.3 Radiochemistry
All executed syntheses and experiments were performed in agreement with the local radiation
safety regulations by well-trained / licensed radiochemists. This includes that all actions were
performed in lead-shielded fumehoods and HPLC systems, reaction vials were kept in lead
containers as much as possible and the radiochemists were working with long tweezers to
increase the distance between the extremities of the radiochemist and radiation source. The
radiation burden of the radiochemists were checked every month by the radiation safety
manager. The FlowSafe synthesizer module was kept in a closed, lead-shielded HotCell to
avoid any radiation burden for the radiochemists.
Fluorine-18 production and preparation.
Sep-Pak light Accel Plus QMA, pretreated with 10 mL 1.4% sodium hydrogen carbonate and
15 mL water and were dried under a helium flow. [18F]Fluoride was produced by irradiation of
[18O]H2O using the IBA Cyclone 18/18 Twin with a conical-5 target via the 18O(p,n)18F nuclear
reaction. Subsequently, the [18O]H2O containing [18F]fluoride was trapped on the pretreated
Sep-Pak light Accel Plus QMA. [18F]fluoride was eluted using mixture of 1 mg K2CO3
dissolved in 200 µL water and 15 mg Kryptofix K222 in 800 L acetonitrile (MeCN). Solvents
were evaporated at 130 oC using helium flow. One mL of anhydrous MeCN was added 3 times
to remove residues of water.
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Manual radiosynthesis of [18F]9.
Tosylate 8 (3.0 mg, 0.009 mmol) was azeotropically dried at 100 oC using anhydrous MeCN.
After drying, 8 was dissolved in 300 µL anhydrous MeCN and added to the dried [18F]fluoride
(low amounts of radioactivity) and left to react for 10 min at 100 oC. After completion of the
reaction, the product was cooled down and diluted into 100 mL 0.9 % aq. NaCl solution to
improve the removal of fluoride. The solution was passed over an Oasis HLB Plus LG
Extraction cartridge and washed with 20 mL water. The product [18F]9 was eluted with 1.5 mL
DMSO. Radiochemical yield (RCY) [11] was 21%.
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Manual radiosynthesis of [18F]PSMA-MIC01.
An aqueous solution of click reagents containing CuIISO4  5 H2O, (2.27 mg, 0.009 mmol), Lascorbic acid sodium salt (3.61 mg, 0.018 mmol) and bathophenanthrolinedisulfonic acid
disodium salt (SBP, 7.34 mg, 0.014 mmol) was prepared. Alkyne-Glu-urea-Lys 7 (5.0 mg, 0.01
mmol) was dissolved in 50 L DMSO and diluted with 1.5 mL H2O and added to the click
reagent solution and mixed. This solution was added to the purified [18F]9 in DMSO and heated
up until 80 oC for 20 min. After cooling down, the reaction mixture was diluted with 1.5 mL
H2O and is purified by HPLC (30% MeOH in H2O with 0.1 % formic acid, with a flow of 5
mL/min). The peak eluting at approximately 20 min was collected and diluted with 60 mL H2O
and transferred over an Oasis HLB Plus LG Extraction cartridge, washed with 40 mL H2O and
eluted with 0.5 mL EtOH and 4.5 mL phosphate buffered saline (PBS). Prior to every in vivo
injection [18F]PSMA-MIC01 underwent quality control performed by an independent person
(Figure 9), to ensure that no radiochemical impurities influence the PET image and
biodistribution.

Figure 9. Quality Control. A) UPLC chromatogram ( at 254 nm) of the referene compound F-PSMA-MIC01.
The obtained retention time was 3.5 min. (B) UPLC chromatogram of the [ 18F]PSMA-MIC01 production for in
vivo studies performed by Quality control. In green the UV chromatogram (254 nm) is shown and in black the
radiodetector.

Automation with FlowSafe Click Synthesis Module.
After successful manual synthesis, the 18F- radiolabeling was automated for scaling-up purposes
using the FlowSafe continuous-flow micro-reactor platform for [18F]PSMA-MIC01 and
[18F]PSMA-MIC02. Both the azide-tosylate 8 and [18F]fluoride were azeotropically dried,
dissolved in anhydrous MeCN and transferred through a 100 µL micro-reactor with a total flow
speed of 80 µL/min, resulting in an effective reaction time of 75 s and an overall time of 17 min
for complete transfer of both solutions through the micro-reactor. 18F-fluorinated synthons were
purified using a Solid Phase Extraction cartridge and eluted with DMSO into a vial containing
the pre-dissolved acetylene-PSMA-binding ligand and click reagents in H2O.
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Radiotracer stability of [18F]PSMA-MIC01.
The stability of [18F]PSMA-MIC01 and [18F]PSMA-MIC02 was tested to ensure the integrity
of the tracer in solution. The reference compounds for both, F-PSMA-MIC01 and F-PSMAMIC02, gave a retention time of 20 min. Since HPLC was used for purification, the first step is
to collect the radioactive peak eluting at 20 min. After purification and formulation into an
injectable solution of 10 % EtOH in PBS, the radiotracer was analysed by HPLC again, which
was repeated after 2 h and 4 h.

Figure 10. Stability of [18F]PSMA-MIC01. HPLC purification of [18F]PSMA-MIC01 (A), in which the fraction
at 20 min (the highest peak on the radiochromatogram) was collected and its stability tested after formulation 0h
(B), after 2 h (C) and after 4 h (D).

Distribution coefficient logD.
n-Octanol (0.49 mL) and PBS (0.41 mL, pH = 7.4) were pipetted into a 1.5 mL Eppendorf cup,
100 L of the formulated final solution of [18F]PSMA-MIC01 or [18F]PSMA-MIC02 was added
and the mixture vortexed for 1 min and centrifuged for 5 min at 75000 rpm. The different layers
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were separated and 100 L of each layer were measured on a -counter. Based on the counts
per minute (CPM) of each fraction, the partition coefficient was measured with the following
formula: log(CPMoctanol/CPMPBS). The obtained data are shown in Table 2.
Table 2. Counts per minute (CPM) of the 3 indidivually measured triplicates of [ 18F]PSMA-MIC01 of noctanol and PBS.

PBS (CPM)
2817174.28
2715328.33
2947477.89
642597.17
646465.72
640463.84
2354084.13
2357291.58
3956671.48

BLK (CPM)
93.59
93.59
93.59
93.59
93.59
93.59
50.84
50.84
52.31

LogD
-3.03
-2.99
-3.02
-3.27
-3.20
-3.21
-2.72
-2.81
-2.83

Mean
-3.02

SD

-3.28
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No 1.1
No 1.2
No 1.3
No 2.1
No 2.2
No 2.3
No 3.1
No 3.2
No 3.3

Octanol (CPM)
2673.07
2823.43
2851.73
345.49
408
394.49
4534.46
3690.69
5848.38

-2.79

-3.01

0.22

3.5.4 Cell culture
Prostate cancer cell lines PC-3 and LNCaP were obtained from the American Type Culture
Collection (ATCC, Manassas, VA). Cells were cultured in RPMI-1640 (Lonza, Swiss),
supplemented with 10 % fetal calf serum (FCS, Thermo Scientific Waltham, MA) at 37°C in a
humidified 5 % CO2 atmosphere. To enhance adherence of LNCaP cells tissue culture flasks
and/or well plates were pre-coated with poly-D-lysine (Merck) according to the manufacturer
protocol. Cells were regularly checked for mycoplasma infection.
Cell binding studies.
For the determination of the binding affinity, a competitive binding radioassay was performed.
Two 24 well plates were incubated with 50.000 cells 3 to 4 days prior to the cell experiments.
After washing the cells twice with warm PBS, new medium was added. For the binding affinity,
50 L of 14 different concentrations in triplicate ranging from 0.2 to 10000 nM of the cold
reference compound F-PSMA-MIC01 were added to the wells shortly before 50 µL of the
radioligand [68Ga]PSMA-HBED-CC or [18F]PSMA-1007 to reach a final volume of 500 L in
each well. After incubation of 90 min at 37°C under humidified conditions the cells were
washed twice with ice-cold PBS to remove unbound tracer. Cells were detached from the wells
using Trypsin supplemented with 25 % EDTA and incubated until cells were completely
detached. 900 µL of medium was added and cells were transferred into tubes. The remaining
activity in the cells was measured in a -counter. Subsequently, the cells were counted in a 1:1
solution of cell suspension and Trypan Blue. The tracer uptake was calculated using Microsoft
Excel and corrected for the average number of cells and averaged. The logIC 50 value was
calculated using the non-linear regression algorithm for a one-site FITlogIC50 using
PrismGraphPad 7.2. The graphs represented show the average of the three individual
experiments, while the mentioned logIC50 was calculated from the mean of the three
experiments (Table 3).
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Table 3. The logIC50 values for the binding affinity study of F-PSMA-MIC01 against [68Ga]PSMA-11.

No 1
No 2
No 3

PSMA-11 precursor
-7.12
-7.03
-7.53

F-PSMA-MIC01
-7.24
-6.86
-6.59

Mean
SD

-7.23
0.27

-6.89
0.32

3.5.5 Animal study
The animal experiments were all performed according to the ethical guidelines and approved
by the local animal welfare committee of the University of Groningen (IvD number 15166-06001. All animals were caged separately in individually ventilated cages.
In vivo study.
7-12 week old immune deficient Balb/c nude mice were inoculated with 200 µL of a 1:1
suspension of medium containing approximately 4 x106 LNCaP cells (PSMA positive cells) or
5 x 106 PC3 cells (PSMA-negative cells) in RPMI-1640, and Matrigel Basement Membrane
Matrix High concentration. The cells were subcutaneously inoculated on the right shoulder.
After 3 to 5 weeks for LNCaP-xenografts, 2-3 weeks for PC3-xenografts or when a tumor size
of 1cm3 was reached, the animals were transported to the PET imaging facility. For the blocking
study, a 40 nM solution of 2-(phosphonomethyl)pentanedioic acid (2-PMPA) was prepared and
100 µL were injected via penile vein injection 30 min prior to the tracer injection. Animals were
anesthetized at 5 % isoflurane and maintained under 2 % isoflurane enriched with O2. The
dynamic PET scan was started within 5 min after tracer injection with an acquisition time of 90
min. The static scan was performed 60 min after tracer injection with an acquisition time of 30
min.
Organ distribution and Metabolite analysis.
After sacrificing the animals, the organs were dissected and measured in a -counter. The
obtained CPM’s were normalized to %ID g-1 (Table shown in main text). For the metabolite
analysis, urine and plasma samples were pipetted onto a TLC plate and run in a solution of 10
% MeCN in H2O and read out in an Amersham Typhoon (GE). Additionally to the ex vivo
biodistribution data shown in Table 1 in the main article, the image quantification based on the
standardized uptake value (SUVmeanBW) was performed. The obtained data are represented in
the following Table 4. Here, we show the results obtained by image quantification of the 4
different groups. Comparison of tumor uptake in PSMA-expressing LNCaP xenografts of (1)
[68Ga]PSMA-11 and (2) [18F]PSMA-MIC01 (the same animals). (3) the PSMA-negative PC3
xenograft. (4) Confirmation of binding specificity of radiotracer [18F]PSMA-MIC01, by
blocking PSMA in LNCaP-xenografts prior to radiotracer injection [64] using the potent PSMAinhibitor 2-PMPA.
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In order to check for the significant differences, we also checked for the Cohen’s d, a
measurement to determine the effect size. It is calculated on the following formula:
𝑀𝑒𝑎𝑛 − 𝑀𝑒𝑎𝑛

1
2
𝐶𝑜ℎ𝑒𝑛′ 𝑠𝐷 = 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 (𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑
.
𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛𝑠)

Table 4. Image quantification of the organ distribution calculated by SUV meanBW.
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