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1.1 Modularity

“Consisting of separate parts that, when combined, form a complete whole”
Definition of modular provided by the Cambridge Dictionary

In this thesis, we are exploring the different modular approaches that can be found within the
interdisciplinary field of positron emission tomography (PET) imaging. These approaches
involve modularity within the design of imaging agents and PET tracers, chemical reactions for
radiosyntheses and automation processes and how we can utilize modularity to increase the
binding affinity of our PET-tracers. Herein, we are following the definition provided by the
Cambridge Dictionary, namely that modularity describes a system built of different parts,
building blocks or functionalities. In this chapter, we are introducing the different areas of
modularity that are covered within this thesis, which includes modularity in medical imaging,
radiotracers and chemistry.

1.2 Medical imaging
The rapid development of clinical diagnostics employing non-invasive medical imaging
provides a broad spectrum of different techniques, which enable the specific visualization of
inner body structures and processes. For this purpose, there are modalities specifically designed
for imaging anatomy, such as X-ray or computed tomography (CT) [1] used for the visualization
of dense tissue structures, and magnetic resonance imaging (MRI) [2] or ultrasound [1] for soft
tissue. Physiological and biochemical processes can be visualized by single-photon emission
computed tomography (SPECT) or positron emission tomography (PET) [1,3]. Recently, optical
imaging devices are increasingly used in clinics, for instance near-infrared fluorescence (NIF)
to study the blood oxygen saturation for vascularization and perfusion [4] or fluorescence-guided
surgery to visualize the diseased tissue intraoperatively [5]. Depending on the medical imaging
technique and the biomarker that is aimed to be visualized, contrast media or imaging agents
are required to enhance the contrast of the image [6]. Imaging agents are composed of a ligand
that binds to a specific target or participate in certain processes within the body and an imaging
tag, such as fluorophores or radionuclides [7].
Modularity in medical imaging can be found in combination of medical imaging devices, in
which PET with CT or MRI are combined towards hybrid systems and the obtained images
provide the combined anatomical and physiological information [1,8,9]. But we can also find
modularity in ‘theranostics’, in which the diagnosis, in form of medical imaging, is combined
with therapy, which are often radiotherapeutic [10,11] and photodynamic therapeutic approaches
[12,13]
. In the following, we are focusing on PET imaging and their radioactive imaging agents,
the so-called radiotracers.

1.2.1 Positron Emission Tomography
PET is a non-invasive, molecular imaging technique to visualize physiological processes within
the body and is based on positron-emitting radionuclides. The principle of PET imaging is
shown in Figure 1, using [18F]fluoro-deoxy-D-glucose as an example, which is a radioactive
variant of D-glucose where the 2-hydroxyl-group is replaced by radioactive fluorine-18.
[18F]Fluoro-deoxy-D-glucose is taken up via the glucose metabolism, but cannot be processed
2
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further than the phosphorylation during glycolysis and is consequently trapped in the cell and
is used to visualize the glucose-consumption of cells, which can be an indication for cancerous
tissue [1]. After injection of the radiotracer, the radionuclide is undergoing radioactive decay
through +- decay, which is the main decay pathway for such radioisotopes as carbon-11 (t1/2 =
20.4 min, >99.9 % +) and fluorine-18 (t1/2 = 109.7 min, 96.9 % +) [14,15] providing a high
positron yield which is desirable for imaging purposes. During the +-decay, the radionuclide
releases a neutrino and a positron (+), a positively charged electron [16], see Figure 1. When
the positron collides with an electron, it annihilates. During the annihilation, two -photons of
511 keV energy are released in opposite directions, with an angle of 180o, given the energy of
this collision was equal or higher than 1022 keV [16,17].

0

n
18O

18F

Radioactive
decay

β+ positron

β+

e-

PET
image

Figure 1. The principle of positron emission tomography (PET) imaging. PET imaging requires the application
of radiotracers, which need to be synthesized shortly prior to the scan. The radiosynthesis is most commonly a 1to 2-step reaction and depending on the radionuclide, involves the replacement of a leaving-group or chelation of
a radiometal [19]. Here, we illustrated the synthesis of [ 18F]fluoro-deoxy-D-glucose ([18F]FDG) where the
radiolabeling is based in the replacement of a leaving group by the radionuclide complexed with a cryptand
[18F]KF/K222 [20]. Once the radiotracer is injected, it is accumulating in the targeted tissue. During the decay, a
positron is released that can annihilate with an electron, which produced two -photons in opposite directions [17].
These -photons induce the activation of the detectors, where the detection of both -photons originated by the
same annihilation is called coincidence [17]. Based on this information, the final image can be reconstructed.

Every radionuclide has a specific positron energy, see Table 1 for a brief overview, which can
be released as kinetic energy. The kinetic energy release enables the positron to travel
throughout the tissue. The travelled distance is known as the range of a positron [1]. Therefore,
positron energy has a direct influence on the resolution of the PET image, as it mainly
determines the range of the positron after decay [18].
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Table 1. Overview of the most prominent PET radionuclides, their half-lives, positron yields and positron
energies which determine their travel distance, here provided as mean range.
Radionuclide

Half-life

Positron
yield

Positron
energy

Mean
Range

Example

Ref.

Carbon-11

20.4 min

99.9 %

960 keV

1.2 mm

[11C]choline, [11C]PIB

[14,19,20]

Fluorine-18

109.7 min

96.9 %

635 keV

0.6 mm

[18F]FDG

[14,19,20]
[14,19,21]

Oxygen-15

2.03 min

99.9 %

1720 keV

3.0 mm

[15O]H2O

Nitrogen-13

9.97 min

99.8 %

1190 keV

1.2 mm

[13N]NH3

[14,19,21]

Rubidium-82

1.3 min

81.8 %

3150 keV

7.1 mm

82Rb

[14,19,21,22]

Gallium-68

67.8 min

87.7 %

1900 keV

3.5 mm

[68Ga]DOTATOC

[14,19]

Copper-64

12.7 h

17.5 %

653 keV

0.7 mm

[64Cu]ATSM

[14,19,23]

1.3 mm

[89Zr]trastuzumab

[14,19,24]

Zirconium-89

78.4 h

22.7 %

902 keV

The -photons produced during the annihilation are traced with detectors, built of scintillators
and photomultipliers, by capturing their coincidence [17]. Their output is a sinogram, which can
be recalculated using algorithms to the final PET image [17].

1.2.2 Radiotracer
PET imaging requires the application of radionuclide containing imaging agents. These
imaging agents are either called radiotracers or radiopharmaceuticals [25,26], and both terms are
still being used interchangeably [25]. For clarification, this thesis uses the term radiotracers to
include all radiolabeled compounds, while the term radiopharmaceuticals is used for the final
formulated product applicable for intravenous injections in vivo that meet the high standards of
pharmaceuticals [25,27], in terms of purity and functionality and additionally molar activity and
radiochemical purity [28]. As the presented radioactive compounds described in this thesis are
all used in the research and development setting, we are mainly using the term radiotracer
throughout.
The type of radionuclide used in a radiotracer is of main importance for the spatial resolution
of the image (vide supra), as their positron energy is a main indicator how far the positron can
travel within the tissue. However, the final image contrast is even more related to the imaging
agent itself. Radiotracers are constructs of the chosen radionuclides and either (partly)
metabolically active compounds such as [18F]FDG and [13N]NH3, receptor- and enzymespecific targeting agents through the application of small molecules like [18F]PSMA-1007 or
antibodies like [89Zr]trastuzumab [22,24,29]. The image contrast is strongly dependent on the
receptor density Bmax and the binding affinity expressed as the dissociation constant Kd, as
sufficient image contrast requires at least a Bmax Kd-1 ratio of 4 [29] and preferably higher.
However, in order to be able to produce the desired radiotracer, the 3 fundamental pillars of
radiotracer accessibility should be considered: [30].
1) Radionuclide production: The most common production of the clinically- used
radionuclides carbon-11 (via 14N(p,α)11C nuclear reaction), fluorine-18 ( via 18O(p,n)18F
nuclear reaction) and nitrogen-13 (via 16O(p,a)13N nuclear reaction) is by a cyclotron,
which is a particle accelerator and produces a high energetic proton beam [30]. The
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radionuclide-specific target is bombarded with the proton beam, resulting in the
production of the desired radionuclide [30]. Another method is the application of a
generator to produce radiometals.
2) Methodology for radiosynthesis: It is important to have short reaction times in order to
get sufficient amounts of radiotracer. This is due to the fact that nuclear medicine mostly
uses short-living nuclides [30]. Additionally, a guideline is given to achieve molar
activities of around 30 GBq mol-1 [29].
3) Radiotracer production: The production of a radiotracer in sufficient amounts for patient
doses requires quite high amounts of starting materials. In order to prevent the
radiochemists from exposure, it is necessary to automate the production [30]. This also
ensures reproducible reaction conditions and eliminates contaminations, which can be
caused by the worker.
Within these 3 pillars, we can find modularity in the second and third pillar: Methodology of
radiosynthesis and radiotracer production. While the methodology is based on the chemistry
and radiochemistry, the radiotracer production aims for the implementation of a radiotracer into
the clinical setting by automated radiotracer production [31,32]. The field of chemistry allows the
application of diverse reactions that are suitable for the radiosynthesis, however only a few can
actually be called modular (vide infra). As the clinical radiotracer production requires synthesis
automation, these radiosyntheses are produced in specific cassette- based radiosynthesis
modules [33]. More modules and procedures to synthesize more radiotracers become
continuously commercially available. This shows that these radiosynthesis modules can be
adapted for several different radiotracer productions.

1.3 Disease-specific targeting of radiotracer
Unlike pharmaceuticals, radiotracers do not show any pharmacological effect, due to the low
amounts that are injected [27]. However, radiotracers need to show highly specific and selective
binding, fast clearance of non-bound radiotracers, low protein or blood-cell binding, low nonspecific binding, lack of toxic effects and high in vivo stability [27,29]. Additionally, the
lipophilicity should match the requirements for desired target to allow, if necessary, the
penetration of the blood-brain-barrier [27,29]. Additionally, the radiotracer should allow the study
of pharmacokinetics and enable quantification, which is not possible for metabolized
radiotracers [27,34]. However, these are generic applicable properties of radiotracers and need to
be adjusted to every disease that is aimed to be visualized and quantified. In this thesis, we are
exploring modular radiotracers in the context of prostate cancer and heart failure. In the
following section, the health-related concerns are introduced with specific attention to the role
of medical imaging in their diagnostics.

1.3.1 Prostate cancer
Statistically, every 5th case of cancer among the male European population in 2018 was prostate
cancer (PCa) [35]. Prostate cancer has different risk factors, with age being the main factor and
the highest incidence rate in men >65 years with a percentage of around 60 % [36]. As the
population is getting older, the incidence rate is expected to increase 4-fold until the year 2050
5
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. This presents a problem for the health care systems due to the high economic burden, which
in 2006 was estimated to be 107 – 179 million € in Europe (UK, Germany. France, Spain,
Netherlands, Italy) for the care provided only within the first year after diagnosis [38].
PCa ranges from an asymptomatic, low-grade cancer stage to an aggressive high-grade cancer
with the formation of metastasis or even the development towards castration-resistant prostate
cancer [39–41]. Nowadays, the assessment of the prostate-specific antigen (PSA) level in blood
or a digital rectal exam are already part of the standard care, and the gold standard of PCa
diagnosis is usually the transrectal ultrasound-guided (TRUS) biopsy [42]. However, depending
on the positioning of the needle, a biopsy can give a false-negative result or an under- or
overestimated stage of the disease [43]. Therefore, the European Association of Urology
suggested in 2019 to include PET-CT scans into the standard care for biochemical recurrent
cased of PCa after prostatectomy [44].
In the field of nuclear medicine, several radiotracers for PCa were evaluated [45,46]. [18F]FDG
application in PCa is limited, since PCa is characterized as having a low glycemic activity,
which results in low [18F]FDG uptake [41]. Other radiotracers were [11C]choline, which showed
a strong relation to the PSA level, sodium-[18F]fluoride for the detection of bone metastases
and [18F]fluciclovine for recurrent and extra-prostatic PCa [45]. During the last years, nuclear
medicine focused on finding new targets for the early diagnosis of prostate cancer [47]. One
example is the overexpressed gastrin-releasing peptide receptor (GRPR). GRPR can be targeted
with Bombesin, which is an analog of the human gastrin-releasing peptide and is constructed
out of 14-amino acids [45]. Radiotracer examples using Bombesin are [ 68GA]AMBA [45],
[18F]PESIN [48,49] and more [50,51].
The visualization of prostate cancer was revolutionized by the discovery of the presence and
overexpression of the prostate specific membrane antigen (PSMA) in 1993 and 1995,
respectively [52,53]. The indium-111-labelled monoclonal PSMA-antibody capromab pendetide,
better known as ProstaScint, is the first Food-and Drug Administration (FDA) approved PETtracer for PCa used in clinics [54–56]. However, the disadvantage of ProstaScint is the long
circulation time of the antibody, which decreases its imaging potential [57]. Therefore, research
was performed towards finding small molecular weight molecules targeting PSMA. Several
tracers were developed and published with very promising results, including three main binding
motifs – thiol-based, phosphoric acid-based, and urea-based PSMA Inhibitors (Figure 2) [58].

Figure 2. Different binding motifs for targeting the prostate specific membrane antigen
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[68Ga]PSMA-HBED-CC was the first clinically used radiotracer targeting PSMA [59] and it is
based on the urea-based glutamate-urea-lysine (Glu-urea-Lys) binding motif [60]. Despite its
high diagnostic potential, the production capacity is limited as one production yields only a few
patient doses [61]. Additionally, gallium-68 has a positron energy of
1.9 MeV and a lower positron yield than fluorine-18 (635 keV), which results in a lower
positron sensitivity as well as resolution of the final image [18,61]. This fact promoted the
development of fluorine-18-based PSMA tracers for PCa imaging [18]. In 2016, the Kopka group
published the first clinical data of [18F]PSMA-1007 [62]. [18F]PSMA-1007 consists of the same
PSMA-binding motif based on Glu-urea-Lys [61,62]. Despite the fact that nowadays the field of
nuclear medicine is well equipped with radiotracers for PCa, even at different stages, PSMA
became a universal showcase for new imaging techniques as it provides high binding potentials
and is also used in this study.

1.3.2 Heart Failure
Unlike PCa, research on heart failure (HF) is less prevalent in radiochemistry and
radiopharmaceutical sciences. However, >37.7 million people are estimated to suffer from HF
globally [63]. Although usually HF refers to several cardiac diseases, it is defined as the complex
clinical syndrome related to structural and functional impairment of the ventricles [63,64]. HF can
be specified into two main groups: 1) preserved ejection fraction, showing an ejection fraction
of more than 50 % (HFpEF), and 2) reduced ejection fraction (HFrEF), in which the ejection
fraction is below 40% [63]. It was shown, that HFrEF mainly occures within the male population,
while HFpEF is mainly found in women [64,65]. Both types are related to a left ventricular
dysfunction, which lead eventually to worsening of the disease caused by prolonged
compensational actions of the adrenergic and neuro-hormonal system [66].
Patients suffering from HFrEF usually have comorbidities, in which not only the left ventricle,
but also the right ventricle is affected, often caused by coronary artery diseases with myocardial
infarction [64]. HFpEF is mainly developed in cases with a history of hypertension, obesity and
diabetes mellitus [64]. Other comorbidities such as coronary artery disease and atrial fibrillation
can also occur [64]. The difficulty in diagnosing HF is that it has non-specific symptoms [63].
Typical signs and symptoms, among others, are fatigue, anorexia, confusion, dyspnea and
edemas, elevated jugular venous pressure and tachycardia, [67].
With this clinical challenge in mind, researchers are aiming to find useful biomarkers that can
be used for diagnosis, but also fundamental research [68]. In the last years, medical imaging
methods, such as echocardiography, cardiac magnetic resonance or computed tomography and
fusion imaging including PET/CT, evolved to frequently used imaging modalities for the
evaluation of the left ventricle function for monitoring HF [69]. PET/CT scan using [15O]H2O is
commonly used to analyze the myocardial perfusion, combined with the visualization of
coronary artery stenosis [69]. Quantification of the obtained PET data allows the assessment of
the blood flow and reserved flow [70]. [18F]FDG proved to be useful in the viability imaging of
the myocardium, which is an important factor in the recovery phase from HF [70]. But [18F]FDG
also evolved to be a useful imaging agent for the diagnosis of right ventricle HF and pulmonary
hypertension [71,72].
7
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It was found that meta-[123I]iodobenzylguanidine ([123I]MIBG) is a useful imaging agent for
the patient risk stratification, as it visualized the adrenergic neuron function [73] to identify the
presynaptic norepinephrine homeostasis imbalance [74]. This is an early stage biomarker, as the
neuro-hormonal system is responsible for the compensational effect caused by the functional
loss related to HF. Therefore, the neuro-hormonal system activates the 1- and 2- as well as
α1-adrenergic receptors [75]. However, this leads in time to myocardial toxicity, related to
arrhythmias, tachycardia and decreased ejection fraction [75]. The standard treatment is blocking
the endogenous and neuro-hormonal axis by using -blockers that specifically bind to the adrenergic receptors (ARs) [75]. This is due to the fact that ARs are the main adrenergic
receptors present on the myocardium, with 80 % of them being 1ARs [76,77]. However, the
ARs show desensitization due to overstimulation and a receptor density loss during the
progress of HF [78,79]. Therefore, cardiologists together with the PET imaging community
became interested in targeting and quantifying the receptor density of cardiac selective 1ARs
[80–82]
. With this interesting finding of a reduced 1AR density on the myocardium, we are
aiming in this thesis to improve the binding affinity of ARs ligands for future PET imaging
and quantification applicable in the early stages of HF.

1.4 Modularity in Radiotracer Methodology

The second pillar of radiotracer accessibility involved the methodology of radiotracer synthesis.
Modularity in chemical reactions can be widely found [83] in the form of (molecular) building
blocks and peptides that are coupled together [84,85]. However, radiosynthesis also requires being
fast while they give high yields and are easy to purify, ideally stereospecific, in order to provide
a reliable and active radiotracer. Considering these characteristics of a modular and fast
reaction, high efficiency and easy to purify, click reactions are among the first reactions that
come to mind as they fulfill these requirements for a high degree (vide infra).

1.4.1 Click chemistry

Click chemistry, introduced in 2001 by Kolb, Finn and Sharpless, describes the regiospecific
connection of building blocks to enable the synthesis of pure molecular entities [86]. However,
reactions are only privileged to bear this name when they fulfill several criteria [86]:
- Reaction must be wide in scope
- High yielding
- Harmless by-products, that can easily be removed
- Stereospecific, however not enantiomer specific
- Ideally commercially available starting materials
- Reaction should proceed neat or in aqueous solutions
- With simple product purification
A common feature of all click reactions is that they have a high thermodynamic driving force
of >20 kcal/mol, which results in fast reaction times [86,87]. Due to these characteristics, click
reactions are very suitable for radiotracer synthesis [88] that requires short reaction times. The
prototypical click reaction is the cycloaddition of azides with alkynes [86], strongly based on the
seminal contribution of Prof. Rolf Huisgen, who passed away earlier this year shortly before
8
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his 100th birthday [89]. His groundbreaking discoveries, however, still live on and have inspired
seminal developments. One of them is the introduction of the principle of [3+2]-cycloadditions
using 1,3-dipolar compounds forming a 1,2,3-triazole [90,91]. Hence, this reaction is also known
as Huisgen azide-alkyne cycloaddition [86]. The reaction is based on the 1,3-dipolar azide,
which forms a 4π-system that reacts with dipolarophiles alkyne that can provide 2π electrons
[92]
, as simplified in Figure 3.
C
E

C

1,3 - dipole

dipolarphile

[3+2]-cycloaduct

Figure 3. General [3+2]-cycloaddition reaction of 1,3-dipolar compounds with dipolarophiles to form a fivemembered cycloadduct.

In 2002, the copper-catalyzed variant of the Huisgen [3+2]-cycloaddition, the coppercatalyzed azide-alkyne Cycloaddition (CuAAC) was reported individually by the research
teams of Meldal and Sharpless [90,93], in which copper(I) (CuI) increases the reaction speed and
produced exclusive the 1,4-disubstituted 1,2,3-triazole [90,93].
It was Prof. Carolyn Bertozzi, who introduced the term ‘bioorthogonal chemistry’ in 2003 [94,95],
which include those chemical reactions that can be performed under physiological conditions
on biomolecules, biological processes and cells which even enables its application in vivo [95].
Herein, the azide-functionality plays a certain role, as it is highly bioorthogonal and very
selective [94] and hence can be found in various bioothogonal reactions. The cornerstone of
‘bioorthogonal chemistry’ was laid with the introduction of the Staudinger-Bertozzi ligation
in 2000 [96]. The Staudinger-Bertozzi ligation, which is a further development of the Staudinger
reaction, is used for the selective formation of a carboxy-amide bond through ligation of azides
and phosphines. Herein, the azide interacts with the phosphine, to form first a phosphazide
intermediate which undergoes intramolecular rearrangement resulting in nitrogen loss and
obtaining an azaylide or iminophosphorane. Further rearrangement and phosphorane hydrolysis
lead to the final selective carboxy-amide linked product [97,98]. The generic Staudinger-Bertozzi
ligation is shown in Figure 4.

Figure 4. Staudinger-Bertozzi ligation.

The introduction of bioorthogonal chemistry resulted in a further development of CuAAC
within the field of medicinal chemistry. Although it consists of two highly bioorthogonal
functional groups of azides and alkynes, the CuI-toxicity does not allow its in vivo application
9
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– hence CuAAC is only an orthogonal reaction. Therefore, several approaches were made
to develop a bioorthogonal variant of this reaction. It was again Prof. Bertozzi who published
in 2004 the principle of Strain-promoted azide-alkyne cycloaddition (SPAAC) [99]. In
SPAAC, strained cyclooctynes are used as the alkyne-components. In the presence of an azide,
the cyclooctyne will form a triazole ring, which is promoted by a decreased activation energy
of the cycloaddition due to the ring strain release and the ring-formation proceeds without the
need for a transition metal catalyst [15,99,100]. However, this reaction has slower kinetics than
CuAAC’s [101,102].
[95]

Figure 5. Strain-promoted azide-alkyne cycloaddition.

In the following years, different click reactions were introduced into the field of
radiopharmaceutical sciences [15,103]. Among them, the Diels-Alder [4+2]-cycloaddition which
describes the reaction of a diene with a dienophile to form a six-membered cycloadduct [104],
see Figure 6. Similar as the [3+2]-cycloaddition, it consists of a 4π system and 2π-electrons.

Figure 6. Diels alder reaction of butadiene and a dienophile forms a six-membered [4+2]-cycloaddition.

The fastest known click reaction by the current state of scientific knowledge is the inverse
electron-demand Diels-Alder (IEDDA), which is also known as the [4+2]-cycloaddition of
1,2,4,5-tetrazines with an electron-rich dienophile, which can be an alkene or an alkyne.[102,105]
This step forms a strained bicyclic intermediate, which undergoes retro-Diels-Alder reaction
[106,107]
. Oxidation of the isomers of 4,5-dihydropyridazine yields the final product of
pyridazine, as shown in Figure 7.

Figure 7. Inverse electron-demand Diels alder reaction of 1,2,4,5-tetrazines with an electron-rich diene.

Throughout this thesis, we are using CuAAC, as it is a well-studied, reliable and fast reaction.
After showcasing that we can produce modular medical imaging platforms, this area can be
expanded by using one of the mentioned click reactions above instead. Since we are using the
CuAAC, we are describing its mechanism in the following.

1.4.2 The Mechanism of CuAAC
When the CuAAC was reported for the first time, Sharpless’ group proposed a mechanism, in
which the catalytic effect is described as being based on the ligation effect of CuI with the
10
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alkyne, forming an acetylide. However, the mechanism of CuAAC is still not completely
understood [90,108,109]. The general approach is to use CuII-complexes, such as copper sulphate
(CuIISO4 pentahydrate), that are reduced by reducing agents like sodium ascorbate [87].
However, to maintain in the reduced state CuI needs the support of a ligand for stabilization.
Typical ligands are tris[(1-benzyl-1H-1,2,3-triazole-4-yl)methyl]amine (TBTA), sulphonated
bathophenanthroline (SBP) and phosphoramidites, such as MonoPhos [101,109–111]. This CuIcomplex forms a π-complex with the alkyne as shown in Figure 8, which lowers the pKa of the
alkyne, enabling the formation of a CuI-acetylide 2 [87]. The CuI-acetylide coordinates with
azide 3, followed by a nucleophilic attack of 4 [87,112], which forms eventually the CuI-triazole
5 [113]. Reaction with an electrophile or protonation of the CuI-ligand complex, decouples
copper from 5 to form the triazole 6 [113]. The main challenge in discovering the CuAAC
mechanism and its various mechanisms found in nature is the identifications of the
intermediates [109]. Additionally, these intermediate stages are strongly related to the Cu I
interaction with their stabilizing ligands, as monodentate and polydentate ligands showed
different interaction [87].
CuL
H

H

1

6

CuL

H
R1

CuL
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2

N

R2
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N

5
CuL

CuL

N

R2
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N
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N

N
CuL

N

4

CuL
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N
CuL

N
R1

3

CuL

Figure 8. The CuAAC mechanism proposed by Fokin in 2013. [112].

However, based on the nice characteristics of the click reaction of high yielding reactions, no
or easy-removable side products are formed and combined with the reaction speed and
selectivity provided by CuAAC, it provides a very suitable and modular reaction, which enables
the fast screening of different compounds, as long as they are composed out of azides and
alkynes. In the field of medical imaging, this enables a modular synthesis approach to combine
any imaging tag with any binding ligand without reacting with the binding site of ligand or
facing synthetic problems in how to couple the imaging tag with ligand or protectiondeprotection steps.
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1.5 Outline of the thesis
Medical imaging is a quickly evolving field and the interest in multifunctional imaging agents
increase due to the fields of theranostics and hybrid imaging. Therefore, the ideal imaging agent
is based on a modular platform that can easily be labeled with the required imaging tag
dependent on the aimed imaging modality that is used. The aim of this thesis is to show the
different approaches in which modular platforms can be applied in the field of PET imaging.
Therefore, we are introducing a stepwise design approach for the design of multivalent
molecular imaging agents in chapter 2, which introduces the requirements for the synthesis of
multivalent molecular imaging agents. Multivalency is a concept to increase the binding affinity
– the most prominent example in our everyday life is Velcro, which is inspired by the burrs of
the burdock plant. However, multivalent imaging agents experience several challenges related
to their increased size, e.g. increased protein binding, prolonged circulation time and solubility
issues. Therefore, we summarize in this chapter several aspects of the modular
conceptualization of multivalent imaging agent that should be taken into consideration during
the design phase.
In chapter 3, we introduce a new modular platform for targeting the prostate-specific
membrane antigen (PSMA) for the PET imaging of prostate cancer. This modular platform is
based on the copper(I)-catalyzed azide-alkyne [3+2]-cycloaddition, which is the most often
applied click reaction variant. Here, we present the design, radiolabeling, in vitro binding
affinity and in vivo studies of the our radiotracer [18F]PSMA-MIC01 – named after our host
institute the Molecular Imaging Center – based on the novel alkyne-functionalized modular
platform, targeting PSMA.
The radiolabeling of [18F]PSMA-MIC01 was automated using the prototype FlowSafe
radiosynthesis module, which is a new microfluidics-based radiosynthesis module that
combines continuous-flow with in-batch reaction technology. This prototype is introduced in
chapter 4 and demonstrates a way of modularity in PET tracer development, to modularly
adjust the reaction conditions by changing between continuous-flow or in-batch reaction, as it
can be easily adjusted to the requirements for different radiosyntheses. Herein, the improvement
of the setup and the automation of the different radiotracers [18F]PSMA-MIC01, [18F]PSMAMIC02 (to be introduced in chapter 5), [18F]fluoro-pyridine, [18F]SFB and [18F]PSMA-1007 are
shown, which can be achieved by only minor changes of the different modules.
After introducing the [18F]PSMA-MIC01 for targeting PSMA in chapter 3, and its automation
in chapter 4, we expand the concept of modularity for radiotracer development by attempts to
increase the binding affinity of radiotracers. To this end, we aimed in chapter 5 to increase the
binding affinity by targeting the remote arene-binding site of PSMA using our alkynefunctionalized PSMA scaffold, described in chapter 3, and we include an azide-functionalized
modular platform and introduce an aromatic ring to our synthons, which should improve the
binding affinity. We synthesized the PSMA-targeting ligands F-PSMA-MIC02 – F-PSMAMIC04 by copper(I)-catalyzed azide-alkyne [3+2]-cycloaddition. Their binding is analyzed by
performing molecular docking and dynamic studies followed by in vitro binding affinity
studies. The radiolabeling of the ligand with the highest binding affinity is also presented.
12
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In chapter 6, we explore the effect of multivalency on the binding affinity of -adrenergic
receptors, which are used as a biomarker for heart failure. After exploring the binding site of adrenergic receptors, a propranolol-derivative was designed and synthesized. The propranololderivative was designed to have an azide-functionality for the easy multimerization by the
copper(I)-catalyzed azide-alkyne [3+2]-cycloaddition again. In detail, the propranololderivative was coupled to triethynylbenzene in order to synthesize a trimer. A consensus
molecular docking study was performed to understand the binding of the mono- and the trimer
within the binding pocket of -adrenergic receptors.
The obtained results are discussed in chapter 7 and include the future perspectives, and this
thesis is summarized in chapter 8.
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Abstract
The rapid development of molecular medical imaging has provided a broad spectrum of
different techniques, enabling specific visualization of (patho)physiological processes
through application of imaging agents. Understanding of principles for efficient design of
imaging agents with high in vitro binding affinity has increased tremendously. However,
many imaging agents still show poor in vivo binding potential which gives low image signals
despite high binding affinities, while others are very specific binders for biological targets
but have weak binding affinities. The challenge of weak binding affinity can be addressed
by taking advantage of multivalency. Here we critically address specific challenges that come
alongside working with multivalent compounds in molecular imaging, and we give directions
for a stepwise approach to design multivalent imaging probes to improve their
pharmacodynamics and pharmacokinetics resulting with high diagnostic potential.
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2.1 Introduction

2.1.1. Molecular imaging
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Medical imaging describes the visualization of inner body structures or processes for diagnostic
purposes [1,2], and is sub-categorized into structural, functional and molecular imaging [3].
Structural imaging includes imaging modalities providing information about body structures
and anatomy, such as magnetic resonance imaging (MRI) and computed tomography (CT).
Functional imaging is aimed for the visualization of physiological and metabolic processes, as
exemplified by positron emission tomography (PET) and single photon emission computed
tomography (SPECT) [3,4] using radiopharmaceuticals. Molecular imaging visualizes the
biochemical processes within the body [4,5] to obtain diagnostically-relevant anatomical and
physiological information on cellular and molecular level in vivo [6,7]. Typical medical imaging
techniques for molecular imaging include the modalities of PET, SPECT, optical imaging (OI)
and partly MRI [5,8]. Despite the fact that MRI has the potential to visualize molecular structures
without the support of imaging agents, its application in the clinical setting is restricted by
limited sensitivity [9].With the introduction of a few algorithms for MRI analysis, such as the
diffusion-weighted MR imaging, and targeted contrast agents using among others gadolinium
(Gd3+) complexes [9], MRI is able, under certain conditions, to be applied in molecular imaging
[8,10]
. With this in mind, it can be concluded that most molecular imaging techniques require the
application of molecular imaging agents (IAs) that specifically targets (disease-specific)
biomarkers such as receptors, enzymes, transporters, physiological processes or cellular uptake
mechanisms [8] and it was even reported to be able to participate in cell signaling cascades [11,12].

2.1.2 Molecular imaging agents
Molecular imaging agents (IAs) are considered to be a sub-class of pharmaceuticals and their
development processes are quite similar to those of drugs[13]. Unlike pharmaceuticals, the
required concentration of IAs for successful image acquisition is below their effective dose.
This makes molecular imaging also very attractive for the field of drug development as it allows
to study the pharmacokinetics of new drugs,below they effective dose and thus without inducing
toxic and therapeutic effects [4]. However, IAs are not evaluated on their therapeutic effect, but
on their binding potential at the target site to ensures sufficient accumulation of IAs to obtain a
diagnostically valuable image with sufficient contrast. The binding potential (BP) is defined as
the ratio of the target concentration (Bmax) and the dissociation constant Kd of the IA, which is
a measure of the binding affinity of IAs [14–16].
A rule of thumb for obtaining an image with adequate contrast using PET/SPECT
radiopharmaceuticals is to achieve a BP of ≥4 [14]. The BP of IAs can be adjusted by the
composition of the IA itself: First and foremost the target-specific binding ligand, which can be
a low molecular weight molecule, an antibody or a peptide -analogue [8,17], that enables the
required specific (molecular) interactions. The choice of ligand is dependent on the target,
whether the desired information is related to e.g. receptor-binding, metabolism or active transporters [14]. These ligands are coupled to an imaging tag, e.g. a fluorophore, paramagnetic
metal complex or a radionuclide [8,18] to form the basis of the IA readout. In some cases, IAs
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require a linker between the ligand and the imaging tag to facilitate ligand-target interactions
[18,19]
, as represented in Figure 1.

Figure 1. Construct of a basic imaging agent composed of a binding ligand that binds to a specific target
such as a receptor or enzyme, a linker, and an imaging tag.

2.1.3 Achieving high binding affinity
Bmax is a variable, typically in the nano- to even picomolar concentration range [8], that is defined
by the tissue type and cannot be altered, IAs must be constructed in such a way that they exhibit
high binding affinities (i.e. low Kd’s) for their target to obtain diagnostically valuable images.
A high tissue accumulation of IAs requires among other factors a slow, ideally even negligible
dissociation rate constants (koff) [19,20] that supports a long residence time in the targeted tissue
and fast washout of non-bound IAs. Therefore, it is important to understand the interaction
between ligand and target, as these interactions of receptor-binding ligands are known to be
reversible [21], irreversible [20] or can even be internalized [20]. However, not all IAs are ligands
that bind to receptors, but IAs can also target transporters and metabolic processes. Those
compounds are typically trapped after its cellular or metabolic cycle entrance [22].
Unfortunately, even highly specific target-ligand interactions might not ensure sufficient
accumulation of IAs in the desired target tissue to provide high image contrast [23] due to a low
signal-to-noise ratio caused by non-bound IAs [8]. IAs need to show a high stability in vivo,
especially since any metabolite coupled to the imaging tag forms a confounding factor in
obtaining a diagnostically useful image [14,19]. Furthermore, IAs have to meet certain criteria,
such as favorable degree of lipophilicity [14]. For instance to be able to reach targets across the
blood-brain-barrier a partition coefficient (logP) of 1.5 – 2 is required [14].

2.1.4 Multivalency increases the binding potential
One way to improve the binding affinity, inspired by Nature, is by utilizing the multivalency
effect, in which multiple copies of one ligand are employed to strengthen weak interactions [24].
The everyday-life example of the multivalency concept is found in the form of Velcro [25]. While
Velcro was simply inspired by the burrs of the burdock plant [25], multivalency is also utilized
in the human body, as can be appreciated in the form of the antibody immunoglobulin M that
contains 5 monomers [26]. The strength of multiple interactions achieved by these multivalent
complexes is a cumulative effect of all possible binding events or interactions and is defined as
avidity [27]. The effect of multivalency is based on the decrease of the dissociation constant
(Kdmulti) [24] due to a high local concentration of the ligands [28]. The same principle can be found
on the surface of the SARS-CoV2 viruses, which causes the Covid-19 pandemic. The SARS-
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CoV2 surface is covered by trimeric transmembrane spike glycoproteins which can be taken up
by ACE2 receptor binding via the spike2 subunit and cell fusion via the spike1 subunit [29].
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The utilization of the concept of multivalency in molecular imaging can result in an improved
binding potential of IAs due to a higher BP, as multivalency shows a high binding avidity
resulting in a low Kdmulti. However, multivalent molecular imaging agents (MMIAs) are, despite
many efforts, not yet being used in the clinical routine. In this chapter, we provide an overview
of possible challenges within the field of MMIAs, with respect to their different
pharmacodynamic (PD) and pharmacokinetic (PK) behavior compared to their monovalent
equivalents. Based on these challenges we formulate a step-wise approach for the design of
MMIAs that is aimed to improve the imaging properties.

2.2 Thermodynamics of multivalent binding
In 1979, Paul Ehrlich described for the first time the positive influence of multivalency on
protein and cell interactions [30]. He stated that multivalency can increase the specificity of
antibodies, depending on the equilibrium and rate constants of the different binding events [30].
The same phenomenon is true for receptor-ligand and cell-cell interactions [30]. As this
improvement is based on the free energies of the receptors and ligand, this phenomenon can be
clarified by looking at the thermodynamics of multivalent molecules. The Gibb’s free energy
(G) of monovalent binding is defined as [31]:
∆𝑮°𝒎𝒐𝒏𝒐𝒗𝒂𝒍𝒆𝒏𝒕 = ∆𝑯° − 𝑻∆𝑺° (1)
The Gibb’s free energy of a multivalent molecule is composed of the valency of the compound
(n) of each possible monovalent binding, as well as the correction for tethering effects. This
results in an overall higher Gibb’s free energy [18,31]:
∆𝑮°𝒎𝒖𝒍𝒕𝒊𝒎𝒆𝒓 = 𝒏∆𝑮°𝒎𝒐𝒏𝒐𝒗𝒂𝒍𝒆𝒏𝒕 + ∆𝑮°𝒊𝒏𝒕𝒆𝒓𝒂𝒄𝒕𝒊𝒐𝒏 (2)
However, the standard free energy of multimers is not only determined by the valency of the
multivalent molecule (n), but also by the amount of binding sites (Bmax or m) present on the cell
surface and the number of formed ligand-target bonds (i). This dependency is
thermodynamically combined in the degeneracy coefficient Ωi and quantifies all possible ways
of ligand – target interactions of multivalent systems and is dependent on the spatial
arrangement and rigidity/ flexibility of both counterparts (see Figure 2) [32].

Figure 2. Illustration of the effect of multivalency on the thermodynamics of multivalent binding While
monovalent binding is based on a single ligand that binds to its target, multivalent binding is created by a compound
consisting of several ligands on the surface of a core molecule. The number of ligands and its core structure (linear,
circular or radial) strongly influences the degeneracy coefficient, which is a measure of energy states of the
possible binding interactions. Inspired and modified with permission of Kitov et al. [31], copyright, 2003 American
Chemical Society.
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The multivalent free energy has to consider the inter- and intramolecular interactions (Ginter
and Gintra, respectively) [31,33] together with the Boltzmann constant kB and the temperature
T. Hence, the free energy is calculated by the following equation:
∆𝑮°𝒎𝒖𝒍𝒕𝒊𝒎𝒆𝒓 = ∆𝑮°𝒊𝒏𝒕𝒆𝒓 + (𝒏 − 𝟏)∆𝑮°𝒊𝒏𝒕𝒓𝒂 − 𝒌𝑩 𝑻 𝒍𝒏𝞨𝒊 (3)
This directly leads to an increased entropy, due to a higher degeneracy coefficient Ωi for
multivalent constructs than for monovalent interactions, in which n = m = 1.. This is specified
𝑜
0
[31]
as avidity entropy 𝛥𝑆𝑎𝑣𝑖𝑑𝑖𝑡𝑖𝑦
: ∆𝑆𝑎𝑣𝑖𝑑𝑖𝑡𝑦
= 𝑘𝐵 ln 𝛺𝑖 (4)
The degeneracy coefficient Ωi also influences the avidity of the system and together with the
equilibrium constants of inter- (Kinter) and intramolecular (Kintra) interactions, the generic avidity
association constant (KAAvidity) can be calculated as follows [32,33]:
𝐴𝑣𝑖𝑑𝑖𝑡𝑦

𝐾𝐴

= 𝛺1 𝐾𝑖𝑛𝑡𝑒𝑟 + 𝛺2 𝐾𝑖𝑛𝑡𝑒𝑟 𝐾𝑖𝑛𝑡𝑟𝑎_2 + 𝛺3 𝐾𝑖𝑛𝑡𝑒𝑟 𝐾𝑖𝑛𝑡𝑟𝑎_3 2 + . . . + 𝛺𝑖 𝐾𝑖𝑛𝑡𝑒𝑟 𝐾𝑖𝑛𝑡𝑟𝑎_𝑖 𝑖−1 (5)

In equation (5), we have catergorized Kintra into ‘2,3,…,i’, as Kintra is a variable when
cooperative effects influence subsequent binding and is a constant when cooperativity is
negligible, ascommonly assumed in drug delivery systems [33, 34]. KAAvidity directly precedes to
the so-called enhancement factor () which describes the ratio between the multivalent
association constant and the monovalent association constant [18]. Furthermore, it was shown
that the multivalency effect shows especially improved selectivity of multivalent compounds
for low Bmax (low m) [35].

2.3 Pharmacodynamics of multivalent constructs
The interaction between ligand and target is based on the binding affinity [36], which applies for
IAs as well as for their multivalent analogues. However, in the case of multivalent binding, the
effective binding is not solely based on this key interaction between ligand and target, as for
the monomer, but can be supported by one of the in total 5 distinguishable “multivalency
effects”: 1) chelate effect: the simultaneous ligand-target interaction at multiple binding sites;
2) clustering effect, in which target sites cluster together on the cell surface; 3) steric
stabilization, in which the multivalent compound prevents another compound to bind at the
target site; 4) subsite binding, in which several binding sites on one target interact with the
ligands; and 5) statistical effect, in which a higher local concentration increases the apparent
affinity [12,37]. These multivalency effects can already account for the ‘micropharmacodynamics’, which analyses the individual microscopic interaction of every ligandtarget interaction and includes conformational changes and rebinding events [38].
These multivalency effects, besides the key interactions between ligand and target, result in
several functional and synthetic challenges for MMIAs, and are oftencounteracting the
predicted improvement of the BP of MMIAs. One reason for the discrepancy between predicted
and actual BP might be a consequence of the behavior of the target upon multivalent binding,
as also the MMIA structure has might have an influence on the behavior of the target. Therefore,
it is important to decide, which of the two types of MMIAs, covalent or non-covalent, should
be used to support the multivalency effect. Hierin, covalent MMIAs are composed by coupling
a multivalent scaffold (linear, branched, dendritic or silica-/metal-based), which is coupled to a
ligand, often separated by a linker (see Figure 3) [39,40]. Non-covalent bonds are either selfassembled compounds forming a liposome or micelle that either forms or are located inside the
24
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liposomal core. The ligands and imaging tags are coupled to the linker, just as the case as for
covalently bound MMIAs, or the imaging tags are incorporated in the liposomal space [39,41].
Non-covalent MMIA

Covalent MMIA
B

C
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A

Figure 3. The composition of a multivalent molecular imaging agent. A multivalent imaging agent consists of
an imaging tag attached through a linker to the core, which is functionalized with multiple ligands. (A) The core
can be covalently assembled based on (i) linear or (ii) branched polymers, (iii) dendrimers or (iv) metal-based
nanoparticles, or (B) can be created by self-assembled by forming the non-covalent MMIAs based on liposomes.
(C) Liposomal-based molecular imaging agents that carry the imaging agents inside and release their cargo after
cellular uptake.

2.3.1 Design aspects for MMIAs
As the multivalency effects are an important factor in achieving to design a successful MMIA,
the focus needs to be placed on maximizing the avidity entropy by optimizing the degeneracy
coefficient Ωi. This has to be achieved by adjusting the intricate interrelation of ligand,
multivalent scaffold and linker length (and not multivalency alone) to optimize ligand–target
interactions [42,43]. The difficulty in predicting these interactions was clearly demonstrated by
the study of Lindner et al., who examined the binding avidity of peptide-based MMIAs
targeting the gastrin-releasing peptide receptor (GRPR) [42]. The effect of different valencies (n
= 1, 2, 4 or 8) and different lengths of linkers based on the flexible poly-ethylene glycol (PEG)
polymer with 0, 3 or 7 repeating units was explored [42]. The different valencies were achieved
by using polyamidoamine (PAMAM) dendrons. It was shown that the dimer (n = 2) with three
repeating units of ethylene glycol had the strongest binding avidity. The authors concluded that
the improved binding of the dimeric ligand (n = 2) in binding to its target is a consequence of
the binding-rebinding effect, rather than of the high local concentration of multivalent
compounds [42]. The monomer showed relatively constant binding affinities regardless of the
linker length. Interestingly, the tetra- and octavalent MMIAs had lower avidities, and even
showed a decreasing avidity with an increasing linker length [42]. Based on these results, it was
hypothesized that the enhancement effect is not based on clustering of the receptors upon
multivalent binding [42]. The findings of this study nicely represents the main factors that
influence the binding avidity of MMIAs (vide infra) and how complex their interactions with
each other is to actually achieve high binding avidity. In the following, we are elaborating on
these three factors which are the ligand-target interaction, linker length and multivalency.
Ligand-Target interaction: Medical imaging requires the strongest possible interaction
between the natural occurring target and the synthesized ligand to ensure that the physician is
obtaining the desired diagnostic information[18,33]. Therefore, it is important to select the correct
target that allows a multivalent binding using a specific ligand. Ideally, this ligand should
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contain a possible attachment point for the linker/core of the IA that does not interfere with the
key interactions between ligand and target [14]. However, this is most likely not the case and the
application of computational programs, which can predict these key interactions, might be able
to provide information about the best possible position for modifications [44,45]. Additionally, it
should be decided if the MMIA is composed as a homo- or heteromultimer [18,46], thus
containing ligands for one or different targets respectively [47], especially since it was found that
heteromultimers can enable a more distinct reduction in Kdmulti than a homomultimers [18,46,48].
However, it has to be noted that this is not a general solution and is dependent on the diagnostic
aim: A heteromultimer is targeting multiple biomarkers that are expressed in the diseased tissue
and can therefore not provide information on alterations of one specific target as it cannot be
used for quantification [49].
The nature of multivalent scaffold: The ideal multivalent scaffold was originally defined as
one that matches Bmax by achieving m = n = i [33]. However, increasing knowledge on
pharmacokinetics of MMIAs (vide infra) revealed that other factors are important to achieve a
high BP, as those determine the binding avidity, such as matching geometry and selectivity [18],
which is dependent on Ωi and the linker length [33]. Additionally, the quantification of the
valency of MMIAs and the quantification of contacts/ interactions between target and ligand of
higher-valent MMIAs remains challenging [50,51]. Nevertheless, when designing a new MMIA,
it is still important to pre-define an aimed valency (n) of the final MMIA as this influences the
choice of the multivalent scaffold. For example, the application of noncovalent targeted
liposomal MMIAs, whose preparation procedure is still mainly based on traditional benchmarks
rather than on rational design approaches [52], leads to a random ligand density on the surface,
which is difficult to be measured. Recent studies showed progress in determining the effective
valency of these structures [53]. Therefore, tunable valency is easier to be achieved by covalent
scaffolds. For targeting receptors with a low density, a linear polymer might be a good option
as it can form a simultaneous target-interaction with a larger distance. When coupled to small
molecular weight molecules, linear polymers have been shown to improve aqueous solubility,
extend plasma half-life and promote active intracellular delivery [54]. For high receptor density,
the globular dendrimers might be a better option, since they are branched polymers, with
tunable size and functionality. Their high hydrodynamic radius provides them a reduced renal
clearance and a greater plasma exposure [54], but it can also result in steric hindrance at the target
site preventing a possible 2nd MMIA from binding [55], while monovalent IAs would easily be
able to bind next to each other due to their smaller sizes.
Linker type and length: As briefly indicated above, the linker length plays an important role
in maximizing the Ωi [33].The choice of the right linker that connects the ligand to the scaffold,
needs careful consideration, as its chemical composition, length and rigidity/ flexibility
influences the interaction between ligand and target [18]. It was shown that the use of linkers that
are too long can decrease the binding avidity [42], while too short linkers do not allow
simultaneous binding [18]. Furthermore, rigid linkers provide a fixed geometry, while flexible
linkers do not and hence have a higher influence in the Ωi than rigid ones [32]. Additionally, the
high entropy of flexible linkers can strengthen the key interactions between ligand and target
that decrease Kd and consequently binding potential [18]. Therefore, the three criteria of ligand26
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target interaction, multivalent scaffold and linker type are setting the starting point to achieve a
high avidity of the MMIA at the target site. However, the linker can also influence the imaging
properties of MMIAs, as shown in a recent study by Sztandera et al., who discovered that the
dendrimer-based generation 3 photosensitizer, using a phosphorous-based dendrimer, limited
the fluorescent and phototoxic properties when a tyramine linker was used to attach Rose
Bengal with the dendrimer [56]. Another example was shown using BODIPY-derivatives for the
imaging of microviscosity, which was found to give important information about cellular
processes such as diffusion, enzyme-based metabolism and protein folding, in which the longer
linker length increased the fluorescent lifetime of the BODIPY-HaloTag upon increasing laser
power during irradiation [57].

2.4 Pharmacokinetics and binding potential
Next to pharmacodynamics, the binding potential is also related to the pharmacokinetics of the
MMIA. While low molecular weight IAs show several non-specific binding effects, short
circulation times and fast metabolism [58], MMIAs suffer from non-specific tissue accumulation
due to an altered behavior within the human body in terms of protein binding, prolonged
circulation time and different biodistribution than monovalent equivalents [59,60]. Herein, the
topology of the MMIA is mainly determining the distribution profile in vivo [61]. It was found
that the circulation times of dendrimer-based or branched MMIAs are longer than for linear
compounds and that the circulation time is dependent on the degree of branching of these
constructs [62]. Although these effects were investigated in the field of drug delivery systems,
which involves the study of macromolecules with higher molecular weights than MMIAs, the
same effect could already be observed in a recent study by Summer et al. for smaller MMIAs.
They investigated the protein binding and circulation of mono-, di- and trivalent MMIAs
targeting the cholecystokinin-2 receptors [63], see Figure 4. An increasing protein binding
percentage was found that was related to the valency, thus the lowest protein binding percentage
was obtained for the monomer (<5 % after 4 h) while the trimer showed the highest percentage
(≈50 % after 4 h) [63]. Additionally, a prolonged circulation time was observed, where the trimer
showed a higher tumor uptake 4 h p.i compared to 1 h p.i [63]. The same group also found a
higher metabolic stability of trimers compared to dimer and monomer, which explains their
high targeting efficacy despite a prolonged circulation time [63]. A follow-up study of the same
group revealed that the ex vivo biodistribution data indicate that the trimer showed higher nonspecific uptake in non-targeted organs such as pancreas, lung and bones and additionally they
found undesired re-bindable metabolites [64]. The re-bindable metabolites lower the avidity, as
the MMIA not only loses its valency, but the metabolite is also competing at the target site [64]
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Figure 4. [68Ga]Fusarinine-C –derivatives for mono-, di- and trimer used in the study of Summer et al. [64].

2.4.1 The fate of molecular imaging agents on their journey throughout the
body
In the following, we give an overview on some factors that influence the binding of imaging
agents regarding their pharmacokinetics. Since MMIAs belong to the class of pharmaceuticals,
their in vivo behavior is described by their administration, distribution, metabolism and
excretion (ADME) [58]profile, see Figure 5.
Administration. Most molecular imaging agents are intravenously injected [65–67] as they are
immediately bio-available and can be monitored by imaging modalities [58]. However, there are
some exceptions, such as for some optical imaging agents that need to be applied topically for
endoscopic applications [6] or orally as recently shown in a study on the development of NIR –
IAs [68].
Distribution. Since MMIAs are applied to specifically target a biomarker, the main hurdle is
to arrive at the target as an intact molecule. However, this can be altered due to the following
factors:
Opsonization. The opsonization of blood plasma proteins towards IAs can result in clearance
via the mononuclear phagocyte system (MPS) and might lead to a lowering affinity to the target
[60]
.
Non-specific binding. Non-specific binding of IAs within the body, which can be a
consequence of opsonization or physiological effects, such as the enhanced permeation and
retention (EPR) effect [60] or enzymatic degradation effects [69].
Hemorheology. Blood vessel fluid dynamics influence the circulation time of imaging agents
dependent on the size, geometry, charge and flexibility of the imaging agent, as it was found
that liposomes tend to float in the “cell-free layer’ which is near the blood-vessel wall [60].
Disease-specific properties. Several diseases are known to have specific properties, such as
cancer is known to have a high intra-tumoral pressure related to the EPR effect as well as
angiogenesis [60] and the change in pH [70]. These factors can influence the integrity of the
MMIA as protonable groups within the MMIA can cause swelling of the constructs [60].
Uptake. IAs are expected to undergo site-specific extravasation followed by binding to the
cell membrane and cellular uptake by transport or internalization [60]. However, the cellular
internalization, which is based on receptor-mediated endocytosis might be altered when the
valency of the MMIA is too high.
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Metabolism and Excretion. As previously described, MMIAs can have the risk in the
formation of re-bindable metabolites [64], which is especially unwelcomed as it will hinder intact
MMIAs to bind as well as it will decrease its avidity, which will consequently provide a low
binding potential of the MMIA. Therefore, MMIAs need to be metabolic stable for the duration
time between administration and scan time. The following metabolism and excretion is
dependent on the composition and biodegradability of IAs [58] and also on the size of the MMIA,
since the different organs have specific clearance mechanisms and only compounds below 5
nm can pass the glomerular filter of the kidneys for urine excretion [71]. This further depends on
the chosen multivalent scaffold, as it was shown that linear polymers are able to even pass small
pores due to their high flexibility and thus might still pass this filter [62,72], and thus less potent
in achieving high tumor accumulation [72].
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Figure 5. Illustration of the fate of imaging agents upon administration into the human body. Solid lines
represent the normal pathway an imaging agent (IA) undergoes within the body, with the aim of specific binding.
Dashed lines represent confounding factors for medical imaging contrast.

2.5 Other factors influencing the binding potential of MMIAs
2.5.1 Chameleon behavior of MMIAs

Drugs exceeding Lipinski’s rule of 5 tend to show a so-called chameleon behavior, in which
pharmaceuticals can cause unexpected non-specifically cellular uptake due to lipid bilayer
permeation [73]. This unspecific uptake is assumed to be caused by the formation of
intermolecular hydrogen-bonds in biological solvents due to the higher flexibility of the larger
molecular weight compounds [74,75], as this enables structural adaptations of the molecule to
either hydro- or lipophilic conformations [75]. This behavior is also dependent on the shape of
the MMIA, ranging from linear to spherical particles [46,54], since it was shown that rod-like
structures easier cross the lipid bilayer than spheres [76,77].
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2.5.2 Solubility effects influence tissue uptake of MMIAs
A confounding factor that comes alongside high molecular weights is the insolubility of
MMIAs under physiological conditions, which was studied by Babič et al. The group studied
the imaging of diabetes mellitus by targeting the sulphonylurea receptor subtype 1 with the
specific ligand glibenclamide, which is characterized by low cellular uptake [45]. They observed
that multimerization of glibenclamide improved the cellular uptake and found the 5th generation
PAMAM dendrimer core with 15 lipophilic glibenclamide ligands (n=15) to be the strongest
binder. However, it showed a reduced solubility under aqueous solutions and therefore a binder
with five ligands (lower avidity) had to be used for in vivo studies [45]. Therefore these insoluble
ligands cannot be adsorbed by the body and they will not reach their target, consequently its
bioavailability is low [78]. The field of drug delivery has already defined in 1975 that a successful
nanoscopic system should include next to the multivalent scaffold, linker and targeting moiety
also a solubilizing agent [58,79]. Therefore, it is advised to follow this proposal and add a socalled ‘distribution-enhancer’ in the design of MMIAs [79].

2.5.3 Preparation of MMIAs and quantification of ligand density
In addition, binding properties of ligands can be compromised under specific conditions. A
typical divergent heterogenic multivalent scaffold allows only the coupling of a limited amount
of ligands onto the surface, which ends up in having a normal-distributed range of ligands on
the MMIA surface [80]. Even after successful coupling of the ligand to the multivalent scaffold,
peptidic ligands are prone to denaturation during the MMIA purification process, due to the use
of organic solvents (e.g. acetonitrile) or interaction with the stationary phase used in
chromatography [81]. This affects the amount of intact peptidic ligands on the surface and thus
its binding potential. An inadequate purification can interfere with the characterization methods
of nuclear magnetic resonance or mass spectrometry, which leads to a false quantification of
the number of ligands at the surface [81]. And even if the quantification is correct, the number
of ligands or their alignment at the surface is not always exactly known, due to the possible
formation of entanglements of too flexible linkers [81,82], reducing the avidity [64] at the target
site. Therefore, it is of great value to introduce the field of ‘micro-pharmacodynamicspharmacokinetics’ also into the field of MMIAs, as it is dealing with the specific ligand-target
quantification to improve the binding affinity of drugs [38,83] and its analyses of microinteractions studies the binding affinity beyond the association and dissociation rate constants
kon and koff [38], as was used in this chapter for simplification.

2.5.4 Biodegradation of MMIAs
Targeted drug delivery systems and theranostic agents are even already further by utilizing
biodegradable multivalent scaffolds which can ensure controlled release of the drug [84,85].
Although these degradation profiles are used for controlled drug release over a period of several
hours to even days, MMIAs also show a prolonged circulation and accumulation time. Hence,
this engineered degradation might be useful for MMIAs as well. There are examples of imaging
agents prepared of human serum albumin radiolabeled with technetium-99m, and as these
constructs can be synthesized in different sizes, dependent on the multivalent scaffold, these
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MMIA can be used to target different tumors and degrade accordingly [86]. But it was also shown
that engineerd degradation can actually result in the activation of the imaging tag. This was
shown by self-assembled or aggregated MMIAs that quench fluorescent tags, which are located
in the core of the nanoparticleas long as these MMIAs are still intact and after disassembling
become fluorescent due to protein/ RNA binding or pH changes [87]. This approach is similar to
the reported release of super-paramagnetic iron oxide nanoparticles in 2020, in which the
altered pH in tumorous tissue results in the degradation after endosomal initialization and drugrelease for MR imaging [70]. However, the behavior of such degradable MMIAs is less
predictive than for non-degradable MMIAs and might indeed be a good solution for fastening
the clearance of non-bound MMIAs.

2.6 Translation to the clinics
Despite several preclinical studies being carried out recently, see Table 1, the translation of
multivalent ligands to clinics is restricted because of specific properties of MMIAs, partly due
to the strict safety regulations that are a consequence of the prolonged circulation time [88]. Also
extensive toxicity studies are required for each component of the MMIA [88], which is not only
costly but also time consuming. Multimers might not be suitable for all imaging techniques.
The leat profit of the application of MMIAs might be faced in the field of PET imaging, as it is
based on the radioactive decay of short-living radionuclides, such as carbon-11 (t1/2: 20.4 min,
> 99 % +) and gallium-68 (t1/2: 67.9 min, 89 % +) [89]. With the prolonged circulation time
of MMIAs, only longer-living radionuclides can be used such as fluorine-18 (t1/2: 109.8 min,
97% +) [89]. However, radiolabeling with zirconium-89 (t1/2: 78.4 d, 22.7 % +)[89] or pretargeting approaches might be a useful alternative and still enable successful PET imaging.

2.6.1 Clinical trials of MMIAs
The silver lining in the clinical application of MMIA can be seen in several translational studies
of MMIAs. In 2011, a fluorine-18 radiotracer called [18F]FPPRGD2 was tested on targeting
αv3- integrins utilizing a dimerized RGD-peptide [90]. Initial pharmacokinetic and dosimetric
studies, which was conducted in 5 healthy volunteers over a time frame of 3 h, showed fast
renal clearance and relatively low liver uptake compared to another RGD-based radiotracer
[18F]fluclatide [90]. A follow-up study of this dimeric homomultimer was published three years
later, in which eight breast cancer patients were scanned with [18F]FPPRGD2 and compared to
the radiolabeled glucose [18F]FDG [91]. After administration of the radiotracer no adverse
reactions could be detected [91]. In comparison with [18F]FDG, the dimeric [18F]FPPRGD2 was
able to detect more metastatic lesions and showed highly specific uptake which is aimed to be
further evaluated in future [91]. Another trial was reported in 2014, where a nanoparticle for
PET-OI was reported for the detection of metastatic melanoma. This PET-OI probe was
constructed out of a Cornell silica dot (C dot) and was functionalized with
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Table 1. Some pre-clinical studies utilizing MMIAs.
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cyclic-RGDY peptides and radiolabeled with iodine-124 (100.2 min, 22.7 % + [89]) to form
[124I]cRGDY-PEG-C dots for the visualization of integrin-expressing cancers with a final size
of 6-7 nm [98]. This study investigated the pharmacokinetics and clearance profile in patients
with metastatic melanoma lesions using ~3.4 - 6.7 nmol of [124I]cRGDY-PEG-C dots [98].
Pharmacokinetics were studied for 72 h p.i. by measuring a whole body PET/CT scan after 2,
4, 24 and 72 h [98]. The applied MMIA were not optimized for tumor detection and yet they
were not able to detect tumor lesions, but showed a fast renal clearance with an initial half-life
of 3.57 h [98]. Radio-thin-layer-chromatography confirmed the integrity if the MMIA in blood
for the first 24 hours, but revealed metabolite formation in urine caused by enzymatic
dehalogenation of iodine-124 [98]. The research group concluded an unaffected kidney and liver
function and could not detect abnormal laboratory values. However, further toxicity studies are
required with a larger sample size [98].
While both examples mentioned above are examples of homomultimers, a heterodimer was
reported in 2016 for PET imaging. This radiotracer was designed to target αv3- and gastrin
releasing peptide-receptors (GRPR) with the aim of prostate cancer imaging using [68Ga]BBNRGD [99], as it is known that bombesin-derivatives (BBN) selectively bind to GRPR. This firstin-human study was aimed to assess safety and diagnostic value of the novel MMIA by PET/CT
in 5 healthy volunteers and 13 patients with prostate cancer [99]. For validation of the tracer, a
follow-up scan using the previously reported [68Ga]NOTA-Aca-BBN7-14 was performed [99,100].
No changes in vital signs or laboratory values could be detected [99]. The heterodimer showed
a fast renal clearance of around 50% within 30 min p.i. with high accumulation in the pancreas
and moderate uptake in liver and spleen [99]. Within this study, [68Ga]BBN-RGD was able to
detect one primary prostate cancer lesion more than [68Ga]NOTA-Aca-BBN7-14, which was in
agreement with the immunohistochemically staining performed on the biopsies [99] as one lesion
was confirmed to be GRPR negative [99]. An additional MRI could support the detection of all
lymph nodes, while [68Ga]BBN-RGD was able to detect more bone metastases than MRI and
[68Ga]BBN alone, representing that the heterodimer can indeed be advantageous in detecting
more lesions [99].

2.7 Stepwise approach to design multivalent molecular imaging
agents
After identifying these challenges, we conclude that multivalency is not (yet) an established
solution for increasing the avidity of imaging agents in clinical applications. We therefore
suggest the following design steps that might help future design approaches for MMIAs to be
more successful:
(1) Determine the target and the ligand
In the he first step, the best possible ligand needs to be defined that shows the strongest binding
interactions with the target, the disease-specific biomarker. The attachment point of the
multivalent core or imaging tag should not alter the targeting site of the ligand to not hinder the
interactions within the binding pocket of the target. However, this might not always be the case,
structure-activity-relationships can be used to pre-determine the positions that exhibit the
lowest interference with the key interactions. Additionally, it should be considered, whether the
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MMIA should feature homo-or hetero-multivalency [14,18]. This choice depends on the purpose
of the imaging study, e.g. maximizing uptake in a tissue versus gathering information on a
specific molecular target. For the latter, only a homomultimer can be used.
(2) Determine the target density
For optimal binding of MMIAs, the degeneracy coefficient Ωi needs to be maximized. The
density and average distances of the targets should be determined in order to choose the right
ligand with appropriate linker length. This determines the geometry of the ligand, its final size
and the valency of the MMIA.
(3) Determine the most suitable multivalent scaffold and appropriate linker
The choice of the right multivalent scaffold is of importance, as it can improve properties of the
MMIA in terms of prolonged circulation time, improved solubility and reduced
immunogenicity [54]. Herein, the scaffold should provide a ligand density that is in agreement
with the target density. This results in the effective molarity of the MMIA, in which the local
concentration matches the target concentration [101]. Ideally, the ligand concentration is
optimized to the target concentration by adjusting the linker length to reduce the steric
hindrance of the MMIA at the target site [47]. This also depends on the scaffold, as highgeneration dendrimers provide a larger steric hindrance than linear polymers [102]. Additionally,
the multivalent scaffold should not only be biocompatible but ideally biodegradable, with
degradation times that suits the imaging modality and supports the optimal circulation time of
the MMIA.
(4) Consider biological barriers to choose the right composition MMIA
The human body features several protective barriers for maintaining its function and some of
these barriers need to be crossed to reach the target. While for cancer imaging, vascularization,
the inter-tumoral pH and pressure-gradient are main obstacles [60], imaging of the brain requires
passage of the blood-brain barrier (BBB) which is highly impermeable due to tight junctions at
the neurovascular unit. For passive diffusion over BBB, compounds need to be lipophilic
[14,103,104]
. However, as it is particularly challenging to identify possible barriers. Consequently,
the designof MMIAs usually include assumptions without any further testing. As of yet, there
is no generic solution to identify all biological hurdles a MMIA is objected to within the body.
The most important factors that need to be considered are possible increased opsonization
effects resulting in non-specific binding and the possibility in the formation of re-bindable
metabolites [64].
(5) Determine the linker characteristics
The linker has a high impact not only on biocompatibility, but especially on avidity of ligands
[105]
. PEG-based linkers are amongthe first choices, since PEG and their copolymers are watersoluble, neutrally charged and biocompatible, and possess properties which shields them from
degradation and excretion [54]. However, PEGylation also has the side-effect that is it favors a
non-specific binding of MMIAs , which lowers the remaining fraction of MMIAshat can target
the diseased tissue [106]. Additionally, one should take into account that the different orientations
of the attachment points at the multivalent core can give different distances between the ligands,
as was shown in the example of streptavidin, which was multimerized into cis- and trans-dimers
using different allergens as well as tri- and tetramers. A similar finding was observed on an aryl
piperazine-based tetramer, in which one side was 5 methylene equivalents shorter than the other
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side [105]. However, this difference is dependent on the size of the multivalent core and might
be negligible, but should be kept in mind for larger molecules.
(6) Define the synthesis approach of MMIAs
The quantification of ligands on the MMIA surface is of great importance, since only these
surface ligands can participate in achieving the multivalency effect. The optimal synthesis
method that enables full control of the ligand concentration was suggested to be achieved by
the convergent or bottom-up synthesis approaches [80,107], which starts with the synthesis of the
ligand and its attachment to the linker and then the coupling to its multivalent scaffold.
However, not all MMIAs can be synthesized like this, as PET imaging requires the
radiolabeling of the MMIA shortly before the administration. Therefore, modular syntheses that
are widely applied for dendrimers and dendritic structures are the ‘click reactions’ or DielsAlder and thiol-ene reactions [108]. The introduction of modularity would also enable the easy
introduction and modification of ‘solubility enhancer’ to improve solubility and to optimize the
binding avidity [79].
(7) Pre-determine important properties in vitro
During the development of MMIAs, specific features are advised to be assessed in vitro. Since
MMIAs, due to their size, are more likely to be toxic than small monovalent molecules, they
should be tested for cytotoxicity as well as binding affinity and specific binding. It was shown
that multivalency can induce a change in the uptake mechanisms of the cell, which changed
receptor-mediated endocytosis when using multivalent compounds [109]. As it was shown in the
case of PAMAM dendrimer, the charge of nanoparticles is of importance, therefore its zeta
potential should be measured, which can also be used to estimate its behavior upon pH changes
[81,110]
. Additionally, the protein binding should be determined on beforehand, which can be
made by structure-activity relationships or surface plasmon resonance co-incubated with blood
plasma proteins [81,111–113]. Attempts should be made to determine accurately the ligand density
on the surface, as reported recently [51,53].
(8) Study the pharmacodynamics and pharmacokinetics in vivo
As the last step, extensive in vivo experiments need to be conducted to better understand the
pharmacokinetics of the MMIA. Although there are already studies showing in silico
predictions of the generic pharmacokinetic behavior [114], the complex biological and
physiological interactions within the body cannot yet be predicted and needs extensive
evaluation in animals and further translation towards human studies. Only by the determination
of PD/PK, the image efficiency can be fully determined.

2.8 Concluding remarks
Despite numerous preclinical studies of multivalent molecular imaging agents have been
published, their application within the daily clinical setting is not yet achieved. In this chapter,
we provided an overview of the main challenges in the translation of multivalent imaging
probes into clinics. The main hurdles are the definition of an appropriate multivalent system for
the desired target, impending insolubility, increased protein binding and the challenging
characterization and quantification of the number of ligands as well as re-bindable metabolites
which can be a confounding factor for the image signal. This has a major impact on its
application and success in the (pre-)clinical application. However, the advantages of high
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avidity and the possibility to modulate the circulation time is worth to continue studying
multivalent molecular imaging agents, as represented in the clinical trials such as 124I-cRGDYPEG-C dots. This approach to define a rational design does not yet fully comprise all obstacles
and possible solutions, but it is intended as a starting point to understand the complexity of
multivalent imaging agents and further explore its potential in clinical diagnostics.
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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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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].
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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.
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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).
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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.
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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,
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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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Abstract
In the field of radiochemistry, the typical reaction scales involve femto- to picolmolar
amounts of radionuclides, milligram-amounts of reactants and a few milliliters reaction
volume. At the same time, radiolabeling requires fast reaction times as the applied chemistry
has to be in balance with the radioactive decay of radionuclides. In the series of medically
used radionuclides, fluorine-18 shows desirable properties for radiochemistry, as its half-life
of 109.8 min and positron yield of 97 % allow more complex radiosynthesis, while its decay
energy is rather low at 635 keV. Importantly, reliable (pre-)clinical radiotracer productions
require the automation of radiotracer synthesis – both for the radiation safety of the
radiochemists and for the achievement of reproducible syntheses. Microfluidics represents a
very promising technology for automation and even miniaturization of radiosynthesis. The
high surface-to-volume ratios that can be achieved in microfluidic systems, accompanied by
efficient heat transfer, enables high yielding radiosyntheses at microliter scales. In this study,
we present the FlowSafe radiosynthesis module, which combines in-batch reactors and
continuous flow microfluidics. We show the technical refinement of the set-up for the
synthesis of [18F]PSMA-MIC01 and its automation for click chemistry reactions. After
successful automation of [18F]PSMA-MIC01, we show the implementation of [18F]PSMAMIC02 and the often used building blocks [18F]fluoro-pyridine, succinimidyl 4[18F]fluorobenzoate ([18F]SFB) and the radiopharmaceutical [18F]PSMA-1007. All radiosyntheses obtained high 18F-fluorination efficiencies, showing the high potential of the
FlowSafe radiosynthesis module.
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4.1 Introduction

Radiochemistry faces a key challenge: radiation safety limits the manual handling of
radionuclides to an extent that clinical productions need to be automated [16]. Clinical
productions are required to be automated to guarantee a radiotracer synthesis with high
reproducibility, high reliability and high radiochemical purity [17], since even well-trained
personnel can introduce human errors into the synthesis procedure [15,18]. Nowadays, several
radiosynthesis modules are commercially available, such as FASTLab, TRACERLAB,
Eckert &Ziegler Modules, Siemens Healthcare Explora® and Trasis AllinOne [1]. These
synthesizers are cassette- and corresponding reagent kit-based and easy to install and Good
Manufacturing Practice-(GMP)-compliant [19].
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The field of positron emission tomography (PET) evolved quickly within the last decades, due
to its ability to visualize (patho-) physiological processes using only femto- to nanomolar
concentrations of the PET radiotracers [1,2]. Consequently, the interest in digitalization and
improving the resolution of PET cameras [3] grew and challenged chemists to speed-up
reactions and reduce the required amounts of reactants [2] to improve the radiosynthesis
production procedures and yields. This formed the foundation of the field of radiochemistry,
which comprises the synthesis and production of radiotracers using the short-living
radionuclides such as oxygen-15 (15O, t1/2: 122 s [4], + decay 99.9 %), nitrogen-13 (13N, t1/2:
9.97 min [5], + decay 99.8 %), carbon-11 (11C, t1/2: 20.4 min, + decay 99.8 %), and fluorine18 (18F, t1/2: 109.8min, + decay 96.9 %) [6,7]. The very short half-lives of radionuclides 15O
and 13N do not allow complex chemistry for radiotracer production. 11C-chemistry became a
sophisticated discipline in radiochemistry, benefiting of the progress made in the field of
catalysis [8–10]. However, in the series of short-living radionuclides 18F shows the most favored
properties, as its half-life enables more complex multi-step reactions [11–13] than for carbon-11
[14]
and allows shipping towards other hospitals [15].

The research and development setting provides many more radiosynthesis modules that are
under investigation and cannot be used for routine productions yet. One example of those
synthesizers are microfluidic-based modules, which is already called the key technology of
miniaturization within the field of radiochemistry [15]. Radiochemistry uses not only femto- to
nanomolar amounts of the radionuclide, but consequently also milligram scales of reactants
and small reactionvolumes. In order to maximize the atom efficiency of these reactions [2], it
was found that microfluidic reactors are very suitable to achieve this effect, as they have a large
surface-to-volume ratio and good heat transfer [2,18]. By now, there are several different
microfluidic-platforms available, such as capillary-based microfluidic platforms, lab-on-a-chip
devices [20], droplet-based [21], small scale in-batch, stop-flow, segmented-flow and continuousflow microfluidics [18,22].
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Figure 1. Schematic representations of the different types of microfluidics-platforms Figures adapted from
references [22-24]. Modified with permission of references 23 and 24, Copyright 2015 and 2017 Elsevier B.V.

Within this study, a prototype of the microfluidic-based FlowSafe radiosynthesis module was
used and improved, shown in Figure 2. The combination of in-batch and continuous-flow
enables the in-batch azeotropic 18F-fluoride drying, followed by continuous-flow 18Ffluorination reactions with the possibility to purify the products using solid-phase-extraction
(SPE) cartridges or High-Performance Liquid Chromatography (HPLC). This enables a
modular set-up with different combinations of in-batch and continuous-flow reactions, which
can individually be prepared for the requirements of specific reaction. The high surface-tovolume ratios result in higher overall yields, higher molar activities and less contaminations of
by-products [15,18,25–27]. In this chapter we describe the refinement process of the FlowSafe
radiosynthesis module, which starts form the basic set-up to its extension with an HPLC module
and its performance by implementing the production procedures of different 18F-fluorinations,
such as [18F]PSMA-MIC01, [18F]fluoro-pyridine succinimidyl 4-[18F]fluorobenzoate
([18F]SFB) and [18F]PSMA-1007.

A

B
Outlet
Inlets

Figure 2. The FlowSafe radiosynthesis module in its final set-up (A), specifically assembled for the synthesis
of [18F]PSMA-MIC01. A close-up on the microreactor applied in the FlowSafe platform.
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4.2 Results and Discussion
4.2.1 Design

The microfluidics-based radiosynthesis module is known under its working name “FlowSafe
Click Chemistry” as its design is based on the automation of click reactions for radiotracer
production with pre-clinical PET imaging purposes. For this, the FlowSafe platform was
constructed out of 4 batch-reactors (BR) and 2 microreactors (µR), see Figure 3, which can be
heated up to 150 oC and 200 oC, respectively. The eleven solvent reservoirs (RV), see Figure 3,
have a capacity of 8 mL and twenty 3-way valves enable the individual assembling of the
FlowSafe module for the requirements of the different syntheses. The whole system is equipped
with a ventilator system to cool down the electronics as well as BR 1, 3 and 4, which can hold
up to 1.5 mL solvent. BR 2 has an active heating and cooling system and can be filled with 4
mL of solvent. Due to its heating and cooling elements, BR2 is the aimed BR for click reactions
or any in-batch reaction. The different parts of the FlowSafe module are connected by
polyetheretherketone (PEEK)- tubing with an inner diameter of 0.01 inch.
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Batch Reactor1
(BR 1)

Valves

Figure 3. FlowSafe radiosynthesis-module and the different parts.

The µRs are made out of glass and have a solvent capacity of 100 µL. They have two inlets for
the reactants and one outlet for the crude reaction mixture, as shown in Figure 2. µR1 is attached
to a back-pressure regulator that sets a pressure of 5 bar on the system, which enables reaction
temperatures above the boiling point without the formation of vapor bubbles. The whole module
is equipped with six syringe pumps (SP, 3 x 1 mL, 2 x 5 mL and 1 x 12.5 mL), which can be
changed for different volumes depending on the synthesis. Azeotropic distillation and Solid
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Phase Extraction (SPE)-procedures are performed by reducing the pressure in the batch reactor
to 200 – 300 mbar. The inlet for gas, e.g. helium or nitrogen, enables a maximal gas flow of
100 mL/min for the azeotropic distillation.

4.2.2 Set-up
The ‘FlowSafe Click Chemistry’ is build out of 2 components: the main module of the FlowSafe
platform and the HPLC extension module. The basic synthesis routes of both modules are
explained in detail in the following.
The FlowSafe platform (c.f. Figure 3) is the centerpiece of the whole radiosynthesis module, as
it contains the required equipment for distillation, reactions and purifications. Its detailed setup
is shown in Figure 4 and described as follows. The [18F]fluoride in the form of [18F-]/[18O]H2O
is collected from the cyclotron in a 5 mL conical vial that is attached to the FlowSafe. The [18F]/[18O]H2O -containing vial can be attached to the radiosynthesis module either via needles or
PEEK tubings. By reducing the pressure to 250 mbar on the solvent trap adjacent to BR1, the
[18F]fluoride is transferred over an anion exchange cartridge (Chromafix 45mg PS-HCO3+) into
the solvent trap. RV2 is filled with 2 mL of [18F]fluoride elution solvent, such as cryptand
Kryptofix 2.2.2./ potassium carbonate in 80 v/v % acetonitrile (MeCN), which can be taken up
by SP1 to elute the [18F]fluoride from the 18F-separation cartridge into BR1. BR1 has three
inlets, one that connects the vial with the gas source, which enables a gentle gas flow onto the
solvent surface, a second one that connects the BR with the vacuum pump via a solvent trap to
collect the azeotropically dried acetonitrile, and a third that can add solvents or take up the dried
solvent from BR1. BR3 is constructed the same and can be used for drying reactants under
vacuum and with gas flow. Within this study, µR2 and BR4 (see Figure 3) are not used, and
therefore not described but can be used and coupled to the system just as µR1 and BR1, as they
have the same inlet-outlet systems.
RV1

RV2

RV3

SP1

RV4

SP2

RV5

RV6

RV7

RV8

SP4

SP3

µR1

BR1

BR3

BR2

Figure 4. The schematic representation of the FlowSafe radiosynthesis-module setup of the different parts
and connections for the continuous-flow microfluidics.
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After drying, the [18F]fluoride and reactants, such as the precursor for the 18F-fluorination, are
redissolved in anhydrous MeCN by adding, removing and re-adding MeCN into the BRs,
controlled via the syringe pumps with its assigned speed. The FlowSafe module has two 1 mL
loops (PEEK tubing), that enable the controlled addition of both reactants in the µR. After the
first addition of MeCN within the redissolvement process, these loops (c.f. Figure 3 and 4) are
filled with anhydrous MeCN, followed by pressurizing the µR. This enables the reaction to be
performed under optimal conditions for mixing the [18F]fluoride and precursor solutions.
Depending on the synthesis-specific set-up of the FlowSafe module, the reaction mixture can
be collected for purification by SPE cartridge and HPLC, or for a 2nd step reaction. Purification
by SPE, requires a connection from the outlet of the µR to a sealed bottle with the required
solvent such as saline or H2O. By applying a vacuum on this bottle, the diluted reaction mixture
is transferred through the SPE cartridge. For a 2nd step synthesis, the reaction mixture is
collected in BR2 as shown as in Figure 3 and 4, which already contains the reactants such as
the click reagents for [18F]PSMA-MIC01, which have to be added prior the drying of the
[18F]fluoride. Reactants can also be added via the syringe pumps from one of the solvent
reservoirs. As mentioned earlier, BR2 can be actively heated and cooled which enables further
processing without long waiting times.
The HPLC extension shown in Figure 5 was added after the FlowSafe module and was
improved for the synthesis of [18F]PSMA-MIC01 (see chapter 3 of this thesis). The HPLC
extension module is relatively small, with only 1 syringe pump (12 mL), 4 valves and an HPLC
injector, which is attached to a 5 mL loop, see Figure 5 and 6. This loop-size enables the
purification of the whole volume of BR2 (4 mL) and even allows further dilution of the reaction
mixture. The HPLC system can be freely chosen as it is physically attached to the module itself
via the loop, while the processing of the required commands is defined in the script (vide infra).
For HPLC purification, BR2 is connected to the extension module with the HPLC syringe pump
by a long needle, which enables the dilution with water/HPLC eluents and mixing. By turning
the valves, the same syringe can wash and precondition the loop by flushing it with HPLC
eluents or water, which is followed by filling the injector with the HPLC sample. The HPLC
run can either be started manually or automated – noteworthy is that the collection of fractions
is exclusively manual. The HPLC extensions enable the collection of 2 fractions, however, only
one of these fractions can be worked-up by SPE at the main module automatically.
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The final SPE formulation of the collected fraction is performed on the main FlowSafe module.
The selected HPLC fraction, that is aimed to be formulated into an injectable solution, was
collected in a sealed vial and can be transferred over the SPE cartridge via a reduced pressure
of 250 mbar. The product can be washed and eluted with the solvents from the reservoirs.
Additionally, for both possible SPE formulations, there is a solvent bottle, that can be used for
washing the SPE cartridge prior to elution.
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Figure 5. HPLC extension module of the FlowSafe Click Chemistry radiosynthesis module.
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Figure 6. Schematic representation of the HPLC extension module of the FlowSafe Click Chemistry
radiosynthesis module.

The whole FlowSafe module is controlled by the software ‘Absynth’ which is a short form for
‘Automation Builder for Synthesis’. Absynth was introduced as the software package to control
radiosynthesis modules of Veenstra Instruments, currently known as Comecer. This software
is based on the programming language LUA, a browser-like graphical user interface that
enables the control of all components within the FlowSafe platform and its HPLC extension
module. The script needs to be programmed beforehand and cannot be changed during a
72

18

F-Fluorinations and Automated Click Chemistry using Microfluidics

synthesis run, although some parameters can be temporarily adjusted for the current step.
Additionally, specific notification boxes for selecting of the fraction that should be formulated
can be incorporated. Absynth has a synthesis simulator, in which the reaction scheme and the
script can be tested before it is tested on the FlowSafe to ensure a smooth implementation of
new scripts.
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4

Figure 7. Screenshot of the Absynth script for the synthesis of [ 18F]PSMA-MIC01. Here, the different
synthesis parts are separated and can be selected or un-select.

4.2.3 Improving of the set-up by implementation of [18F]PSMA-MIC01

Scheme 1. Synthesis of [18F]PSMA-MIC01 [26].
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Improvement of the set-up was performed by implementing the synthesis of [18F]PSMA-MIC01
(see Scheme 1 and chapter 3 of this thesis) into the system. The main drawback of the initial
set-up, as it is shown in Figure 3 and 4, is that every BR had its own solvent trap that was aimed
to collect the enriched [18O]H2O or evaporated solvents. This set-up was not able to recover the
enriched [18O]H2O for recycling due to the fact that the dead volume and cleaning of the Syringe
pumps 1 and 2 were emptied in the same solvent trap. Furthermore, the combination of tubing
length and vacuum strength was not ideal as MeCN did not completely condensated in the
solvent trap, which led to the consequence, that the membrane got stuck to the vacuum pump
due to MeCN residues and had to be loosened or even replaced on a regular basis. This problem
was solved by the introduction of a 250 mL bottle, which is now attached to BR1 and BR2 via
valves 6 and 8 for the collection of MeCN. The solvent trap used for collecting enriched
[18O]H2O and the cryptand/potassium carbonate solution was changed into a pure [18O]H2O
trap and the cryptand is now transferred through BR1 and µR1 into the waste during the
cleaning program. The cleaning program now finishes with the rinsing of BR1, BR3 and µR1
with MeCN. Additionally, to remove all chemical residues and especially radioactivity left in
the vials of BR1 and BR3, 1 mL of MeCN is evaporated at 130oC to reduce the radioactive
burden for the radiochemist during the preparation of a second or third synthesis and to clean
the tubing. Furthermore, in the initial testing it was discovered that the rubber sealing ring used
in BR1, BR3 and BR4 were not resistant to MeCN, when used for several consecutive
radiosyntheses. It was found that Teflon sealing rings fitted perfectly and did not interfere with
the reactions performed within the FlowSafe platform, regardless the organic solvent. The
rubber sealing rings on the solvent reservoirs showed a better resistance and only showed signs
of aging after several months of using.
A microreactor is usually applied for the most critical synthesis step to take the advantage of a
higher pressure, high heat transfer and high surface-to-volume ratio [2,18]. In the case of
[18F]PSMA-MIC01, the fluorination was challenging due to the moisture-sensitive nucleophilic
substitution of fluorine-18, which resulted in the fact that, next to the fluorine-18/ cryptand
solution, also the precursor needed to be dried before the substitution reaction was performed
to obtain high, reproducible yields. Therefore, the implementation of [18F]PSMA-MIC01 on
the FlowSafe radiosynthesis platform also involves the azeotropic distillation of the precursor.
This step is not required for all radiosyntheses but seemed to be crucial here. For the
implementation of a reaction on the microreactor, a few aspects can be adjusted to optimize the
reaction conditions, such as reaction time/ flow-speed, reaction volume and reaction
temperature. However, one has to keep in mind that the effective reaction time should be long
enough to ensure a high conversion of 18F- in the 18F-fluorination step. For the radiosynthesis
of [18F]PSMA-MIC01, the optimal reaction condition was given at an effective reaction time
of 75 s, which equals a total flow-speed of 80 µL/min (see chapter 3 of this thesis). At the same
time, less by-products were formed during the synthesis in the µR. These results are shown in
Figure 7.
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Figure 8. Representative radio-thin-layer chromatograms of the 18F-fluorination step of the synthon [18F]2
used for [18F]PSMA-MIC01 [28].

4.2.4 Implementation of 5 different
synthesizer module
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Since BR2 can be heated and cooled, this gives the optimal platform for the click reaction step,
as heating accelerates the [3+2]-cycloaddition reaction [29]. For this reaction, the same reaction
time of 20 min was used than for the manual radiosynthesis. However, it can be noted, that the
total synthesis time of [18F]PSMA-MIC01 reduced from 148 min in the manual synthesis to
139 min in the automated synthesis. The only small reduction in reaction time is related to the
fact that the effective reaction time is reduced to 75 s, however, the total reaction volume of the
18
F-fluorination step and flushing of the µR1 is around 1.5 mL, which requires 18 min for the
total transfer of the reaction mixture, which is in the end 8 min longer than the manual synthesis.
Additionally, the transfer times of larger volumes between the different steps, such as trapping
of the [18F]fluoride on the anion exchange cartridge and especially the purification steps during
the SPE purification allow a steady flow, but arealso the steps that take the longest, due to the
small PEEK tubing diameter. This was already improved by using a bigger tube for the SPE
purifications, see the white tubes in Figure 5, whichconnect the collection fraction with the
HPLC extension module, compared to the green PEEK tubing. However, the synthesis module
itself requires these small tubes to enable microliter scale reactions.

F-fluorinations on the FlowSafe

After successful implementation of [18F]PSMA-MIC01 on the FlowSafe radiosynthesis
module, we proceeded to evaluate, if other 18F-fluorinations could benefit from the microfluidic
synthesis platform. For this purpose, we have chosen to include besides the synthesis of our
radiotracers, [18F]PSMA-MIC01 and [18F]PSMA-MIC02, also three clinically applied 18Fradiofluorinations in which different leaving groups are involved. Compared to the nucleophilic
substitution reaction using a tosylate-leaving group (SN2 with tosylate- leaving group) [28] used
for the preparation of the PSMA-MIC compounds, the known radiotracer undergo a
nucleophilic aromatic substitution (SNAr) reaction and are [18F]fluoro-pyridine (nitro- leaving
group), succinimidyl 4-[18F]fluorobenzoate ([18F]SFB) and [18F]PSMA-1007 (both
trimethylammonium- leaving group).
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4.2.4.1 Radiosynthesis of [18F]PSMA-MIC02
For the implementation of the different radiotracers, the set-up and script of [18F]PSMA-MIC01
was adapted and modified, showcasing the modularity of the FlowSafe that can be achieved by
only modifying the connections of the tubing, valves and BRs. Since the synthesis of
[18F]PSMA-MIC02 features the same set-up of the FlowSafe and follows the same steps and
reactant amounts as [18F]PSMA-MIC01, only minor changes were applied, such as the
temperature used in the µR (130 oC instead of 110 oC), the HPLC method and the SPE
formulation cartridge. The use of the Oasis HLB 1cc cartridge slowed down the flow, during
the formulation compared to the Oasis HLB Plus, as used for [18F]PSMA-MIC01, which
increased the reaction time of 30 min. This difference is caused by the fact that the Oasis HLB
Plus is a plus short cartridge and Oasis HLB 1cc is a vac cartridge, see Figure 8, which slows
down the reaction time because the solvent is drawn into the cartridge by vacuum but it is
dropping through the cartridge, while for the plus short cartridge the solvent is directly
transferred through the cartridge.

OASIS HLB Plus short cartridge OASIS HLB 1cc vac cartridge
Figure 9. Picture of the different OASIS HLBC cartidges used for the radiosynthesis of [18F]PSMAMIC01 and [18F]PSMA-MIC02. The shown cartridges also have a different amount of sorbent, which is in this
case a hydrophilic-lipophilic-based co-polymer, that has a weight of 225 mg for the HLB Plus short and 30 mg
for the HLB 1cc.

4.2.4.2 Radiosynthesis of [18F]fluoro-pyridine

Scheme 2. Synthesis of [18F]fluoro-pyridine.

The radiolabeling of the radiotracers [18F]PSMA-MIC01 and [18F]PSMA-MIC02 are based on
the leaving group of a tosylate followed by the azide-alkyne [3+2]-cycloaddition. However, we
want to show that the FlowSafe radiosynthesis module can also be used for other 18Ffluorinations. We applied an azide-functionalized nitro-pyridine, which has an aromatic nitrogroup. For the radiosynthesis of [18F]fluoro-pyridine, the same set-up was used as for
[18F]PSMA-MIC01, with the exception of the intermediate SPE purification, which is not
required for [18F]fluoro-pyridine. The substitution reaction of [18F]fluoro-pyridine is performed
in dimethyl sulfoxide (DMSO). Therefore, the solvent reservoirs 3&5 and 4&6 at syringe pump
2 and 3 were filled with anhydrous MeCN and DMSO, respectively. MeCN is required for the
azeotropic distillation of the fluoride and to wash the tubing during the cleaning program.
DMSO is required for dissolving the [18F]fluoride and precursor and to pressurize the µR. The
application of DMSO enables a higher temperature of the µR during the reaction. A temperature
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of 160 oC was used for the synthesis of [18F]fluoro-pyridine with a reaction time of 90 s, to
reduce the pressure of the viscous DMSO in the small µR. Since this fluorination reaction is a
1-step synthesis, the crude reaction mixture is directly collected in BR2 and purified by HPLC,
followed by formulation on a tC18 SPE cartridge.
[18F]fluoro-pyridine was obtained in a final radiochemical yield (RCY) of 27 ± 4 % and a molar
activity (AM) of 12.9 ± 4.5 GBq/µmol, see Table 1. The 18F-conversion, based on HPLC,
showed a high 18F-fluorination efficiency of 92 %. Published data reveal that similar
[18F]fluoro-pyridines with different linker lengths have higher RCYs [30-32] than the [18F]fluoropyridine synthesized with the FlowSafe platform. The high conversion indicates that the low
RCY is not based on the chemistry, but might be a consequence of radioactivity loss during the
re-dissolving step with DMSO and the final formulation step, which was not yet determined.
However, it can be concluded that with a conversion of 92 % the FlowSafe platform is able to
successfully perform 18F-fluorinations of precursors containing a nitro-leaving group.
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4.2.4.3 Radiosynthesis of [18F]SFB

Scheme 3. Synthesis of succinimidyl 4-[18F]fluorobenzoate ([18F]SFB).

As the fourth 18F-fluorination in this series, we have chosen [18F]SFB, since it is a widely used
prosthetic group in PET imaging for the radiolabeling of proteins and peptides [26,33]. The 18Ffluorination via an aromatic substitution of ethyl benzoate using trimethylammonium as the
leaving group provides a robust radiosynthesis. The radiolabeling of [18F]SFB is a 3-step
synthesis, which involves i) 18F-Fluorination of 4-(ethoxycarbonylphenyl)trimethylammonium
triflate 5, ii) hydrolysis of the ester moiety to [18F]fluorobenzoic acid [18F]6 and iii) the
activation of the ester for NHS-coupling to form [18F]SFB [26]. For the automation in the
FlowSafe, the 3-steps synthesis required a rearrangement of the FlowSafe platform set-up.
[18F]SFB is also radiolabeled in DMSO, therefore the 18F-fluorination step remains the same as
described for [18F]fluoro-pyridine. While the hydrolysis is a quite robust reaction and can be
achieved by adding tetrapropylammonium hydroxide to BR2, which collects the crude reaction
mixture that comes from the µR. The ester activation by succinimidyl-ester formation requires
the addition of N,N,N’,N’-tetramethyl-O-(N-succinimidyl)uranium tetrafluoroborate (TSTU)
in several milliliters of MeCN. Therefore, this steps needs to be performed in a vial that holds
several milliliter of reaction volume and can be heated. As BR2 is the only vial that can hold
up to 4 mL and can be actively heated and cooled, the reaction with TSTU needs to be conducted
in BR2. However, even a volume of 4 mL required the adjustment of the addable volume of
MeCN compared to the synthesis of [18F]SFB in the IBA Synthera synthesis module [34], which
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was used as a model synthesis. To achieve this, the intermediate SPE purification was removed
and changed in such a way that TSTU in MeCN is added after hydrolysis to BR2 via Syringe
Pump 4 and valves V11, V12 and V13. This has the advantage that BR2 can be coupled to the
vacuum pump and the vent at valve V14 and the HPLC extension module for purification and
analysis. After successful radiolabeling and ester-activation, the crude reaction mixture can by
purified on HPLC and formulated to obtain the final product [18F]SFB.
F-Fluorination of 5 was achieved with a 18F-conversion of 81 %, see Table 1. This is quite
similar to its original reported 18F-conversion of 85 % [35]. Previously, an automated dropletbased microfluidic methodology approach was reported that achieves a high 18F-conversion of
93 % [36]. Another previously reported continuous-flow microreactor approach gave a 18Fconversions of 75 % after 1 min and 81 % after 5 min were reported [26]. Therefore, the here
obtained 18F-conversion of 81 % during the 18F-fluorination with an effective reaction time of
75 min is in agreement with literature data. The hydrolysis-step of 5, achieved by Bu4NOH,
which resulted in the formation of [18F]fluorobenzoic acid 6 could not be quantified on rTLC
as the spots could not be separated to obtain different Rf values and for HPLC we did not had
the reference compound 6 to establish a purification method. Therefore, it is expected that this
step was quantitative, as suggested by earlier reports [26]. The last step to synthesize [18F]SFB
is the NHS-coupling, which could not yet be achieved with the FlowSafe radiosynthesismodule. This is a consequence not of the underlying chemistry, but the used set-up of the
FlowSafe. The hydrolysis at 90 oC, as reported for IBA Synthera synthesis [34], is accompanied
by the evaporation of MeCN, as it is performed above the boiling point of MeCN, resulted in a
leakage at valves V13 and V14. To reduce the pressure in the vial of BR2, different settings
were tested, such as opening the vent valve 20, introducing a solvent trap at valve 14, and
applying no vacuum during the reaction. All trials resulted in loss of the reaction mixture, even
with an extra addition of DMSO, despite its successful hydrolysis step. Nevertheless, it can be
concluded, that also the aromatic substitution reactions using a trimethyl ammonium-leaving
group could successfully be automated to achieve a good 18F-conversion, which is in agreement
with literature [26,35,36].
18

4.2.4.4 Radiosynthesis of [18F]PSMA-1007

Scheme 4. Synthesis of [18F]PSMA-1007 [38].
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Based on the successful application of the FlowSafe radiosynthesis module in diverse 18Ffluorinations, it is interesting to explore the synthesis of other radiotracers on the FlowSafe
platform, with [18F]PSMA-1007 being one of the most interesting syntheses at this moment.
After the introduction of the one-step synthesis in 2017, which relies on the functionalization
of the pyridine with the leaving group trimethylammonium stabilized with trifluoroacetic acid
or acetate, the synthesis of [18F]PSMA-1007 was successfully implemented on diverse
radiosynthesis modules [38]. Therefore, [18F]PSMA-1007 is a very attractive tracer for
automation reactions and was included into this study as well.
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Since [18F]PSMA-1007 is a one-step synthesis, the only required step is the fluorination in the
µR, followed by purification by SPE cartridge. Just as in the case for [ 18F]fluoro-pyridine, the
18
F-fluorination is performed in DMSO. Therefore, the same set-up was chosen was for
18
[ F]PSMA-MIC01 and adaptation of the script used for [18F]fluoro-pyridine for the DMSO
solvent switch. However, no HPLC purification is required, hence the crude reaction mixture
is collected into a vial containing 10 mL 30% EtOH in H2O and transferred over the SPE
cartridges C18 ec (end capped) and PS-H+. The substitution reaction was performed at 140 oC,
with an effective reaction time of 75 s (80 µL/min). The purified product was collected after
113 min with a radiochemical yield of 23 %. The same RCY was observed when conducting
the reaction at 120 oC. Importantly, the radiosynthesis of [18F]PSMA-1007 was not yet tested
for quality control and molar activity, and is thus still under investigation.
During the implementation steps of [18F]SFB and [18F]fluoro-pyridine it was discovered that
viscous solvents, such as DMSO, showed to be problematic for the valves, when programming
of the script did not provide enough idle time for all required parts to reach their final position.
The pressure created by the syringe pump can easily reach a higher level than the pressure that
can be handled by the valves. Eventually, this leads to internal leakage in the valves resulting
in a short-circuit, which could damage the control electronics responsible for controlling the
valves. When working with highly viscous solvents, it is important to position the valves in
their active position towards the µR during the 18F-fluorination in the µR, as they provide a
higher resistance in this position due to the electric current they are exposed to. This is important
in case the µR is blocked or when the check valves, which are connected to the microreactor
and prevent the backflow of the solvents during the synthesis, are broken.
This seems to be an obvious statement, as the pressure meter is directly attached to the µR in
the schemes. During the radiolabeling experiments it was however discovered, that the tubing
inside the pressure meter had a dead volume, which resulted in radioactivity loss. Consequently,
the pressure meter was only attached during the cold syntheses and leak tests, but was by-passed
during radiosyntheses. Therefore, once the radiolabeling is started, the pressure build in the µR
cannot be monitored anymore.
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triflate

1) 35 min
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Trimethyl
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t.b.d.

93 ± 1 %
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60 – 70 min
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Manual

FlowSafe

Literature

Nitro
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No QC yet

Droplet-based
radiosynthesis
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FX-FN
No
[18F]SFB yet

AM = 12.9 ± 4.5
GBq/µmol
(n=3)
a=2:

AM = 14.1 ± 12
GBq/µmol

Notes

1) 59.5 – 72.8 % 1)IBA Synthera+
2) 24.3 – 82.4 2) TRACERLab
%
FX-FN

23 %

n.a.

50 – 60 %

n.a.

>70 % (a=3)
39 % (a=2)

27 ± 4 %
(a=3)

92 ± 2
(HPLC)

110 min (a = 3)

FlowSafe

%

n.a.

n.a.

n.a.

Literature

t d
t.b.

9%

n.a.

9%

21 %

RCY

66 % (rTLC)

Tosylate

t.b.d.

n.a.

61 % (rTLC)

77 % (rTLC)

[18F]conversion

t.b.d

Manual

169 min

FlowSafe

148 min

139 min

Synthesis time

n.a.

Tosylate

Leaving group

Literature

Manual

FlowSafe

Reaction Type

[37]

[36]

[35

33]

[30–

n.a.

---

---

[28]

---

[28]

[28]

Ref.
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Table 2. Overview of the results obtained for the implementation of the radiotracers [18F]PSMA-MIC01,
[18F]PSMA-MIC02, [18F]fluoro-pyridine ,[18F]SFB and [18F]PSMA-1007.
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4.3 Conclusion
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The microfluidic-based platform FlowSafe was successfully improved for the automation of
click chemistry reactions, exemplified by the radiosynthesis of [ 18F]PSMA-MIC01.
[18F]PSMA-MIC01, produced in FlowSafe, was even successfully applied as a PET imaging
radiotracer used in pre-clinical studies. Furthermore, the next generation tracer [18F]PSMAMIC02 was successfully synthesized, showcasing FlowSafe potential in the automation of click
chemistry for radiotracer synthesis. Additionally, the clinically applied building blocks
[18F]fluoro-pyridine and [18F]SFB showed high 18F-fluorination efficiency in terms of good
radiochemical yields or high [18F]conversions, respectively, which are in agreement with
literature, further highlighting the versatility of the microfluidic device. In future, further
development is required to fully automize the synthesis of [18F]SFB. The synthesis related
issues require a synthesis route for [18F]SFB divergent from clinically used productions.
However, this chapter nicely exemplifies the different steps that are required for setting up a
new automation method, in which known radiotracer syntheses need to be adapted or the
radiosynthesis module, or sometimes both. This requires not only the chemical understanding,
but also the understanding of the limitations of the synthesis module itself, which is not always
intuitive.

The authors would like to thank the staff of Comecer and FutureChemistry for enabling a
smooth working process, in case some technical problems occurred, their countless advices and
support. Further, we want to thank Chantal Kwizera for technical advice and scientific
discussions. Bram Maas and Rolf Zijlma for technical support of the HPLC systems. Ines
Antunes, Marta Wazynska and Gerben Spoelstra for scientific discussions.

4.5 Experimental Section
4.5.1 General Materials.

Solvents and reagents were purchased from commercial suppliers Rathburn, Sigma-Aldrich,
Merck, and Braun. Precursors where either synthesized as previously described as for
[18F]PSMA-MIC01 and [18F]PSMA-MIC02 [26]. The synthesis kit for [18F]PSMA-1007 was
purchased from ABX. In case not stated otherwise, radio-thin layer chromatography (rTLC)
were conducted on Sigma-Aldrich silica gel on TLC Al foils with fluorescent indicator 254 nm
and measured with an Amersham Typhoon GE Healthcare Bio-Sciences AB Fluorescent
analyzer. High Performance Liquid Chromatography (HPLC) was performed on a preparative
HPLC system composed of a Waters Pump Control Module II, Waters 2489 UV/Visible
Detector,fLumo HPLC Luminescence/ PET detector. [18O]H2O was purchased from Cortecnec.

4.5.2 Radiochemistry

Fluorine-18 production and preparation.
[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 Chromafix 45mg PS-HCO3+ (Synthra), was used as received.
[18F]fluoride was eluted using a mixture of 1 mg K2CO3 dissolved in 200 µL water and 10 mg
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Kryptofix K222 in 800 L acetonitrile (MeCN) or 0.075M tetrabutylammonium hydrogen
carbonate ([18F]PSMA-1007). Solvents were evaporated at 110 oC under helium flow and
reduced the pressure to 500 mbar, which the helium flow was constantly applied, if not stated
otherwise. For azeotropic distillation, 1 mL of anhydrous MeCN was added to remove residues
of water.
Radiosynthesis of [18F]PSMA-MIC01.
The radiosynthesis was performed as previously reported [28] and described in Chapter 3 of this
thesis. Briefly, azide-diethylene glycol- tosylate 1 (3.0 mg, 0.009 mmol) and [18F]fluoride was
azeotropically dried using anhydrous MeCN in BR3 and BR1, respectively. The dried precursor
and [18F]fluoride was dissolved in anhydrous MeCN and transferred through the µR with a
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 [18F]2 were purified using an Oasis HLB Plus LG Extraction cartridge and eluted with
1.5 mL DMSO into a vial containing an aqueous solution of click reagents Cu IISO4  5 H2O,
(2.27 mg, 0.009 mmol), L-ascorbic acid sodium salt (3.61 mg, 0.018 mmol) and
bathophenanthrolinedisulfonic acid disodium salt (SBP, 7.34 mg, 0.014 mmol). Alkyne-Gluurea-Lys (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]2 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).
Radiosynthesis of [18F]PSMA-MIC02.
Reactants and radiosyntheses were conducted as previously described [28] and described in
Chapter 5 of this thesis. Briefly, azido-tosylate (3.0 mg, 0.007 mmol) and [18F]fluoride were
azeotropically dried at 130 oC using anhydrous MeCN in BR3 and BR1, respectively. After
drying, precursor and [18F]fluoride were dissolved in 500 uL 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 an Oasis HLB 1cc
cartridge and eluted with 1.5 mL DMSO into a vial containing the pre-dissolved acetylenePSMA-binding ligand and an aqueous solution of click reagents containing Cu(II)SO4 5H2O
(1.65 mg, 0.01 mmol), L-Sodium Ascorbate (2.65 mg, 0.013 mmol) and
bathophenanthrolinedisulfonic acid disodium salt trihydrate (5.91 mg, 0.01 mmol) was
prepared. Alkyne-Glu-urea-Lys (3.0 mg, 0.07 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 is added to
the purified synthon DMSO and heated up until 90oC for 20 min. After cooling down, the
reaction mixture is diluted with 1.5 mL H2O and is purified by HPLC (40% MeCN in H2O with
0.1 % formic acid, with a flow of 5 mL/min). and the signal at approximately 20 min is
collected.
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Radiosynthesis of [18F]fluoro-pyridine.
The precursor 4 (500 µL of stock solution 4 mg/mL, 2 mg, 0.006 mmol) was added to the vial
at BR3. [18F]fluoride eluted with K2.2.2/ K2CO3 was azeotropically dried at 110 oC using
anhydrous MeCN in BR1. After drying, [18F]fluoride was re-dissolved in 400 µL anhydrous
DMSO. Both solutions were transferred through a 100 µL micro-reactor, pre-heated at 160 oC,
with a total flow speed of 33 µL/min, resulting in an effective reaction time of 90 s and an
overall reaction time of 23 min for complete transfer. The reaction mixture is collected in BR2,
diluted with 1.5 mL H2O for HPLC purification using a Luna column, 32 % MeCN in acidified
water (0.1 % trifluoroacetic acid) at a flow of 5 mL/min. The peak at 22 min was collected into
80 mL H2O and trapped on a tC18 SPE cartridge, washed with 10 mL H2O and eluted with 0.5
mL EtOH and 4.5 mL PBS. The maximal obtained RCY was 32% with an AM of 12.9
GBq/µmol.
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Radiosynthesis of Succinimidyl 4-[18F]fluorobenzoate.
The precursor (4-ethoxycarboxycarbonylphenyl)trimethylammonium triflate 5 (5.0 mg, 0.024
mmol) was dissolved in 500 µL DMSO and added to the vial at BR3. [18F]fluoride eluted with
K2.2.2/ K2CO3 was azeotropically dried at 110 oC using anhydrous MeCN in BR1. After drying,
[18F]fluoride was re-dissolved in 400 µL DMSO. Both solutions were transferred through a 100
µL micro-reactor, pre-heated at 140 oC, with a total flow speed of 80 µL/min resulting in an
effective reaction time of 75 s and an overall time of 18 min for complete transfer. The crude
reaction mixture of [18F]6 was collected in BR2, which already contained 20 µL
tetrapropylammonium hydroxide in 2 mL extra-anhydrous MeCN. BR2 was heated up to a
temperature of 100 oC for 2-10 min to obtain [18F]7. After hydrolysis, N,N,N’,N’-tetramethylO-(N-succinimidyl)uranium tetrafluoroborate (TSTU, 20 mg, 0.07 mmol) in 1.0 mL MeCN
was added to BR2 and left for 15 min at 110 oC. The crude reaction mixture was purified by
HPLC without further purification, using a SymmetryPrep, 40 % MeCN in H2O (4.0 mL/min).
The radiolabeling was followed by radio-Thin Layer Chromatography.
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Radiosynthesis of [18F]PSMA-1007.
The precursor 5-(((S)-4-carboxy-1-(((S)-4-carboxy-1-((4-(((S)-1-(((S)-5-carboxy-5-(3-((S)1,3-dicarboxypropyl)ureido)pentyl)amino)-3-(naphthalen-2-yl)-1-oxopropan-2yl)carbamoyl)benzyl)amino)-1-oxobutan-2-yl)amino)-1-oxobutan-2-yl)carbamoyl)-N,N,Ntrimethylpyridin-2-aminium trifluoroacetic acid 8 (1.6 mg, 0.001 mmol) was dissolved in 500
µL DMSO and added to the vial at BR3. [18F]fluoride eluted with 0.075 M TBAHCO3 was
azeotropically dried at 110 oC using anhydrous MeCN in BR1. After drying, [18F]fluoride was
re-dissolved in 400 µL anhydrous DMSO. Both solutions were transferred through a 100 µL
micro-reactor, pre-heated at 140 oC, with a total flow speed of 80 µL/min resulting in an
effective reaction time of 75 s and an overall time of 18 min for complete transfer. The 18Ffluorinated crude reaction mixture was collected in a vial containing 10 mL 5.5 % EtOH. After
completion of the substitution reaction, the diluted mixture was transferred over an C18ec
cartridge attached to an PS-H+ cartridge. The product was eluted with 5 mL 30% EtOH and
collected in a vial containing 14 mL PBS, resulting in a formulated and injectable solution of
[18F]PSMA-1007 in 7% EtOH.
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Abstract
The screening of prostate cancer by imaging the overexpressed biomarker prostate-specific
membrane antigen (PSMA) enables the early diagnosis and staging of the disease. The most
applied imaging technique in PCa is positron emission tomography with [68Ga]PSMA-11
and [18F]PSMA-1007 being the two most widely used PET tracers in Europe. Both tracers
contain the glutamate-urea-lysine (Glu-urea-Lys) binding motif. This has driven our interest
in the development of a modular molecular platform using the Glu-urea-Lys motif that can
participate in the [3+2]-cycloaddition of azide-and alkynes. This forms a versatile platform
for the development of different medical imaging modalities targeting PSMA as well as its
ability to achieve multivalency by coupling PSMA to a multivalent scaffold. Our previously
reported PET-tracer [18F]PSMA-MIC01 (see chapter 3 of this thesis) represented similar
imaging properties as [68Ga]PSMA-11. In this study, we evaluated small structural changes
of [18F]PSMA-MIC01 by introducing an aromatic ring that targets the remote arene-binding
site of PSMA, which led to the design of a second generation F-PSMA-MIC compounds
(MIC02 – MIC04). We show the design, synthesis, molecular docking and dynamics
simulations as well as in vitro binding affinity in terms of logIC50 values. It was found that
the electron-rich aromatic ring, chosen to target the arene binding site, is partly able to
enhance the binding potential, despite its unfavored edge-to-face π-π stacking with Trp541
of PSMA.
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5.1 Introduction
Prostate cancer (PCa) is a worldwide health issue, with 449,800 estimated new cases in Europe
only (2018), and 1,276,100 cases worldwide [1,2]. In 2020, the predicted number of deaths
related to PCa in Europe is 78,800 [3]. In the early 20th century, radical prostatectomy was the
standard treatment of PCa, while nowadays this therapeutic method is only applied for the
aggressive and metastasized variant [4]. Currently, the standard patient care in low-risk patients
is active surveillance, chemotherapy and radiotherapy [4]. One requirement for active
surveillance is the early diagnosis and frequent staging of the disease, which is strongly
supported by medical imaging techniques such as computed tomography (CT), magnetic
resonance imaging (MRI) and especially positron emission tomography (PET) [5]. However, a
main drawback in PET imaging of PCa is that the application of the oncological workhorse
radiotracer, [18F]fluorodeoxyglucose ([18F]FDG), is limited, since PCa is characterized by
having a low glycemic activity, which results in low [18F]FDG uptake [6]. Therefore, nuclear
medicine focused on finding new radiotracers for the early diagnosis of PCa [7]. During this
process, several tracers such as 11C- and 18F-labelled choline were used, which are taken up via
the choline kinases overexpressed in cancer, [18F]sodium fluoride for bone metastases or the LLeucine derivative [18F]fluciclovine [8–10].
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In the early 90’s it was discovered that the glutamate carboxypeptidase II is overexpressed in
PCa [6,7,11,12], which was the inspiration for its widely known synonym: prostate-specific
membrane antigen (PSMA). Although its function in PCa is still not completely understood
[13,14]
, it is found to be present not only in the primary disease, but also in neovascularization of
metastases, lymph nodes and in the recurrent disease [15–17]. Furthermore, it was found that the
PSMA expression varies over the different stages of the disease, with low levels in benign
prostatic tumor tissue [12], but showed a specific increase in well-defined early stage PCa,
indicating to be a very useful biomarker for the primary localization [18]. The most often used
binding motif in PET imaging is the heterodimeric glutamate-urea-lysine (Glu-urea-Lys) motif
which targets the glutamate-favoring S1’-pocket, the urea-part forms hydrogen bonds with zinc
and the lysine that perfectly aligns in the S1-hydrophobic accessory pocket [19]. In 2012,
[68Ga]PSMA-11 was introduced as the first clinically used radiotracer targeting PSMA using
the Glu-urea-Lys binding motif [20,21]. Due to its popularity, several PSMA radiotracers where
developed, however the fluorine-18 tracers [18F]PSMA-1007 and [18F]DCFPyL became the
most frequently used radiotracer in clinics all over the world [22,23].
Chapter 3 of this thesis introduced [18F]PSMA-MIC01, which showed a good image
performance in vivo, similar to the clinically used radiotracer [68Ga]PSMA-11. Here, we
explore the application of copper(I)-catalyzed Azide-Alkyne Cycloaddition (CuAAC) to
introduce structural changes to further improve the binding towards PSMA using the same
alkyne-functionalized PSMA-binding motif and including an azide-functionalized PSMA
binding motif (see Figure 1). It is known that the incorporation of 1,2,3-triazole and
polyethylene-glycol linkers in PSMA-targeting compounds induces a rotation of Trp541
towards Arg511, thus opening an remote arene-binding cleft and precluding the closure of the
entrance lid, which is the key for the formation of the arene-binding site [24]. It was shown that
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the combination of a 1,2,3-triazole, di- or tetra-ethylene-glycol linker and a dinitro-phenyl
group resulted in increase of the binding affinity [24]. Based on this observation, we designed a
second generation of tracers, F-PSMA-MIC02 - F-PSMA-MIC04, for PET-imaging purposes.

Figure 1. Representation of the two PSMA-binding motifs for the modular design of [18F]PSMA-MICs
introduced here. (A) 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 imaging tag is chosen out
of the range of different moieties, represented as the star, that is required for the aimed medical imaging
application. The here presented study is showcasing its application in PET imaging. (B) The same principle using
an azide-functionalized Glu-urea-Lys motif [25] to cover various suitable functionalized medical imaging moieties.

In the present study, we show further development of the previously reported CuAAC-based
modular molecular platform for PSMA-targeting imaging agents [18F]PSMA-MIC 01 - 04, in
which we are aiming to increase the binding affinity by introducing an additional aromatic ring
in the side chain. Due to the ability to engage in the Huisgen [3+2]-cycloaddition, the PSMAbinding scaffold presented here can be easily modified for other medical imaging modalities or
towards multivalent scaffolds.

5.2 Results and discussion

5.2.1 Design of 2nd generation F-PSMA-MIC compounds
The design of the second generation F-PSMA-MIC compounds (see Figure 2) was aimed at
studying the effect of the following modifications: i) the arrangement of the triazole group, by
functionalizing the PSMA-binding scaffold with both alkyne- (F-PSMA-MIC01 and F-PSMAMIC02) and azide-motifs (F-PSMA-MIC03 and F-PSMA-MIC04); ii) the introduction of an
additional aromatic ring to target the arene-binding site in F-PSMA-MIC02 and F-PSMAMIC04. To avoid challenging nucleophilic substitutions on electron-rich aromatics [26] it was
decided to add another ethylene glycol - linker between the benzene ring and the 18Fradionuclide. With this design, all compounds could be radiolabeled via the same procedure,
using a tosylate moiety as leaving group.

Figure 2. Structures of the F-PSMA-MIC compounds which forms the second generation PSMA-binding
tracers.
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5.2.2 Synthesis of 2nd generation F-PSMA-MIC compounds

While the synthesis of F-PSMA-MIC01 employed the alkyne-Glu-urea-Lys motif 4, the design
of molecules F-PSMA-MIC03 and F-PSMA-MIC04 required the preparation of the previously
reported azide analog 9 (Figure 4) [25]. To this end, compound 1 was first deprotected and
coupled to activated 4-azidomethyl benzoic acid 8 in a yield of 41 % (Figure 3A). Azide- and
alkyne-precursors 10 and 15 were modified with 4-(2-hydroxyethyl)phenol 11 to introduce the
benzene-ring, and were fluorinated using tetrabutylammonium fluoride or diethylaminosulfur
trifluoride (DAST) in a yield of 81 % for azide-precursor 14 and 74 % for alkyne-precursor 17.
F-PSMA-MIC02, F-PSMA-MIC03 and F-PSMA-MIC04 (Figure 2) were obtained in CuAAC
reaction in yields of 33 %, 43 % and 9 %, respectively, which was confirmed by NMR and
HRMS.
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Figure 3. Overview of the compounds used for the synthesis of the second generation PSMA radio tracers.

5.2.3 Molecular modeling studies of F-PSMA-MIC compound
The influence of the structural modifications on the binding towards PSMA was first evaluated
in a molecular docking study using previously reported crystal structures [24]. Crystal structures
of PSMA with the Glu-urea-Lys motif coupled via a 1,2,3-triazole either to methoxy tetraethylene glycol linker (MeO-P4) or to a dinitrophenyl di-ethylene glycol linker (ARM-P2) were
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used, in order to include the two distinct conformations of Trp54 [24]. This key residue is flipped
when no interaction is occurring at the remote arene-binding site [24] (Figure 5A and B), while
it is flat when a stabilizing π-π interaction is formed (Figure 5C and D).

A

F-PSMA-MIC01

C

F-PSMA-MIC02

B

F-PSMA-MIC03

D

F-PSMA-MIC04

Figure 4. Molecular docking simulations. A-D: Molecular docking poses. (A) F-PSMA-MIC01 (orange) and
(B) F-PSMA-MIC03 (yellow), superimposed on the binding mode of MeO-P4 with PSMA (PDB ID: 2XEJ); (C)
F-PSMA-MIC02 (purple) and (D) F-PSMA-MIC04 (pink), superimposed on the binding mode of ARM-P2 with
PSMA (PDB ID: 2XEI). Protein is represented as grey cartoon with key residues in sticks, co-crystallized ligands
in green, metal ions as dotted spheres. Hydrogen bonds and π-π stacking’s are depicted as yellow dashed lines.

All the inhibitors show similar docking poses to the parent compounds, MeO-P4 and ARM-P2.
The Glu-urea-Lys motifs of all inhibitors interact with the protein active site residues Arg210,
Asn257, Tyr552, Lys553, Lys699, Asn519 and Arg536. For F-PSMA-MIC01 and F-PSMAMIC03, the diethylene glycol-linker is not involved in specific interactions, as it can be
expected due to its large flexibility. On the other hand, F-PSMA-MIC02 and F-PSMA-MIC04
target the arene-binding site and engage in a π-π interaction with Trp541 as ARM-P2, albeit
with suboptimal ring orientations. To assess the evolution and the stability of this interaction,
molecular dynamics (MD) simulations were performed on the crystal structure of ARM-P2 and
the docked conformations of F-PSMA-MIC02 and F-PSMA-MIC04 (Figure 6). Three 100 ns
long MD simulations were carried out for each compound (see Computational Details).
ARM-P2 features an electron-deficient ring designed to interact with the electron-rich indole
moiety of Trp541. In MD simulations, we were able to reproduce this face-to-face π-π stacking
that was remarkably stable over the course of the simulations (Figure 5C). Examining molecules
F-PSMA-MIC02 and F-PSMA-MIC04, which for reasons of synthetic accessibility featured an
electron-rich ring, revealed that this interaction is present, albeit intermittent and, at intervals,
is of an edge-to-face nature (Figure 5A and B), which is consistent with the electrostatic view
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of the π-π interaction of two electron-rich aromatics [27]. This electron-rich phenyl- ring also
forms cation-π interactions with Arg511 in the arene-binding site (see Computational Details).
A

B

C
D

D

E

C

F

G
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Figure 5. Analysis of the π-π stacking of Trp541 and the aromatic ring in F-PSMA-MIC02 and F-PSMAMIC04. (A) Example of a face-to-face π-π stacking between dinitrophenyl (DNP, green) and Trp541 (gray) from
the complex of ARM-P2 with PSMA (PDB ID: 2XEI). (B) Example of an edge-to-face π-π interaction between
the additional electron-rich ring (green) and Trp541 (gray) from the second MD run of F-PSMA-MIC04 (frame
number 282). The ring distance and ring angle measurements are illustrated as pink dotted lines and blue arcs,
respectively. In all the structures, carbon atoms are colored as indicated above, and other atoms are colored blue
(nitrogen), red (oxygen) and light green (fluorine). (C) Timeline representation of the π-π interactions in the three
MD runs of ARM-P2 (green), F-PSMA-MIC02 (blue) and F-PSMA-MIC04 (red). Dark colors indicate face-toface interactions and bright colors indicate edge-to-face interactions. On the right side, the frequency of the
interactions for individual runs is reported with the same coloring. D-G: Electrostatic potential (ESP) surfaces for
the fragments involved in the π-π interactions: (D) indole, (E) 1,2,3-triazole (F) the aromatic ring featured in FPSMA-MIC02 and F-PSMA-MIC04, (G) dinitrophenyl (DNP). From negative to positive ESP values: red, yellow,
green, blue, violet.

Overall, molecular modeling suggests that π-π contacts with PSMA are enabled by the addition
of an aromatic ring and contribute to the binding affinity. However, the docking simulations
were not able to discriminate between the two different forms of the triazole group in
compounds F-PSMA-MIC01/MIC-02 and F-PSMA-MIC03/MIC04, as the PSMA-targeting
platforms are functionalized with an alkyne- or azide functionality (c.f. Figure 2).

5.2.4 In vitro studies of the 2nd generation F-PSMA-MIC compound.
During the pre-clinical study described in Chapter 3, many hospitals including the University
Medical Center Groningen changed from using [68Ga]PSMA-11 to [18F]PSMA-1007.
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Therefore, the binding affinities for the 2nd generation PSMA-tracers were determined in a
radioassay using [18F]PSMA-1007 as radioactive competitor (Figure 1D).

Figure 6. Results of the binding affinity based on logIC50 determination obtained in a competitive radioassay
on LNCaP cells.

To determine the influence of the structural changes introduced in the 2nd generation F-PSMAMIC compounds, we first evaluated the arrangement of triazole-ring by comparing F-PSMAMIC01 with F-PSMA-MIC03, yet we observed no significant difference. However, in the case
of targeting the arene-binding site (F-PSMA-MIC02 and F-PSMA-MIC04), the rigid triazolebenzene part of F-PSMA-MIC02 gives a lower logIC50 value, representing a higher binding
affinity towards PSMA. Binding affinities of the second generation PSMA-tracers showed that
F-PSMA-MIC02 has a higher binding affinity than F-PSMA-MIC01, presenting the
advantageous effect of targeting the arene-binding site of PSMA even by incorporating
electron-rich phenyl-rings. Although the incorporation of an electron-deficient phenyl-ring
would have promoted this increase in binding affinity even more, as shown by Zhang et al. who
introduced a dinitrophenyl ring [24]. This is not achievable with the chosen tosylate leaving
group for future [18F]fluorinations. A relatively new way to [18F]fluorinate electron-deficient
aromatics is the boronic pinacol ester approach, as described by the Gouvernour group [29],
which might have been a better approach for these [18F]fluorinations. Furthermore, the positive
influence of a hydrophobic, rigid linker attached to the lysine part was already reported earlier
[28]
. This suggests that the strongest PSMA binding affinity of F-PSMA-MIC02 is due to the
rigid triazole-phenyl part and as the affinity observed for this compound was the highest, we
proceeded to radiolabel [18F]PSMA-MIC02 and fully automate its synthesis.

5.2.5 Radiolabeling of the 2nd generation radiotracer [18F]PSMA-MIC02
The final radiotracer [18F]PSMA-MIC02 was obtained in a good RCC of 85% based on HPLCanalysis during the manual synthesis. Although, the final radiotracer [ 18F]PSMA-MIC02 was
synthesized, the radiochemical purity was low and consequently no RCY is reported, but
showed the same retention time on HPLC than the reference compound. However, due to the
successful manual synthesis, the optimization of the purification of [18F]PSMA-MIC02 was
studied during the automation. [18F]PSMA-MIC02 and the procedure was implemented and
optimized on the FlowSafe radiosynthesis module in an overall RCY of 9 %, yielding a 5 mL
injectable solution of 10 % EtOH in PBS with an overall production time of 169 min. The
obtained logD value for [18F]PSMA-MIC02 is-3.22  0.10 and it was tested to be stable for 4 h
in 10 % EtOH/PBS (see HPLC chromatograms in the experimental section). The logD value of
[18F]PSMA-MIC02 was slightly higher than the logD of [18F]PSMA-MIC01.
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Figure 7. Radiolabeling towards PET-tracer [18F]PSMA-2. The manually synthesis route of [18F]PSMAMIC02. The tosylate-synthon 14 is reacted with [18F]fluoride at 100oC for 10 min in anhydrous MeCN, providing
compound [18F]5 with a RCY of 66 %. However, the final radiotracer [ 18F]PSMA-MIC02 was obtained in an
overall reaction time of 289 min but in low purity, therefore no RCY is reported. b) The automated synthesis route
using FlowSafe Click. The final radiotracer [18F]PSMA-MIC02 was obtained in a radiochemical yield of 9% in a
synthesis time of 169 min.

5.3 Conclusion
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Further investigation of the alkyne-functionalized, clickable PSMA-scaffold presented in
chapter 3 of this thesis, led to the design of a second generation of F-PSMA-MIC compounds.
Molecular docking and dynamic studies were conducted to analyze the interaction of these
compounds with PSMA. The in vitro data indicate that targeting the arene-binding site only
partly improves the binding affinity due to the electron-rich phenyl ring introduced to target the
arene-binding site, as the electron-rich phenyl ring forms the suboptimal face-to-edge π-π
stacking instead of the more stable face-to-face π-π stacking. Hence, we can see an increased
binding affinity, however, not as distinct as expected. The alkyne-modified PSMA-scaffold
revealed a robust and reproducible binding affinity towards PSMA and is a useful scaffold for
‘clicking’ to imaging agents that enable other modalities, such as chelators or fluorescent dyes
or to increase the (multi)valency. This modular click-based strategy would be applicable for
other molecular targets as well.
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5.5 Experimental Section
5.5.1 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
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Spectrometer (400 MHz). NMR spectrums 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 DMSO (δ = 2.77 ppm (1H)) as reference.
radio-Thin Layer Chromatography (rTLC) were conducted with Sigma-Aldrich Silica gel on
TLC Al foils with fluorescent indicator 254 nm and measured with an Amersham Typhoon GE
Healthcare Bio-Sciences 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, 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.
[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).
The docking calculations were performed on a HP EliteDesk, with an Intel Core i7-6700
processor with four cores and an NVIDIA GeForce GTX 1060 3GB graphics card, using
Schrödinger Release 2019-4, Maestro 12.2 [31]. The molecular dynamics (MD) and the quantum
chemistry (QM) calculations were performed with the Desmond and Jaguar modules on the
Peregrine cluster at the University of Groningen. The docking images were obtained with
Pymol 2.2.3, and the MD analysis graphs were obtained through the Simulation Interactions
Diagram tool in Maestro.

5.5.2 Organic Chemistry
(9S,13S)-Tri-tert-butyl
tricarboxylate (S2).

3,11-dioxo-1-phenyl-2-oxa-4,10,12-triazapentadecane-9,13,15L-Glutamic

acid di-tert-butyl ester
hydrochloride S1 (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 reaction mixture was allowed to warm to room temperature and stirred for 30 min. HLys(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.
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
S2 as a colorless oil (11.2 g, 18.0 mmol, 89 %). 1H NMR (299 MHz, Chloroform-d) δ 7.40 –

96

2nd Generation of F-PSMA-MIC: Improving Binding Affinity by Targeting the Arene-Binding Site of PSMA

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 [32].
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Di-tert-butyl (((S)-6-amino-1-(tert-butoxy)-1-oxohexan-2-yl)carbamoyl)-L-glutamate (1).
To a solution of compound S2
(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 temperature overnight. The reaction mixture was filtered
over Celite and concentrated to give 9.23 g 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 1 (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
[32]
.
2,5-Dioxopyrrolidin-1-yl 4-((trimethylsilyl)ethynyl)benzoate (2).
To 4-[(trimethylsilyl)ethynyl] benzoic acid S3
(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 2
(0.63 g, 2.00 mmol, 87 %) as a white solid, which was used in the next step without further
purification. 1H NMR (299 MHz, DMSO-d6) 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 (3).
A mixture of compound 1 (0.50 g, 1.03 mmol),
succinimide 2 (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 3 (500 mg,
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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 analysis. 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].
(((S)-1-Carboxy-5-(4-ethynylbenzamido)pentyl)carbamoyl)-L-glutamic acid (4).
Compound 3 (1.3 g, 1.89 mmol) was stirred in dry
dichloroethane (5 mL) and trifluoroacetic acid
(TFA, 10 mL) 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 partially evaporated. The
aqueous residue was dried by freeze drying. The product 4 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 (10).
2-(2-(2-Azidoethoxy)ethoxy)ethan-1-ol S4 (1.0 g, 5.7
mmol) was dissolved in 6 mL anhydrous DCM with
Et3N
(1.5
g,
14.9
mmol)
and
4o
dimethylaminopyridine (DMAP, 0.09 g, 0.74 mmol) and the mixture was cooled to 0 C. pToluenesulfonyl chloride (TsCl, 1.5 g, 8.0 mmol) was dissolved in 3 mL DCM and 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 aq. hydrochloric acid (aq. 1 M HCl),
saturated sodium bicarbonate (sat. aq. NaHCO3) and brine. The organic layer was separated and
volatiles were removed in vacuo to obtained crude product 10 which was purified by column
chromatography (silica gel, 1:2 EtOAc: hexane). Pure product 10 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 [33].
1-Azido-2-(2-(2-fluoroethoxy)ethoxy)ethane (S5).
To a solution of compound 10 (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
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was dried over Na2SO4, filtered and concentrated to give 267 mg yellow oil. The crude product
was purified by column (silica gel, heptane : EtOAc, gradient 5 % - 10 % EtOAc) to give
compound S5 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), in agreement with literature data [33].
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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
II
pentahydrate (Cu SO4  5 H2O, 0.83 mg,
0.03 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 purified by preparative HPLC to give reference compound FPSMA-MIC01 as a white solid (34 mg, 0.054 mmol, 81 %). 1H NMR (299 MHz, Methanold4) 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]. ESI-HR-MS: m/z 647.2437 [M+Na] (theoretical: m/z 647.2447
[M+Na]).
2-(4-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)phenyl)-ethan-1-ol (12).
Potassium carbonate (1.19 g, 8.62 mmol, 2.0 eq.),
4-(2-hydroxyethyl)phenol 11 (0.715 g, 5.17 mmol,
1.2 eq.) and 10 (1.42 g, 4.31 mmol, 1.0 eq.) were
dissolved in 10 mL DMF. After completion of the
reaction, 50 mL of water and 20 mL DCM was
added to the reaction mixture. The water layer was
extracted three times with 20 mL DCM. The organic layers are combined and washed with aq.
1 M aq. HCl, sat. aq. NaHCO3 and brine. The crude product was purified with column
chromatography (silica gel, 3 % Methanol (MeOH) in DCM). 12 was obtained (0.974 mg, 3.3
mmol, 77 %) as an solid. 1H NMR(400 MHz, Chloroform-d) δ = 7.11 (d, J = 8.6 Hz, 2H), 6.87
(d, J = 11.6 Hz, 2H), 4.12 (t, J = 4.5, 3.5 Hz, 2H), 3.86 (t, J = 3.5, 4.7 Hz, 1H), 3.82 (t, J = 6.5
Hz, 2H), 3.76 – 3.72 (m, 2H), 3.68 (m, 2H), 3.38 (t, J = 5.1,3.8 Hz, 1H), 2.81 (t, J = 6.5 Hz,
2H).
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2-(4-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)phenyl)ethyl-4-methylbenzene-1-sulfonate (13).
Compound 12 (0.1 g, 0.34 mmol, 1.0
eq.) was dissolved in 5 mL of
anhydrous DCM and Et3N (0.09 g,
0.89 mmol, 2.6 equiv.) was added to
the solution. The solution was cooled
to 0 °C under inert atmosphere using
an ice bath. DMAP (2.89 mg, 0.0236 mmol, (0.05 eq.) was dissolved in 1 mL dry DCM and
was added to the solution. TsCl (90.0 mg, 0.47 mmol, 1.4 equiv.) was dissolved in 3 mL
anhydrous DCM and added slowly to the cooled reaction mixture. After addition the ice bath
was removed and the reaction mixture was left to stir for 4 h at room temperature. After
completion 50 mL of water and 50 mL of DCM were added to the reaction mixture. The organic
layer was separated and the water layer was extracted with DCM (3x20 mL). The combined
organic layer was washed with aq. 1 M aq. HCl, sat. aq. NaHCO3 and brine, dried with
magnesium sulfate (MgSO4) and concentrated in vacuo. The obtained crude product was
purified by column chromatography (silica gel, 1:2 EtOAc: hexane). The pure product 13 was
obtained as a colorless oil (1.12 g, 2.49 mmol, 76 %). 1H NMR (500 MHz, Chloroform-d) δ
7.69 (d, J = 6.4 Hz, 2H), 7.29 (d, J = 8.1 Hz, 2H), 7.01 (d, J = 8.5 Hz, 2H), 6.80 (d, J = 8.5 Hz,
2H), 4.16 (t, J = 7.1 Hz, 2H), 3.86 (t, J = 3.7,5.0 Hz, 2H), 3.74 (m, 2H), 3.70 - 3.67 (m, 4H),
3.38 (t, J = 5.1 Hz, 1H), 2.88 (t, J = 7.1 Hz, 1H), 2.43 (s, 2H). ESI-HR-MS: m/z 467.1965
[M+NH4] (theoretical: m/z 467.1959 [M+NH4])
1-(2-(2-(2-azidoethoxy)Ethoxy)ethoxy)-4-(2-fluoroethyl)benzene (14).
TBAF (1 M solution in THF, 1.14 mL,
1.14 mmol, 2.0 eq.) was added to a
stirring solution of 13 (0.19 g, 0.57 mmol,
1.0 eq.) in tert-butanol (t-BuOH, 4.56 mL).
The mixture was stirred for 12 h at 100 °C, and then over night at room temperature. The residue
was dissolved in water and the crude product was extracted from the aqueous phase with DCM.
The organic layer was dried over NaSO4 and concentrated in vacuo. The crude product 17 was
purified by column chromatography (25% EtOAc : hexane) and was obtained as a yellow oil
(0.139, 0.47 mmol, 81 %). 1H-NMR (500 MHz, Chloroform-d) δ 7.14 (d, J = 8.6 Hz, 2H), 6.87
(d, J = 8.6 Hz, 2H), 4.58 (dt, J = 47.1, 6.7 Hz, 2H), 4.12 (t, J = 4.6, 5.2 Hz, 2H), 3.86 (t, J =
5.2, 4.5 Hz, 2H), 3.74 (m, 2H), 3.71 – 3.66 (m, 4H), 3.39 (t, J = 5.1 Hz, 2H), 2.95 (dt, J = 22.8,
6.7 Hz, 2H). ESI-HR-MS: m/z 315.1831 [M+NH4] (theoretical: m/z 315.1827 [M+NH4])
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(((S)-5-Amino-1-carboxypentyl)carbamoyl)-L-glutamic acid (5)
Compound 1 (666 mg, 1.37 mmol) was divided
in two batches. Each batch was dissolved in 5
mL DCM and 10 mL TFA and stirred at 70 °C
under microwave conditions for 5 min. The
reaction mixture was concentrated in vacuo for 4.5 h (0.02 mbar, 50 °C) to give compound 5 as
a hygroscopic, sticky, white solid (728 mg). 1H NMR (300 MHz, Methanol-d4) δ 4.37 – 4.24
(m, 2H), 2.92 (t, J = 7.5 Hz, 2H), 2.47 – 2.36 (m, 2H), 2.24 – 2.06 (m, 2H), 2.00 – 1.81 (m, 2H),
1.79 – 1.61 (m, 4H), 1.50 (d, J = 7.4 Hz, 2H), which is in agreement with literature data [34]. 19F
NMR (282 MHz, Methanol-d4) δ -77.13. ES-MS m/z 319.7 [M+1].
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2-(4-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)phenyl)ethyl-4-methylbenzene-1-sulfonate
(F-PSMA-MIC02).
Alkyne-Glu-urea-Lys compound 4
(29.7 mg, 0.07 mmol) and tosylate 14
(27.6 mg, 0.1 mmol) were dissolved
in 400 uL. CuIISO4  5 H2O (1.65 mg,
0.07 mmol), L-ascorbic acid sodium
salt (2.62 mg, 0.1 mmol) and
bathophenanthrolinedisulfonic acid
disodium salt hydrate (SBP, 5.85 mg,
0.1 mmol) were dissolved in MilliQ water to obtain the click reagents in a green solution and
added to the solution of 4 and 14 to obtain a reddish reaction mixture, which was heated up to
60 oC and left stirring for 3 d. The reaction was diluted in MilliQ water and purified by
preparative HPLC and freeze-dried by F-PSMA-MIC02 as a white, fluffy solid (16.5 mg, 0.02
mmol, 33 %). 1H NMR (400 MHz, Methanol-d4) δ 8.46 (s, 2H), 7.90 (s, 6H), 7.09 (d, J = 10
Hz, 3H), 6.77 (d, J = 10 Hz, 3H), 4.62 (t, J = 6.2 Hz, 3H), 4.52 (dt, J = 59.3, 8.1 Hz, 2H), 4.31
(s, 4H), 4.98 (t, J = 5.4 H, 6 Hz, 3H), 3.96 (t, J = 6.2 Hz, 3H), 3.74 (t, J = 5.8, 5.5 Hz, 3H), 3.66
(s, 6H), 3.42 (s, 3H), 2.87 (dt, J = 29.1, 8.2 Hz, 2H), 2.42 (m, 4H), 2.18 (m, 3H), 1.93 (m, 4H),
1.69 (m, 6H), 1.52 (m, 4H). Due to limited solubility we were unable to obtain 13C NMR spectra
of sufficient quality.19F NMR (400 MHz, Methanol-d4) δ -216. ESI-HR-MS: m/z 745.3200
[M+H] (theoretical: m/z 745.3203 [M+H])

4-Azidomethyl benzoic acid (7).
To a mixture of sodium azide (7.62 g, 117 mmol,
2.0 eq.) and 18-Crown-6 (1.17 mL, 5.86 mmol,
0.10 eq.) in dimethylsulfoxide (DMSO, 23 mL)
was added 4-chloromethyl benzoic acid 6 (10.0 g,
58.6 mmol). The mixture was stirred at 25 °C overnight. The reaction mixture was poured into
200 mL EtOAc, washed with aq. 0.1 M HCl (2 × 200 mL) and brine (200 mL), dried over
NaSO4, filtered and concentrated to give azide 7 as a white solid (9.18 g, 51.8 mmol, 89 %). 1H
NMR (300 MHz, Chloroform-d) δ 8.24 – 8.03 (m, 2H), 7.44 (d, J = 7.9 Hz, 2H), 4.45 (s, 2H),
in agreement with literature data [35,36].
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2,5-Dioxopyrrolidin-1-yl 4-(azidomethyl)benzoate (8).
To a solution of acid 7 (3.00 g, 16.9 mmol)
and NHS (1.95g, 16.9 mmol, 1.0 eq.) in THF
(60 mL) was added DCC (3.50 g, 16.9
mmol, 1.0 eq.). The mixture was stirred
overnight. Analysis by NMR indicated 84% conversion. After stirring for another two nights
the solids were filtered off and washed with THF. The filtrate was concentrated to give crude 8
as a white solid. Purification by column chromatography (silica gel, DCM : MeOH gradient)
gave 8 as a white solid (1.42 g, 5.18 mmol, 31 %). 1H NMR (299 MHz, Chloroform-d) δ 8.23
– 8.12 (m, 2H), 7.54 – 7.46 (m, 2H), 4.49 (s, 2H), 2.94 (s, 4H), in agreement with literature data
[36]
.
(((S)-5-(4-(azidomethyl)benzamido)-1-carboxypentyl)carbamoyl)-L-glutamic acid (9).
To a solution of amine 5 (723 mg, 1.60
mmol, corrected for solvent) and NaHCO3
(806 mg, 9.60 mmol, 6.0 eq.) in water (22
mL) was added dropwise succinimide 8 (439
mg, 1.6 mmol, 1.0 eq.) in THF (22 mL),
while cooling in ice. The mixture was stirred
overnight. The reaction mixture was
acidified with 1 M aq. HCl and concentrated in vacuo to give crude 9 (0.72 g) as a white solid.
The product was purified by reversed phase column chromatography (120 g reverse phase silica gel, gradient water : MeOH) to give compound 9 as a white solid (316 mg, 0.660 mmol,
41 %) with a purity of 98.2 % according to HPLC. 1H NMR (299 MHz, Methanol-d4) δ 8.47 (t,
J = 5.5 Hz, 1H), 7.90 – 7.78 d, J = 7.9 Hz, 2H), 7.44 (d, J = 7.9 Hz, 2H), 4.44 (s, 2H), 4.29 (dt,
J = 8.8, 4.7 Hz, 2H), 3.46 – 3.35 (m, 2H), 2.40 (dd, J = 8.6, 6.3 Hz, 2H), 2.25 – 2.05 (m, 2H),
1.99 – 1.80 (m, 2H), 1.67 (ddq, J = 20.1, 14.2, 7.2 Hz, 4H), 1.49 (p, J = 7.7 Hz, 2H). ES-MS
m/z 479.2 [M+1].
2-(2-(prop-2-yn-1-yloxy)ethoxy)ethan-1-ol (S7)
Diethylene glycol S6 (10.0 g, 9.04 mmol) was dissolved
in anhydrous THF (10.0 mL) and the mixture cooled to
0 ⁰ C. Sodium hydride (NaH, 1.5 g, 38.0 mmol) was
slowly added to the solution. After 30 min a solution of
propargyl bromide (3.5 g, 24.0 mmol) in THF (6.5 mL)
was slowly added and the ice bath was removed. After 18 h the reaction was quenched with
water and after extraction with DCM the combined organic layers were washed with brine and
dried MgSO4. After removal of the volatiles the residual oil was purified by column
chromatography (silica gel, pentane : EtOAc; gradient 50% - 100% EtOAc) and yielded S7 as
a colorless oil (1.3 g, 9.0 mmol, 38 %). 1H NMR (500 MHz, Chloroform-d) δ 4.22 – 4.20 (m,
2H), 3.76 – 3.68 (m, 6H), 3.63 – 3.60 (m, 2H), 2.44 (t, J = 2.4 Hz, 1H). This synthesis was
adapted from literature [37] and 1H NMR is in agreement with literature data [38].
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2-(2-(prop-2-yn-1-yloxy)ethoxy)ethyl 4-methylbenzenesulfonate (15).
Propargyl-diethylene glycol S7 (1.3 g, 9 mmol)
was dissolved in dry DCM (8.5 mL). TsCl (2.03
g, 11 mmol) and Et3N (1.8 g, 18 mmol) were
added to the solution which was stirred for 18
h. The volatiles were removed in vacuo to obtain brownish triethylammonium chloride salts.
The salts were washed with EtOAc and filtered. The volatiles were removed in vacuo and the
residual oil was purified by column chromatography (silica gel, pentane : EtOAc; gradient
70:30% → 20:80%) and yielded 15 as a colorless oil (1.6 g, 5.5 mmol, 61 %). 1H NMR (500
MHz, Chloroform-d) δ: 7.76 (d, J = 8.3 Hz, 2H), 7.31 (d, J = 8.3 Hz, 2H), 4.16 (dd, J = 6.0, 3.6
Hz, 4H), 3.73 – 3.67 (m, 2H), 3.66 – 3.58 (m, 4H), 2.48 – 2.38 (m, 4H), 1H NMR data in
agreement with literature data [39].
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3-(2-(2-Fluoroethoxy)ethoxy)prop-1-yne (S8).
To tosylate 15 (300 mg, 1.35 mmol) in t-BuOH (8.2
mL) was added TBAF (1 M in THF, 2.27 mL, 2.27
mmol, 2.0 eq.). The yellow solution was stirred in a
closed vial under nitrogen at 100 °C overnight. The mixture was concentrated and the residue
dissolved in DCM (10 mL) followed by washing with water (10 mL). The aqueous layer was
extracted with DCM (10 mL). The combined organic layers were dried over Na2SO4, filtered
and concentrated to give a dark yellow oil. The crude product was purified by column (silica
gel, diethyl ether : pentane 1/9). The fractions with Rf 0.38 were concentrated (39 °C, 300 mbar)
to give compound S8 as a colorless oil (83 mg, 0.568 mmol, 42 %). 1H NMR (300 MHz,
Chloroform-d) δ 4.69 – 4.63 (m, 1H), 4.52 – 4.46 (m, 1H), 4.21 (d, J = 2.4 Hz, 2H), 3.83 – 3.78
(m, 1H), 3.72 (s, 5H), 2.43 (t, J = 2.4 Hz, 1H), in agreement with literature data [40].
(((S)-1-carboxy-5-(4-((4-((2-(2-fluoroethoxy)ethoxy)methyl)-1H-1,2,3-triazol-1yl)methyl)benzamido)pentyl)carbamoyl)-L-glutamic acid (F-PSMA-MIC03)
A mixture of compound 9 (100 mg, 0.209 mmol
and alkyne S8 (contains 20 wt% methyl-tertbutylether (TBME, 38 mg, 0.209 mmol, 1.0 eq.)
in DMF (5 mL) was stirred under a nitrogen
atmosphere. A suspension of CuIISO4  5 H2O
(2.6 mg, 0.010 mmol, 0.05 eq.) and L-ascorbic
acid sodium salt (4.1 mg, 0.021 mmol, 0.10 eq.)
in water (1.7 mL) was sonicated for 30 min and
added and the reaction mixture was stirred at room temperature over the weekend. HPLC-MS
indicated low conversion. A sonicated suspension of copper(II) sulfate pentahydrate (26 mg,
0.10 mmol, 0.5 eq.) and L-ascorbic acid sodium salt (41 mg, 0.21 mmol, 1 eq.) in water (3.7
mL) was added to the reaction mixture. Alkyne S8 (19 mg, 0.105 mmol, 0.5 eq.) was added and
the mixture was stirred at room temperature overnight. HPLC indicated 13 % conversion toward
compound F-PSMA-MIC03. The reaction was continued at 50 °C for 1 week. Alkyne S8 (31
mg, 0.209 mmol, 1.0 eq.) and a sonicated suspension of copper(II) sulfate pentahydrate (2.6
mg, 0.010 mmol, 0.05 eq.) and L-ascorbic acid sodium salt (4.1 mg, 0.021 mmol, 0.10 eq.) in
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water (0.5 mL) was added and the mixture was stirred over the weekend. The reaction mixture
was concentrated in vacuo using a dry-ice cooler to give 0.34 g brown oil. The crude product
was purified by preparative HPLC to give product F-PSMA-MIC03 as a white solid (56 mg,
0.090 mmol, 43 %). 1H NMR (299 MHz, Methanol-d4) δ 8.02 (s, 1H), 7.86 – 7.79 (d, J = 8.2
Hz, 2H), 7.41 (d, J = 8.2 Hz, 2H), 5.67 (s, 2H), 4.65 (s, 2H), 4.61 – 4.55 (m, 2H), 4.45 – 4.37
(m, 2H), 4.19 (t, J = 6.3 Hz, 2H), 3.78 – 3.72 (m, 2H), 3.70 – 3.62 (m, 2H), 3.38 (t, J = 6.8 Hz,
2H), 2.42 – 2.30 (m, 2H), 2.12 (dt, J = 14.4, 6.8 Hz, 2H), 1.95 (m, 2H), 1.68 (dt, J = 16.6, 7.0
Hz, 4H), 1.49 (m, 2H). 19F NMR (282 MHz, Methanol-d4). δ 5.29 (tt, J = 47.8, 30.0 Hz). 13C
NMR (75 MHz, Methanol-d4) δ 177.44, 176.61, 175.71, 168.13, 158.64, 145.08, 138.69,
134.64, 127.68, 127.56, 123.89, 83.76, 81.54, 70.26, 70.15, 70.00, 69.37, 63.55, 52.98, 39.54,
32.61, 28.79, 28.63, 22.67, 20.66.ES-MS m/z 625.4 [M+1]. ESI-HR-MS: m/z 647.2438 [M+Na]
(theoretical: m/z 647.2447 [M+Na])
2-(2-(2-(prop-2-yn-1-yloxy)-ethoxy)-phenyl)ethan-1-ol (16)
4-(2-Hydroxyethyl)phenol 11 ( 0.24 g, 1.67
mmol), potassium carbonate (K2CO3, 714.91 mg,
5.16 mmol) and 15 (1.00 g, 3.35 mmol) were
dissolved in 20 mL acetone and the mixture
heated until reflux. The suspension was heated at
reflux for 2 d. The purification was performed by
column chromatography (silica gel, hexane: EtOAc, 50% - 100% EtOAc). Product 16 was
obtained as a solid (0.287 g, 1.09 mmol, 58 %). 1H NMR (500 MHz, Chloroform-d) δ = 7.09
(d, J = 8.5 Hz, 2H), 6.83 (d, J = 8.6 Hz, 2H), 4.18 (d, J = 2.4 Hz, 1H), 4.08 (dd, J = 5.2, 4.7 Hz,
1H), 3.86 – 3.79 (t, J= 3.7, 6.2Hz, 2H), 3.79 – 3.73 (t,J = 6.8, 6.7 Hz, 2 H), 3.73-3.66 (m, 6H),
2.76 (t, J = 6.7Hz, 1H), 2.43 (t, J = 2.4Hz, 1H), 1.95 (s, 1H). 13C NMR (400 MHz, Chloroformd) δ = 157.73, 130.62, 129.92, 144.78, 79.60, 74.54, 70.62, 69.79, 69.13, 67.45, 38.27, 29.68.
4-(2-(prop-2-yn-1-yloxy)ethoxy)phenethyl 4-methoxylbenzensulfonate (17)
To the stirring solution of 16 with 0.6 mL
anhydrous DCM, TsCl (195.8 mg, 1.03 mmol)
and Et3N (211 µL, 1.51 mmol) was added. The
moisture was stirred overnight. Volatiles were
removed in vacuo. The crude product 17 was
purified by a column chromatography (silica gel,
pentane : EtOAc, gradient 50-100% EtOAc). The product 17 was obtained as white crystals
(0.275 g, 0.66 mmol, 96 %). 1H NMR (500 MHz, Chloroform-d) δ = 7.73 – 7.66 (m, 2H), 7.28
(d, J = 8.1 Hz, 2H), 7.02 – 6.98 (m, 2H), 6.82 – 6.77 (m, 2H), 4.21 (d, J = 2.4 Hz, 2H), 4.16 (t,
J = 7.1 Hz, 2H), 4.12 – 4.08 (m, 2H), 3.88 – 3.83 (m, 2H), 3.78 – 3.70 (m, 4H), 2.88 (t, J = 7.1
Hz, 2H), 2.43 (d, J = 2.3 Hz, 4H). 13C NMR (101 MHz, Chloroform-d) δ = 157.73, 144.60,
129.85, 129.74, 114.72, 74.56, 70.81, 70.63, 69.76, 69.13, 67.42, 58.44, 34.49, 21.61.
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1-(2-fluoroethyl)-4-(2-(pro-2-yn-1-yloxy)ethoxy)benzene (18)
A solution of 16 (444 mg, 0.64 mmol) in DCM
(5.0 mL) was cooled to -10 oC in an ice bath.
Diethylaminosulfur trifluoride (DAST, 148 µL,
diluted in 3.0 mL DCM) was added dropwise to
the solution. After 30 min, the ice-bath was removed and the reaction mixture was left overnight
at room temperature. The reaction was quenched by adding 5 mL aq. NaHCO3 and left for 30
min. The reaction mixture was extracted with DCM, which was washed again with water, brine
and dried over MgSO4. Volatiles were removed in vacuo. The crude product 18 was purified
by column chromatography (silica gel, Hexane: EtOAc, 20-50% EtOAc). Product 18 was
obtained as white crystals (220.0 mg, 0.83 mmol, 74 %). 1H NMR (500 MHz, Chloroform-d) δ
= 7.13 (d, J = 8.5 Hz, 2H), 6.89 – 6.85 (m, 2H), 4.63 (t, J = 6.6 Hz, 1H), 4.53 (t, J = 6.6Hz, 1H),
4.21 (d, J = 2.4H, 2H), 4.13 – 4.10 (m, 2H), 3.90 – 3.82 (m, 2H), 3.80 – 3.66 (m, 4H), 2.97 (t,
J = 6.6 Hz, 1H), 2.92 (t, J = 6.7 Hz, 1H), 2.43 (t, J = 2.4 Hz, 1H). 13C NMR(400 MHz,
Chloroform-d):  157.59, 129.89, 114.73, 84.28 (d, J = 167,9Hz), 79.61, 74.56, 70.61, 69.88,
69.13, 67.44, 58.43, 36.03 (d, J = 20,2 Hz).19F NMR(400 MHz, CDCL3):  -215.10.
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(((S)-1-carboxy-5-(4-((4-((2-(2-(4-(2-fluoroethyl)phenoxy)ethoxy)ethoxy)methyl)-1H1,2,3-triazol-1-yl)methyl)benzamido)pentyl)carbamoyl)-L-glutamic
(F-PSMAacid
MIC04)
Compound 9 (35.8 mg, 0.075 mmol) and
18 (24mg, 0.090 mmol) were dissolved in
400 uL DMSO. CuIISO4  5 H2O (1.5 mg,
0.006 mmol), L-ascorbic acid sodium salt
(2.58 mg, 0.013 mmol) and SBP (5.3 mg,
0.009 mmol) were dissolved in MilliQ
water to obtain the click reagents in a green
solution and added to the solution of 9 and 18 to obtain a reddish reaction mixture, which was
heated up to 60 oC. After 1 night, the temperature was increased until 80 oC and the mixture
was left stirring for another 2 d. The reaction mixture was diluted in MilliQ water and purified
by preparative HPLC and freeze-dried by F-PSMA-MIC04 as a white, fluffy solid (5.2 mg,
0.007 mmol, 9 %). 1H NMR (400 MHz, Methanol-d4) δ 8.01 (s, 1H), 7.82 (m, 2H), 7.39 (m,
2H), 7.14 (m, 2H), 6.85 (d, J = 8.5 Hz, 1H), 5.74 – 5.62 (m, 2H), 4.65 (s, 2H), 4.55 (dq, J =
59.2, 8.0, 8.2, 8.3 Hz, 2 H) 4.35 – 4.21 (m, 2H), 4.14 (t, J = 5.7, 5.9 Hz, 1H), 4.07 (t, J = 5.6,
6.1 Hz, 1H), 3.84 (t, J = 5.9, 5.7 Hz, 1H), 3.79 (t, J = 6.0,5.7 Hz, 1H), 3.76 (m, 1H), 3.69 (m,
3H), 3.64 (m, 1H), 3.39 (t, J = 8.1 Hz, 6.4 Hz, 1H), 2.94 (t, J = 8.2 Hz, 8.1 Hz, 1H), 2.88 (t, J
= 8.1 Hz, 8.8 Hz, 1H), 2.48 – 2.33 (m, 2H), 2.14 (m, 2H), 1.97 – 1.79 (m, 3H), 1.67 (m, i4H),
1.56 – 1.43 (m, 2H). Due to limited solubility 13C NMR spectra of sufficient quality were not
obtained. 19F NMR (400 MHz, Methanol-d4) δ = -217.02 (m). ESI-HR-MS: m/z 767.3015
[M+Na] (theoretical: m/z 767.3023 [M+Na]).

5.5.3 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
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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 was 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
[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 is trapped on a Sep-Pak light Accel Plus QMA, pretreated with 10 mL 1.4%
sodium hydrogen carbonate and 15 mL water and left drying overnight or by a helium flow.
[18F]fluoride was eluted using mixture of 1 mg K2CO3 dissolved in 200 µL water and 15 mg
Kryptofix K222 in 800 L MeCN. Solvents were evaporated at a temperature of 130oC using
helium flow. One mL of anhydrous MeCN was added 3 times to remove residues of water.
Manual radiosynthesis of [18F]14
Tosylate 13 (3.0 mg, 0.007 mmol) was azeotropically dried at 100oC using anhydrous MeCN.
After drying, 13 was dissolved in 300 uL anhydrous MeCN and added to the dried [18F]fluoride
and left to react for 10 min at 100oC. After completion, the reaction mixture 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]14 was eluted with 1.5 mL DMSO. Radiochemical yield (RCY) of
66%.
Radiosynthesis of [18F]PSMA-MIC02
An aqueous solution of click reagents containing CuIISO4 5H2O (1.65 mg, 0.01 mmol), LSodium Ascorbate (2.65 mg, 0.013 mmol) and bathophenanthrolinedisulfonic acid disodium
salt trihydrate (5.91 mg, 0.01 mmol) was prepared. 7 (3.0 mg, 0.07 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]14 in DMSO and heated up until 90oC for 20 min.
After cooling down, the reaction mixture was diluted with 1.5 mL H2O and purified by HPLC
(40% MeCN in H2O with 0.1 % formic acid, with a flow of 5 mL/min). and the peak at
approximately 20 min is collected.
Automation with FlowSafe Click Synthesis Module
After successful manual synthesis, the 18F- radiolabeling was automated using the FlowSafe
continuous-flow micro-reactor platform for [18F]PSMA-MIC01 and [18F]PSMA-MIC02. Both
the azide-tosylate 13 and [18F]fluoride were azeotropically dried, dissolved in dry acetonitrile
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 acetylenePSMA-binding ligand and click reagents in H2O.
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Radiotracer stability of [18F]PSMA-MIC02
The stability of the formulated product [18F]PSMA-MIC02 was tested for 4 h. The reference
compound gave a retention time of 20 min for F-PSMA-MIC01. Since HPLC is used for
purification, the first step is to collect the radioactive signal at 20 min (A). After purification
and formulation into an injectable solution of 10% EtOH in PBS, the radiotracer is analysed by
HPLC again (B),which was repeated after 2h (C) and 4 h (D).
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Figure 8. HPLC purification of [18F]PSMA-MIC02 of the crude reaction mixture (A) and the formulated
product after 4 h (B), with the retention time of 20 min.

Distribution coefficient LogD
n-Octanol (0.49 mL) and PBS (0.41mL, 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
were separated and 100 L of each layer was 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 as follows:
Table 3. Counts per minute (CPM) of the 3 indidivually measured triplicates of [ 18F]PSMA-MIC01 of noctanol and PBS

No 1.1
No 1.2
No 1.3
No 2.1
No 2.2
No 2.3

Octanol (CPM)

PBS (CPM)

BLK (CPM)

2940.13
2995.66
2963.00
939.12
1093.69
1020.97

4190486.12
4176463.25
4259088.37
1893352.98
1913929.14
1916376.47

58.39
58.39
58.39
30.41
30.41
30.41

LogD
-3.16
-3.15
-3.17
-3.32
-3.26
-3.29

Mean
-3.16

SD

-3.29

-3.22

0.09
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5.5.4 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 manufacturers
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 d 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. Afterwards, 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 4. The logIC50 values for the binding affinity study of F-PSMA-MIC compounds against
[18F]PSMA-1007.

No 1
No 2
No 3

F-PSMA-MIC01
-6.44
-6.07
-6.66

F-PSMA-MIC02
-7.35
-7.34
-7.51

Mean
SD

-6.39
0.30

-7.40
0.09

5.5.5 Computational Details

F-PSMA-MIC03
-6.07
-6.58
-6.37
-7.22
-6.56
0.49

F-PSMA-MIC04
-6.61
-6.82
-6.31
-6.58
0.26

Molecular docking
The proteins were prepared through the Protein Preparation Wizard in Maestro, performing the
assignment of bond orders, hydrogens addition, hydrogen bonds definition and optimization,
waters removal and restrained minimization with the OPLS3 force field [41]. The grid was
created through the Receptor Grid Generation, picking the ligand to define the centroid of the
receptor box, and rotation of the hydroxyl groups of Ser501, Ser513, Tyr552, Tyr700 was
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allowed. LigPrep was used to prepare the ligands and to generate possible states at pH 7.0 ± 2.0
with Epik. The ligands were docked with Glide XP [24], flexible, performing post-docking
minimization on 30 poses and writing out at most 20 poses per ligand. The top-ranked poses
were selected for all the ligands, except for redocking of MeO-P4 and docking of F-PSMAMIC02. For MeO-P4, the 6th-ranked pose was selected because it showed the lowest Root
Mean Square Deviation (RMSD) value (vide infra). For F-PSMA-MIC02, the 2nd-ranked pose
was selected because the additional phenyl-ring engaged in the target π-π interaction.
Two protein-ligand complexes were considered for this docking study, PSMA complexed with
MeO-P4 [42] (PDB: 2XEJ) and with ARM-P2 [42] (PDB: 2XEI), so that two distinct
conformation of Trp541 were included (see main text). In those PDB complexes, electron
density is absent for the PEG chain (due to its flexibility and lack of specific interactions) and,
in 2XEI, for the nitro groups (because the ring is in more different conformations). Redocking
of the co-crystallized ligands was carried out on 2XEJ and 2XEI (Figures 9 and 10), with RMSD
values of 2.914 Å and 1.580 Å, respectively. Regarding 2XEJ, the highest-ranked pose with the
lowest RMSD value was the 6th-ranked pose: these high RMSD values for 2XEJ are consistent
with the large flexibility of the PEG linker of the ligands.

Chapter

5
Figure 9. Redocking poses of MeO-P4 into 2XEJ. (left) Redocking (red) of MeO-P4 (green) into 2XEJ. (right)
Rotated detail of the PEG chain conformations. Hydrogen bonds are depicted as yellow dashed lines.

Figure 10. Redocking (red) of ARM-P2 (green) into 2XEI. Hydrogen bonds and π-π stacking are depicted
as yellow dashed lines.
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Figure 11. Docking poses of F-PSMA-MIC01 into 2XEJ. (left) Docking pose of F-PSMA-MIC01 (orange)
into 2XEJ, superimposed with MeO-P4 (green) co-crystallized with the enzyme. (right) Rotated detail of the
PEG chain conformations. Hydrogen bonds are depicted as yellow dashed lines.

F-PSMA-MIC01 and F-PSMA-MIC03 (Figure 11 and 12) show similar docking poses to
the parent compound MeO-P4, especially in the Glu-urea-Lys motif. The flexible diethylene
glycol chain is not involved in any specific interaction, in line with the absent electron density
of this portion of the ligand in the complex.

Figure 12. Docking poses of F-PSMA0MIC03 into 2 XEJ. (left) Docking pose of F-PSMA-MIC03 (yellow)
into 2XEJ, superimposed with MeO-P4 (green) co-crystallized with the enzyme. (right) Rotated detail of the PEG
chain conformations. Hydrogen bonds are depicted as yellow dashed lines.

Figure 13. Docking pose of F-PSMA-MIC02 (violet) into 2XEI, superimposed with ARM-P2 (green) cocrystallized with the enzyme. Hydrogen bonds and π-π stacking are depicted as yellow dashed lines.
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Figure 14. Docking pose of F-PSMA-MIC04 (pink) into 2XEI, superimposed with ARM-P2 (green) cocrystallized with the enzyme. Hydrogen bonds and π-π stacking are depicted as yellow dashed lines.
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F-PSMA-MIC02 and F-PSMA-MIC04 (Figure 13 and 14) show similar docking poses to the
parent compound ARM-P2, especially in the Glu-urea-Lys motif, and the phenyl- rings are able
to reach Trp541 in the arene-binding site (Figure 15). However, they have a suboptimal
orientation for π-π interactions (Table 5) compared to the cutoffs of the Ligand Interaction
Diagram. In Maestro’s User Manual, a π-π interaction is defined as an interaction between two
phenyl-rings in which either (a) the angle between the ring planes is less than 30° and the
distance between the ring centroids is less than 4.4 Å (face-to-face), or (b) the angle between
the ring planes is between 60° and 120° and the distance between the ring centroids is less than
5.5 Å (edge-to-face). These criteria are based on the adaptation of literature cutoffs [43].

Figure 15. Detail of the π-π interactions for the co-crystallized ARM-P2 (green), the docked F-PSMAMIC02 (violet) and F-PSMA-MIC04 (pink) into 2XEI.
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Table 5. Geometry measurements for the phenyl-rings compared to the cutoffs for a face-to-face π-π
interaction.

Entry

Ring distance (Å)

Ring angle (°)

ARM-P2 (crystal structure)

4.8

23

F-PSMA-MIC02 (docking)

6.6

18

F-PSMA-MIC04 (docking)

4.5

42

face-to-face interaction cutoff

< 4.4

< 30

The π-π interactions behavior of these three compounds was further evaluated with an MD
study.
Molecular Dynamics
The protocol was adapted from a previous MD study on the same system [24]. The crystal
structure of ARM-P2 in complex with PSMA (PDB: 2XEI), the second-best docking pose of
F-PSMA-MIC02 into 2XEI and the top-ranked docking pose of F-PSMA-MIC04 into 2XEI
were used to setup the MD calculations. The structures were embedded in a orthorhombic box
of circa 20600 TIP3P [44] water molecules, the dimension of the box was circa 106x86x83 Å.
The net charge of the system was neutralized by addition of five sodium ions to the solvent box.
The total number of atoms was circa 73,000 atoms. The simulations were performed with the
Desmond molecular dynamics package [45], with default settings for bond-constrains, Van der
Waals and electrostatic interactions cutoffs, PME method for long range electrostatic
interactions.
Each system was subjected to the following relaxation and equilibration protocol: 100 ps of
Brownian dynamics at 10 K in the NVT ensemble with harmonic restraints (50 kcal/mol/A)[42]
on the solutes heavy atoms, followed by 12 ps in the NVT ensemble (Berendsen thermostat)[46]
at 10 K and retaining harmonic restraints on the solutes heavy atoms, followed by 12 ps in the
NPT ensemble (Berendsen thermostat and barostat) at 10 K and retaining harmonic restraints
on the solutes heavy atoms, followed by 24 ps in the NPT ensemble (Berendsen thermostat and
barostat) at 300 K and retaining harmonic restraints on the solutes heavy atoms, followed by 24
ps in the NPT ensemble (Berendsen thermostat and barostat) at 300 K without harmonic
restraints on the solutes heavy atoms. The production simulations were run for 100 ns in the
NPT (300 K, 1 bar, Martyna-Tobias-Klein barostat and Nose-Hoover thermostat) [47,48], in three
replicas. Coordinates were saved every 100 ps and analyzed in Maestro.
Ring distances and ring angles between the phenyl-ring of the ligands and the six-membered
ring of Trp541 were measured in Maestro, through the Plot>Measurements tool. Following
Maestro’s User Manual, π-π interaction cutoffs were defined as follows: (a) the angle between
the ring planes is less than 30° and the distance between the ring centroids is less than 4.4 Å
(face-to-face), or (b) the angle between the ring planes is between 60° and 120° and the distance
between the ring centroids is less than 5.5 Å (edge-to-face). These criteria are the adaptation of
literature cutoffs [43]]. The choice of the six-membered ring in the indole of Trp541 as the ring
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for the distances and angles measurements was supported by QM calculations (see next
section), because the negative electron potential is localized on top of the six-membered ring.
Ab initio calculations
The models were constructed using the software Maestro [31]. Geometries were initially
optimized with MacroModel (Force Field: OPLS3,[42] vacuum, Method: PRCG). Afterwards,
the geometries were further optimized at the M06-2X-D3/6-311G**++ level, in vacuo, with
Ultrafine accuracy, 100 max iterations, tight convergence criteria for SCF (1e-6 energy change,
1e-7 density matrix change), tight convergence criteria (iaccg=5 in the input file) and the option
“Switch to analytic integrals near convergence” on. Single point energies were calculated at the
same level of theory and with the same options. Frequency analysis showed zero imaginary
frequencies for all the optimized structures. Electrostatic potential surfaces of the fragments
were generated by mapping the electrostatic potentials onto surfaces of molecular electron
density (0.001 electron/Å) and rainbow color-coding, using the software Maestro [31]. The
potential energy values range from +25 kcal/mol to -25 kcal/mol, where red signifies the
maximum in negative potential and violet signifies the maximum in positive potential.
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The dinitrophenyl (DNP) ring featured in ARM-P2 is electron-deficient, therefore face-centered
stacking is favored with an electron-rich aromatic as indole [27], whose negative electron
potential is localized on top of the six-membered ring. For the electron-rich phenyl-ring of FPSMA-MIC02 and F-PSMA-MIC04 (Figure 5, main text), face-centered stacking is
disfavored. On the contrary, edge-to-face interactions are more favorable between two electronrich aromatics, as predicted by our MD simulations for the phenyl-ring and Trp541 (Figure 5
in the main text and Figures 18). 1,2,3-triazole also shows a slightly positive electrostatic
potential on top of the ring, which is in agreement with the occasional face-to-face.
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Abstract
Heart failure is accompanied by the reduction of the number of -adrenergic receptors, which
are responsible for the heart rate, pressure, contractility and communication with the
respiratory and metabolic system. This reduction of receptors was recognized to be a valuable
biomarker for the diagnosis of heart failure, especially at the early asymptomatic stage in
which the sympathetic nervous system is able to compensate for the functional loss of the
reduced -adrenergic receptor density. Targeting of -adrenergic receptors in positron
emission tomography (PET) imaging enabled the non-invasive quantification of the receptor
density on the cardiac muscle without the need of immunohistochemical stains. However, the
clinically used PET-radiotracers are lacking selectivity for the cardiac-specific subtype of 1adrenergic receptors, i.e. the image quantification is non-selective for 1- and 2-adrenergic
receptors, whereas many 1-subtype selective inhibitors do not have sufficient affinity to be
used in clinics, due to high non-specific binding and unconvincing blocking in vivo.
Additionally, these clinically used radiotracers are mainly based on short-living carbon-11
(t1/2: 20.4 min). In this study, we are aiming to develop a high affinity -adrenergic binding
ligand by applying the concept of multivalency as a proof of concept to be applied for the adrenergic receptor imaging in future. We show the design, synthesis and in vitro behavior of
a new monovalent ligand that is equipped with an azide-functionality, which can engage in a
versatile copper-catalyzed cycloaddition (CuAAC) with acetylene-bearing molecules. Its
ability to participate in the versatile CuAAC enables easy modifications and the radiolabeling
with different radionuclides. In order to obtain a high-affinity radiotracer, we are applying
the concept of multivalency, which has the potential to increase the binding affinity. We
successfully multimerized the ligand to a trimer via CuAAC and tested it in vitro. Monomer
and trimer showed affinity in the high nanomolar range, with slightly higher affinity for the
trimer. Extensive structural discussion is provided to rationalize the observed effects and
guide the future design of multimeric ligands for the imaging of -adrenergic receptors.
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6.1 Introduction
Adrenergic receptors (AR) are guanosine triphosphate binding proteins, or shortly G-protein
coupled receptors (GPCR), formed out of 7 transmembrane α-helices and six loops, three intraand three extracellular ones [1,2]. Nine different adrenergic receptors can be found in vivo and
are divided into the two main groups of αAR and AR, all having slightly different signaling
cascades, that result in stimulation, via the Gs and Gq/11 proteins, or inhibition, via Gi protein,
of the adenylyl-cyclase [2–4], which plays also an important role in the sympathetic nervous
system [1]. The sympathetic nervous system regulates in turn the cardiovascular (CV) system
with ARs being the controllers of the heart rate, pressure and its communication with the
respiratory and metabolic system [4]. On the cardiac muscle, ARs are mainly expressed,
including the subtypes of 1- and 2ARs [2,3,5]. It was found that the 1AR is the predominant
AR on the myocardium, as it covers 80 % of the AR expression in the atria and 70 % in the
ventricles [3,6].

HF is commonly associated with oxidative stress and an energy deficit [11,12], due to the elevated
radical oxygen formation within the mitochondria of myocytes of the failing heart [13]. In order
to reduce the burden caused by the excessive catecholamine release, such as hypertension [2,14]
and arrhythmias [15], -blockers are administered to slow down the heart rate and normalize the
contractility [16]. The choice of the -blocker is dependent on the type of HF [17]. There are
cardio-selective -blocker such as metoprolol [18] (Figure 1) that shows a 75-higher selectivity
for 1AR than for 2AR [19] and reduces the systolic and diastolic blood pressure [20].
Nevertheless, nonselective -blockers such as propranolol [3] (Figure 1), which can be
administered orally or intravenously, showed therapeutic effects in hypertension, angina and
arrhythmias, and prolonged the survival rate [6]. Furthermore, studies showed that the chronic
administration of propranolol, can upregulate the 1AR expression [21–23].
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It was found that the receptor density of especially 1AR is decreased in several CV diseases,
including chronic heart failure [3,7]. Heart failure (HF) is defined as the insufficient ability of
the heart to provide the body with blood adequately for its metabolic requirements [8,9]. HF
develops as a consequence of the desensitization of the 2AR and a loss of 1AR density of up
to 50 % [8]. It is therefore assumed that HF is a progressive disease [9] that already shows
abnormalities on the AR-level at its asymptomatic stage. In this early stage, the sympathetic
nervous system is able to compensate for the functional loss by stimulating the GPCRs by
upregulation catecholamines, which can cause the desensitization of the 2AR within time and
loss in cardiac contractility [8,9]. During this stage of the disease, the ARs show a declined
responsiveness upon stimulation by excessive release of catecholamines [8], which can be
detected not only in HF patients but also in the elderly population [10].
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Figure 1. Examples of inhibitors used as -blockers in clinics. The addition of  1 or 2 indicates the selective
binding properties. The -hydroxypropanolamine (highlighted in blue) is responsible for binding due to its
interaction with the amino acid sequences Asn329, Asp121 and Phe307.

-Blockers also showed to be very useful in non-invasive imaging, such as positron emission
tomography (PET) of HF, by visualizing the AR expression on the cardiac muscle. The
challenge in imaging HF is the visualization of the cardio-selective 1AR [24]. Especially, since
the receptor density (Bmax) [25] of 1AR reduces over the course of the disease, image contrast
obtained by the 1AR will decrease. Therefore, -blockers with approved functionality on
1ARs provide a good basis for HF radiotracers by the modification with radionuclides. This
principle is reported for the non-selective AR carazolol which was radiolabeled with fluorine18 (t1/2 = 109.7 min, 97% + decay [26]). The obtained (S)-[18F]fluorocarazolol, see Figure 1,
showed a high binding affinity compared to the naturally occurring catecholamines epinephrine
and norepinephrine [27]. Another good example of -AR imaging is (S)-[11C]CGP-12388
(Figure 1), which was applied for the imaging of idiopathic dilated cardiomyopathy [28–30].
Additionally, it was even possible to quantify receptor density based on the obtained PET
images, which enables the early diagnosis of HF [31,32]. However, all radiotracers mentioned
above are non-selective, so the interest of 1-selective radiotracers grew and resulted in the
development of [11C]CGP-20712A, (S)-[11C]bisoprolol and ICI89406-derivatives [33,34].These
radiotracers showed a high non-specific uptake whilethe associated blocking studies, to show
the specific binding towards 1AR–binding, did not show significant decrease compared to the
controls, indicating that the tracers lacked high binding affinities in vivo [33].
An option to increase the binding affinity is toreduce the dissociation constant Kd of imaging
agents. One way to do this is to take advantage of the multivalency phenomenon, as described
in Chapter 2 of this thesis. Briefly, the imaging agent has multiple ligands on the surface that
can interact consecutively or simultaneously with binding sites [35], which prolongs the
residence time of the imaging agent at the target due to a binding-rebinding effect. The aim of
this study is to provide a proof-of-concept showing that multivalent AR ligands have a higher
binding affinity than their monomeric counterparts. Towards this end, we synthesized a new ßblocker that targets ßARs. After showing its binding potential in vitro on rat C6 glioma cells
for binding affinity, the ligand was trimerized using triethynylbenzene as a core-molecule. The
trimer was successfully synthesized via the copper-catalyzed azide-alkyne cycloaddition
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(CuAAC) and tested in vitro. To interpret the in vitro findings, a consensus molecular docking
study was performed.

6.2 Results and Discussion

6.2.1 Design of the ß-blocker series
Effective binding of ligands to AR requires the presence of a phenoxypropanolamine binding
motif, which showed inhibitory effects for 1AR and 2AR [36]. It was discovered that the hydroxypropanolamine part, see Figure 1 and 3, is responsible for the interaction with the
binding pocket of 1ARs, as the amine interacts with Asn329 and the hydroxyl group with
Asp121 [37]. Additionally, the aromatic ring forms a π-π stacking interaction with Phe307 [37].

Figure 2. β1-Adrenergic receptor co-crystallized ligand cyanopindolol (PDB ID: 2VT4) that shows the
interaction with the key residues Asn329 and Asp121 and shows Phe307, that is able to form a π-π
stacking. Further, this specific binding pose shows interaction with the nitrogen of the indole.

6

Chapter

Based on these findings, the design of the novel AR inhibitor shown in Figure 3 is based on
the -hydroxypropanolamine binding-moiety. As mentioned before, effective binding not only
requires a -hydroxypropanolamine but a connected aromatic group. In our design we decided
to introduce naphthalene for the aromatic part, inspired by the -inhibitor propranolol [5], shown
in Figure 1. Since our aim is to synthesize a AR-specific inhibitor, we decided to use 2,6dihydroxynaphthalene and introduce modifications with -hydroxypropanolamine and a linkermolecule for our series of -inhibitors.

Figure 3. Design of the here presented AR inhibitor for future radiotracer purposes. The different colors
indicate the different building blocks of the inhibitor. Blue highlights the interaction of the inhibitor with the amino
acids Asn329 and Asp121, the naphthalene is supposed to result in π-π stacking with Phe307. The linker enables
the modification with the clickable azide-functionality, but it is mainly incorporated as a spacer between the ligand
and the final trimer structure.

121

Chapter 6
The differences between 1- and 2-selective -blockers found in literature can be caused by a
knowledge gap of how AR react upon ligand coupling, since the binding motifs of 1- and 2selective inhibitors are very similar [38]. This can also be noticed in the effectiveness of blockers used in clinics, while the cardio-selective metoprolol had positive effects in the therapy
of HF, bucindolol did not show this effect and xamoterol even increased the mortality [5], despite
the fact that they all bear the phenoxypropanolamine binding motif, see Figure 1. Another
challenge is that the size of the binding pocket of 1ARs decreases when a G-protein is coupled,
which showed to increase the interactions, polar and nonpolar, between AR and ligand [39].
Our aim, a high affinity multivalent AR inhibitor, is achieved by preparing the AR binding
ligand by modifying 2,6-hydroxynapthalene with the -hydroxypropanolamine binding-moiety
and a linker-molecule that is functionalized with an azide, which enables the formation of a
trimeric multivalent AR ligand by CuAAC, shown in Figure 4.

Figure 4. Design of the trimeric AR inhibitor, obtained by CuAAC of the monomeric AR inhibitor and
triethynylbenzene.

6.2.2 Synthesis
The designed monovalent AR ligand was obtained by using 2,6-dihydroxynaphthalene 3 as
the starting point. Compound 3 was functionalized by coupling a tri-ethylene glycol linker with
azide-moiety 2 under microwave conditions to obtain the 2-hydroxynaphthol 4. This step
enabled the selective reaction of the remaining hydroxyl group with racemic epibromohydrin
to obtain epoxide 5, which formed -hydroxypropanolamine upon epoxide-opening using
isopropylamine. This gave the monomeric AR 6 in a good yield of 67 %. The trimer was
synthesized by utilizing the CuAAC of AR 6 and triethynylbenzene as core-molecule, which
enabled the synthesis of a trimeric ligand AR 7 with a yield of 4 %, as shown in Figure 5. The
progress of the reaction was followed by Liquid-Chromatography Mass Spectroscopy (LCMS)
and stopped, when quantitative conversion of the alkynes of triethynylbenzene was achieved.
The trimeric ligand AR 7 was purified by preparative High Performance Liquid
Chromatography, in which only those fractions were combined, which gave the required mass
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of 1446.76 m/z of the trimer. The presences of three ligands were additionally confirmed by
NMR and High Resolution Mass Spectrometry (HRMS), see Experimental Section for details.
Despite the low yield, we obtained sufficient amounts of the trimeric ligand 7 to be able to
conduct in vitro studies (vide infra) and characterization, hence the purification method was not
optimized for this study.

Figure 5. The synthesis of the monomeric (6) and trimeric (7) 1-adrenoceptor ligands.

6.2.3 In vitro studies
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After successful synthesis of the monomeric and trimeric ARs, the binding affinity was tested
on AR expressing rat C6 glioma cells. For competitive binding radioassay the radiotracer
[125I]iodocyanopindolol ([125I]ICYP) was used. It was found that the most reliable incubation
conditions of the non-selective AR inhibitor [125I]ICYP were 10 kBq radiotracer per well,
which were incubated for 120 min to achieve a maximal tracer uptake plateau (see Experimental
Section for details). In order to compare the obtained logIC50, we included the non-specific antagonist, propranolol. The binding affinity, expressed as the logIC50 and shown in Figure 6,
was the highest for propranolol, with a logIC50 of -7.44  0.16 M. The values for the new blocker were one order of magnitude lower, which are for the monomeric -blocker 6 -6.20 
0.30 M and for the trimeric -blocker 7 -6.72  0.17 M. These numbers represent a slight
advantage for the trimeric -blocker 7 in terms of binding affinity. Looking at the corresponding
IC50 values of the monomer and the trimer, which are 629.6 nM and 191.5 nM, respectively,
the differences in binding equals a 3-fold increase in binding affinity for the trimer compared
to the monomer, showing that the multivalency-effect indeed positively influences the binding
affinities of multivalent ARs.
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Figure 6. Overview of the binding affinities tested in vitro on rat C6 glioma cells. The corresponding IC50
values are for Propranolol 36.2 nM (95 % CI: 16.4 – 83.3 nM), monomeric -Blocker 629.6 nM (95 % CI: 162.5
nM – 3.8 µM) and the trimeric -Blocker 191.5 nM ( 95 % CI: 95.6 nM – 388.8 nM).

Looking at the structures of the explored ligands propranolol, monomeric -blocker 6 and
trimeric -blocker 7, it needs to be mentioned that the S-enantiomer of propranolol was used,
which is known to be the active enantiomer of AR inhibitors [40]. The new ligands were not
prepared in enantiopure form. This will influence the binding affinity, as the added
concentration is not representative for the active (S)-monomer, but only a portion. Furthermore,
it might be that the non-selective AR inhibitor propranolol has a higher binding affinity
because it is targeting both ARs of C6 glioma cells, 1- and 2-AR, while we do not know the
selectivity of monomer 6 or trimer 7, in case this may be selectively for only one ARs, which
was not aimed and clarified in this study, then the obtained binding affinity would be lower.

6.2.4 Consensus molecular docking
In order to get a better understanding of how the ligand interacts with ARs and why the binding
affinity of the monomer is lower, a molecular docking study was performed with AutodockVina
[41]
using default settings. This revealed that propranolol and the monomer indeed show
different docking poses within the AR, as propranolol shows a similar pose than the parent
compound while the monomer does not, as shown in Figure 7 (c.f. Figure 2 for

B

C

2VT4 (cyanopindolol)

6H7N (xamoterol)

2YCW (carvedilol)

monomer

propranolol

A

Figure 7. Docking poses of propranolol (yellow, first row) and the monomer (magenta, second row)
superimposed with the co-crystallized ligands (green).

Importantly, the used protein crystal structures (PDB IDs: 2VT4, 6H7N, 2YCW) are based on
turkey 1AR which have the same amino acid sequences at the binding pocket as the human
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1AR [42]. The docking poses show that clinically used propranolol has a different binding mode
than the monomer within the 1AR. While propranolol aligns very well to the co-crystallized
ligands (cyanopindolol, xamoterol and carvedilol) the monomer does not show this conserved
binding mode. The triethylene glycol is very flexible and seems to engage in non-specific
interactions with the protein residues. The main conclusion out of these docking poses is that
the modification of the naphthalene group at the -positions is not optimally chosen. While
propranolol has only the -hydroxypropanolamine binding-moiety in the α-position of the
naphthalene, our monomer 6 was modified on both sides of the naphthalene, both at the positions. Therefore, the aromatic naphthalene of the monomer 6, that is supposed to form a ππ stacking with Phe307, is slightly larger than for propranolol, due to the phenoxy-groups on
both -positions of the naphthalene. Additionally, the tri-ethylene glycol linker might hinder
this interaction as well due to its flexibility.
In order to further test this assumption, we investigated the binding of metoprolol (Figure 1), a
1AR-selective antagonist which has next to the binding moiety a methoxyethane-group
attached at the para-position of the benzene. Docking studies, performed under the same
conditions, are shown in Figure 8.

B

C

2VT4 (cyanopindolol)

6H7N (xamoterol)

2YCW (carvedilol)

metoprolol

A

It can be appreciated that the aromatic ring of the cardio-selective, clinically used β-blocker
metoprolol also does not show the same pose as their parent structures cyanopindolol (A) or
xamoterol (B), however, it still has similar interactions provided by the hydroxyl-group and the
amine. A closer look at Figure 7C reveals that the highest ranked pose, based on AutodockVina
[41]
calculations, of metoprolol does not show the correct fit into the binding pocket, which
would not result in the expected interaction of the phenoxypropanolamine with the binding
pocket. This can also be observed for the monomer in Figure 2C. This indicates that carvedilol,
a neutral agonist, causes different interactions compared to the other two -blockers. The
binding pocket seems to undergo some induced-fit adaptations to accommodate the ligand. In
order to determine and verify this effect, molecular dynamics would be necessary to get more
insight into the receptor – ligand interactions.
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Figure 8. Docking poses of the cardio-selective AR antagonist metoprolol (light red) superimposed with
the co-crystallized ligands of cyanopindolol, xamoterol and carvedilol (green).

Next, we aimed to evaluate the binding affinity of the monomer and the trimer, which contains
a flexible tri-ethylene glycol linker. To make a more precise model of how the monomer
behaves at the binding site, extensive and time-consuming molecular dynamics study would
have to be performed for both ligands, which could not be achieved in this study. Therefore, a
consensus docking study was performed, in which different crystals structures were used for
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docking to increase its reliability by considering different protein conformations [43], with a total
set of 9 protein crystal structures of 1ARs (see Experimental Section for the detailed
overview). From this study, it can be seen that metoprolol usually shows good poses compared
to the parent ligand. Compared to propranolol, however, metoprolol seems to have different
interactions as it is slightly shifted within the binding pocket. Exceptions are found in the
docking poses using 2YCW and 2Y02, in which metoprolol does not interact within the binding
pocket. It can be noted that the poses obtained by docking of the monomer are not similar to
the parent ligand for all cases, which indicated that the expected interactions of the
phenoxypropanolamine could not form the energetically favored state within docking
calculations. This is yet another indication that the choice of 2,6-dihydroxynaphthalene as a
starting point was not ideal and should be reconsidered. The same effect, albeit less pronounced,
can be noticed for the trimer, see Figure 9. AutodockVina [41] is based on a grid of a certain
size, which can be manually adjusted. Within the docking study, the program calculated the
free energy of the different poses, scoring them based on the apparently lowest free energy.
While this grid is relatively large for monomers, the trimer has less flexibility, as it is fitted into
this grid, regardless of its dimensions. Therefore, the docking poses might not mimic the reality
as much as for the monomer. In the obtained poses it can be seen, that the trimer show similar
poses than the monomer at the binding site. However, as the induced –fit of mono- and trimer
show different in vitro binding affinities, these data suggest that the 3-fold increase in binding
affinity of the trimer, compared to the monomer, is indeed based on the multivalency effect.
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2VT4 with cyanopindolol

6H7N with xamoterol

2YCW with carvedilol

trimer

A

Figure 9. Docking poses of the trimeric - antagonist metoprolol (brown) in the crystal structures of 2VT4,
6H7N and 2YCW.

What is apparent for the monomer, as well as for the trimer, is that both oxygens attached to
the naphthalene show some interaction or rotation at the binding site, which hinders the desired
interaction of the phenoxypropanolamine with the AR binding pocket. In order to prevent this,
it might be a good idea to reverse the principle reported by Wang et al., who introduced a
hydrophilic part into a hydrophobic linker to optimize the ligand-receptor interactions [44]. If
one introduces a hydrophobic part on one side of the naphthalene, the flexibility at the aromatic
ring is reduced, which might stabilize the ligand in the binding pocket and promote the
phenoxypropanolamine interaction with the key residues in the binding pocket. All in all, the
consensus molecular docking study enabled more insights into the interactions of monomer and
trimer with ARs and gives several hints of how to improve the binding interactions of the here
reported ligands.
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6.3 Conclusion
In conclusion, a novel -adrenergic receptor antagonist and propranolol-analogue was
successfully designed, synthesized and multimerized. In vitro studies of the racemate showed
an inhibitory effect on the -adrenergic receptor expressing rat C6 glioma cells. Further
investigations are required for synthesizing the pure (S)-enantiomer, and thus its active form,
which should improve the binding affinity of the ligand. We could obtain a 3-fold increase in
the binding affinity of trimer compared to the monomer, proofing our concept that we can apply
multivalency for targeting ARs with higher binding affinity. However, the monomeric
structure needs to be optimized in order to achieve 1-selective binding. This requires in the
final step also, the determination of the optimal linker-length of the trimer between multivalent
core and the binding ligand.
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6.5 Experimental Section
6.5.1 General Materials
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Starting materials, reagents and solvents were purchased from Sigma–Aldrich, Acros, Fluka,
Fischer, TCI and were used as received. Solvents for the reactions were of quality puriss. p.a.
Anhydrous solvents were purified by passage through solvent purification columns (MBraun
SPS-800). For aqueous solutions, deionized water was used. Thin Layer Chromatography
analyses were performed on commercial Kieselgel 60, F254 silica gel plates with fluorescenceindicator UV254 (Merck, TLC silica gel 60 F254). For detection of components, UV light at λ =
254 nm or λ = 365 nm was used. Alternatively, oxidative staining using aqueous basic
potassium permanganate solution (KMnO4) or aqueous acidic cerium phosphomolybdic acid
solution (Seebach’s stain) was used. Drying of solutions was performed with MgSO4 and
volatiles were removed with a rotary evaporator.
Nuclear Magnetic Resonance spectra were measured with an Agilent Technologies 400-MR
(400/54 Premium Shielded) spectrometer (400 MHz). All spectra were measured at room
temperature (22–24 °C). The multiplicities of the signals are denoted by s (singlet), d (doublet),
t (triplet), q (quartet), m (multiplet), br (broad signal), app (apparent). All 13C-NMR spectra are
1
H-broadband decoupled. High-resolution mass spectrometric measurements were performed
using a Thermo scientific LTQ OrbitrapXL spectrometer with ESI ionization. The moleculeion [M + H]+ are given in m/z-units. UPLC measurements were performed using the following
setup: Column: ACQUITY UPLC® HSS T3 1.8µm, 2.1 x 150 mm; Detection:  = 254 nm;
Flow: 0.3 mL/min; Eluent A: 0.1% formic acid in water; Eluent B: 0.1% formic acid in
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acetonitrile; Program: (0-1 min) 5% B; (1-8 min) linear gradient to 90% B; (8-11 min) 90%
B; (11-12 min) linear gradient to 5% B; (12-17 min) 5% B.

6.5.2 Organic Chemistry

2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl (2).

2-(2-(2-Azidoethoxy)ethoxy)ethan-1-ol 1
(1.0 g, 5.7 mmol) was dissolved in 6 mL
anhydrous DCM with Et3N (1.5 g, 14.9
mmol)
and
4-dimethylaminopyridine
o
(DMAP, 0.09 g, 0.74 mmol) and cooled to 0 C. p-Toluenesulfonyl chloride (TsCl, 1.5 g, 8.0
mmol) was dissolved in 3 mL DCM and slowly added to the solution. The reaction mixture was
stirred at room temperature for 18 h. After completion, the mixture was washed with 1 M aq.
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
2 was purified by column chromatography (silica gel, 1:2 EtOAc: hexane). The product 2 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 [45].
6-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)naphthalen-2-ol (4).
A solution of 2,6-dihydroxynaphthalene 3
(3.05 mmol, 488.6 mg), azide 2 (0.84 mmol,
275.7 mg) and cesium carbonate (CsCO3,
1.53 mmol, 500m1 mg) in N,N-dimethyl
formamide (DMF, 4 mL) was mixed, pre-stirred for 90 s and stirred under microwave
conditions at 150 oC for 30 s. The volatiles were evaporated and the product purified by column
chromatography (Silica gel, pentane/ diethyl ether, using a gradient from 50 % to 60 %
pentane). The volatiles were evaporated to yield product 3 (104.4 mg, 39%) as an off-yellow
oil. 1H NMR (400 MHz, CDCl3) δ 7.59 (dd, J = 16.6, 8.7 Hz, 2H), 7.14 (dd, J = 8.9, 2.5 Hz,
1H), 7.12 – 7.06 (m, 2H), 4.22 (t, J = 4.6, 5.1 Hz, 2H), 3.93 (m, 2H), 3.79 – 3.75 (m, 2H), 3.73
– 3.66 (m, 4H), 3.49 (s, 1H), 3.39 (t, J = 5,1 Hz, 2H), 1.43 (s, 1H). 13C NMR (100 MHz, DMSO):
δ 154.1, 153.5, 129.8, 128.4, 128.0, 127.4, 118.8, 108.8, 108.8, 106.9, 70.0, 69.7, 69.3, 69.0,
67.1, 50.0.
2-(((6-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)naphthalen-2-yl)oxy)methyl)oxirane (5).
A solution of compound 4
(0.22 mmol, 72 mg),
epibromohydrin
(0.66
mmol, 56 µL), potassium carbonate (K2CO3, 0.66 mmol, 91 mg) and potassium iodide (KI, 10
mg) in acetone (1.5 mL) was heated at 60 °C in a sealed tube. After 24 h, another portion of
epibromohydrin (1.32 mmol, 112 µL) was added and the stirring continued for another 20 h.
The volatiles were evaporated and the residue was dissolved in EtOAc (30 mL). The organic
phase was washed with sat aq. NaHCO3 (2 x 20 mL) and brine (20 mL), dried (MgSO4) and the
128

The Effect of Multivalency on β-Adrenergic Receptor Ligands

volatiles were removed. The product was purified by flash chromatography (Silicagel, 40-63
nm, pentane/Et2O, 1:1, v/v) to give an oil (34 mg, 41 %), which was used in the next step
without further characterization.
3-((6-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)naphthalen-2-yl)oxy)-N-isopropyl-2-methylpropan-1-aminium chloride (6).
A solution of compound 5 (80
µmol, 30 mg) in isopropylamine (0.6 mL) and water
(0.2 mL) was stirred at RT for 3 h. The reaction mixture was diluted with AcOEt and the organic
phase was dried (MgSO4). The volatiles were evaporated, and the residue was dissolved in Et2O
(3 mL). Addition of 2N HCl in Et2O (1 mL) resulted in precipitation of the product 6 as a
hydrochloride salt (25 mg, 67%). 1H NMR (400 MHz, CD3OD):  7.67 (d, J = 8.8 Hz, 1H),
7.66 (d, J = 8.8 Hz, 1H), 7.22 (d, J = 2.5 Hz, 1H), 7.20 (d, J = 2.4 Hz, 1H), 7.15 (dd, J = 8.8,
2.5 Hz, 1H), 7.13 (dd, J = 8.8, 2.5 Hz, 1H), 4.30 (m, 1H), 4.20 (m, 2H), 4.14 (dd, J = 9.9, 5.1
Hz, 1H), 4.09 (dd, J = 9.9, 5.5 Hz, 1H), 3.89 (m, 2H), 3.75 – 3.70 (m, 2H), 3.70 – 3.63 (m, 4H),
3.46 (hept, J = 6.6 Hz, 1H), 3.32 (m, 4H), 3.18 (dd, J = 12.6, 9.7 Hz, 1H), 1.38 (d, J = 6.6 Hz,
3H), 1.37 (d, J = 6.6 Hz, 3H); 13C NMR (100 MHz, CD3OD): δ 155.5, 154.9, 130.1, 129.2,
128.0, 127.9, 118.9, 118.4, 106.8, 106.6, 70.4, 70.1, 69.7, 69.6, 69.5, 67.2, 65.5, 50.7, 50.3,
47.1, 18.0, 17.4. HRMS (ESI+) calc. for [M+H]+ (C22H33N4O5): 433.2445, found: 433.2449.
3,3',3''-(((((((((benzene-1,3,5-triyltris(1H-1,2,3-triazole-4,1-diyl))tris(ethane-2,1diyl))tris(oxy))tris(ethane-2,1-diyl))tris(oxy))tris(ethane-2,1diyl))tris(oxy))tris(naphthalene-6,2-diyl))tris(oxy))tris(1-(isopropylamino)propan-2-ol)
(8).
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CuIISO4  5 H2O (1.65 mg, 0.07 mmol), L-ascorbic acid sodium salt (2.62 mg, 0.10 mmol) and
bathophenanthroline disulfonic acid disodium salt hydrate (SBP, 5.85 mg, 0.1 mmol) were
dissolved in MilliQ water (350 L) to obtain a green solution of the click reagents and added
to a solution of compound 6 (0.14 mmol, 59.5 mg) and trietynylbenzene 7 (0.02 mmol, 3 mg)
in DMSO (1.0 mL).The reaction mixture was stirred for 2 d at 80 C in an oil bath. The mixture
was diluted in MilliQ water and purified by preparative HPLC and freeze-dried to give
compound 3 as a red/ purple solid, a portion (0.0007 mmol, 1.0 mg, 3.5 %) was used for
competitive binding studies, the other portion was used for characterization without weighing.
Therefore, the actual yield might be higher, as additionally prepHPLC gave several fractions in
which monomer and trimer were mixed. 1H NMR (400 MHz, DMSO-d6):  8.69 (s, 3H), 8.34
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(s, 3H), 7.62 (t, J = 9.5, 9.3 Hz, 6H), 7.25 – 7.10 (dd, J = 35.8, 6H), 7.10 – 7.00 (ddd, J = 6.8,
8.8, 29.2Hz, 6H), 4.60 (t, J = 4.9 Hz, 6H), 3.72 (t, J = 4.7, 3.7 Hz, 6H), 3.58 (s, 12H), 2.90 –
2.78 (m, 6H), 2.67 (m, 3H), 1.05 (s, 18H), two triplets and a multiplex are under the methanol
peak at 4.20 - 3.88, but they should have 3H, 6H and 12H; Due to limited solubility we were
unable to obtain 13C NMR spectra in sufficient quality. HRMS (ESI+) calc. for [M+H] +
(C78H102N12O15): 1447.7660, found: 1447.7672.

6.5.3 Cell culture
The 1- and 2-adrenoreceptor expressing cell line C6 glioma were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) – low glucose (Gibco, 1.0 g/L D-glucose, 25 mM HEPES,
pyruvate), supplemented with 10% fetal calf serum (FCS, Bodinco BV) at 37°C in a humidified
5% CO2 atmosphere. The cell lines were kept in a passage between 32 and 40 to ensure
sufficient expression of -adrenoceptor. Cells were passaged three times a week in a split ratio
of 1:15 using Trypsin (Gibco, 2.5% Trypsin).
Cell uptake study
In order to perform the competitive binding, the maximal uptake conditions needed to be
determined. The optimal amount of radiotracer [125I]iodocyanopindolol was determined by
testing three different concentrations of 5 kBq, 10 kBq and 20 kBq were added to a 24 well
plate with 100.000 cells/well. In order to know how long the competitive binding assay needs
to incubate after the addition of the ligand and the radiotracer, the uptake is determined at 3
different time points, at 45 min, 90 min and 120 min, see Figure 10. The experiment was
performed in technical duplicates.

Figure 10. Uptake study of [125I]iodocyanopindolol on C6 glioma cells.

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 1 d prior to the cell experiments. After
washing the cells twice with warm PBS, new medium was added. For the binding affinity, 50
L of 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 (10 kBq) of the
radioligand [125I]iodocyanopindolol (Perkin Elmer) to reach a final volume of 500 L in each
well. After incubation of 120 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 and incubated until cells were completely detached. 900 µL of medium was added and
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cells were transferred into tubes. The remaining activity in the cells was measured in a counter. Afterwards, 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 logIC50 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.

6.5.4 Molecular docking studies

center
x
y
z

2VT4_A
1.789
23.00
21.00

2YCZ_B
36.03
-32.935
25.049

6H7N_A
-10.319
-33.190
14.529

4AMI_A
-22.672
-9.901
34.348

2YCW_B
19.839
-4.729
35.895

2Y02_B
9.105
-10.192
12.185

4AMJ_B
8.331
-9.986
12.295

2YCX_B
24.047
6.646
-13.593

4BVN
-24.101
13.170
14.565
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The in silico molecular docking studies where performed using the program of AutodockVina
[41]
. Several β1-adrenergic receptor complexes where considered, all proteins (PDB IDs 2VT4
[42]
, 2YCZ [46], 6H7N [39], 4AMI [47], 2YCW [46], 2Y02 [48], 1AMJ [47], 2YCX [46] and 4BVN [49])
were obtained from the protein data bank [50]. For molecular docking, the program
AutodockVina [41] provided by the Scripps research group using Molecular
GraphicsLaboratorium tools was used. Proteins where prepared by removal of water, addition
of polar hydrogen bonds and addition of charges using the Kollmann charge. The docking grid
was defined as a 28 x 28 x 28 Å square, centered on the oxygen or carbon next to the aromatic
within the binding site, and moved 8 Å up into the entrance funnel so that the binding site is
covered as well as the top of the receptor. This was decided to assure good binding properties
of the trimer, a bigger square would have promoted binding outside the binding pocket, a
smaller square would have promoted the folding of the trimer into the binding site of beta1adrenergic receptors. For the final docking, the chain with the highest score was selected, which
was chain A for 4AMI, 2VT4, 6H7N and chain B for 2YCW, 2Y02, 4AMJ, 2YCX, 2YCZ.
Ligands, either obtained from PubChem for redocking purposes, or prepared using ChemDraw
Professional 15.1., where obtained as a 3D file, converted into a pdb.file in PyMOL and loaded
into AutoDock Vina [41], in which the non-polar hydrogens were merged and the Garsteiner
charges were added. All measurements where performed at the solvation energy for exhaustive
docking (seed) -918026120 with an energy range of 4 and an exhaustiveness of 8.
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6.5.4.1 Consensus docking poses

Note: For 2VT4 docked with metoprolol the 2nd highest pose is shown, as the fit with the parent
was higher.
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6

Note: For 2YCW docked with the trimer 7 and 2Y02 docked with propranolol and monomer 6,
the 2nd highest pose is shown, as the fit with the parent was higher.
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Note: For 4AMJ docked with trimer 7, 2YCX docked with metoprolol and 4BVN docked with
monomer 6 the 2nd highest pose is shown, as the fit with the parent was better.
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7.1 Discussion
The aim of this thesis is to present different modular approaches within the field of positron
emission tomography (PET) imaging, particularly within the design of imaging agents and
PET-tracers, chemical reactions suitable for radiosynthesis and automation. To this end,
modularity was introduced to achieve these different aims, such as a stepwise design approach,
a modular medical imaging platform targeting the prostate-specific membrane antigen which
enables the coupling of different imaging tags and optimization of the binding motif of the
ligand to modulate binding affinity by introducing a modular strategy to create multivalency
and its automation on a continuous-flow radiosynthesis module.
In chapter 2, we discussed the concept of multivalency and its relation to binding of ligands to
targets, which appeared to be a very useful concept for medical imaging applications as it
improves the binding avidity of compounds. As the binding avidity influences the binding
potential of imaging agents, multivalency would be able to improve the image properties of
multivalent imaging agents, however until now the clinical use is limited. This is caused, among
other reasons, by the challenging synthesis of those multivalent constructs and several in vivo
obstacles that are faced by these molecular multivalent imaging agents when it comes to their
pharmacokinetic behavior [1,2]. This is reflected by the fact that there is no multivalent molecular
imaging agent used in clinics yet. As elaborated in this chapter, knowledge regarding
multivalent interactions is still lacking. One reason why multivalent compounds are very
interesting in medical imaging are their underlying thermodynamics, which provide wellgrounded equations that represent the beneficial effects of multivalency on binding avidity in
the form of a lowered Kd [3]. The lowered Kd is caused by the higher Gibbs free energy as a
consequence of the entropy increase due to the higher valency of multivalent imaging agent
compared to the monovalent equivalents and the additional intermolecular interactions based
on the degeneracy coefficient Ωi and possible cooperativity effects [3-5] supported by the high
concentration of ligands of the imaging agent at the binding site [6]. It is even so significant, that
many groups, including ourselves as presented in chapter 6, tend to decorate a core molecule
with multiple ligands that show good monovalent binding properties, and appropriate linker
length and expect to obtain increased binding affinity [4]. The here presented design approach
shows, how important it is to define the different requirements of such a molecule, e.g. ligand
concentration and linker length, and to be able to determine the different building blocks that
are necessary to obtain a multivalent imaging agent. Since the different building blocks can be
changed, we can here also talk about a modular approach to selectively change properties of
the imaging agent to improve its in vitro and in vivo behavior. The here presented stepwise
approach might not yet be the best solution to create a multivalent molecular imaging agent,
but it is intended as starting-point to combine the information that we already have obtain within
the field of multivalency and further develop and adjust this approach we might be able to have
MMIAs in the clinics.
In chapter 3, we introduced a modular molecular platform that relies on copper(I)-catalyzed
azide-alkyne [3+2]-cycloaddition (CuAAC) and is aimed at targeting the prostate-specific
membrane antigen (PSMA). PSMA PET imaging is an attractive target for nuclear medicine
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and serves here as a showcase to present that our modular imaging agent approach can be
realized without loss of binding potential. This can be of importance for other binding motifs
than PSMA, as common approaches to introduce other imaging tags, such as paramagneticmetal chelators for magnetic resonance imaging or fluorescent- groups, end up in structural
changes of the binding motif [7,8] or can have influence on the binding affinity, especially when
used in multimodal imaging approaches [9]. In the specific case of PSMA targeting, it is known
that these large imaging agents are still very well tolerated when they are located outside the
entrance lid [10], which was discovered to be a tunnel-like region with a length of 20 Å [11]. The
alkyne-functionality of the modular molecular platform targeting PSMA enables the coupling
of every desired signaling moiety given it has the azide-functionality, which provides a
universal molecular platform for different imaging modalities without altering its
pharmacophore. However, we also faced some unexpected, yet interesting, challenges. Despite
the successful competitive binding assay using the reference compound F-PSMA-MIC01
against [68Ga]PSMA-11, we were not able to obtain in vitro results of tracer uptake,
internalization and efflux rate of [18F]PSMA-MIC01 in cell cultures. FACS analysis revealed
sufficient PSMA expression of the used LNCaP cells. Additionally, cell culture media with and
without serum were used to see whether the inability so detect tracer uptake is caused by protein
binding effects – however, no tracer uptake could be detected in all cases.

In chapter 5, we continued our work on the modular PSMA-targeting platform by targeting the
arene binding site. After the discovery of the arene-binding site, located at the entrance lid of
PSMA, it was confirmed that the introduction of an aryl-group improves the binding affinity of
PSMA-ligands [13,14] by the π-π stacking of the phenyl -ring and Trp541 [15]. However, until
now it was expected that the linker length was the main determinant whether the arene binding
site is targeted by an phenyl-ring or not [14,16]. This is supported by the design of [68Ga]PSMA11 ([68Ga]PSMA-11), in which it was supposed that the aromatic part of the chelator improves
binding [17]. Interestingly, all reported tracers used an electron-deficient phenyl-ring without
mentioning the reasons behind it, while we used an electron-rich phenyl-ring. This shows that
despite the well-studied characteristics of PSMA, there are still aspects that need further
investigation. This study was performed with the same modular molecular platform as used for
[18F]PSMA-MIC01 and our library on PSMA-targeting modular platforms got extended with
the azide-functionalized modular platform, which had an additional methylene group at
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In chapter 4, we presented the new FlowSafe radiosynthesis module that combines in-batch
with continuous-flow microfluidics. The synthesizer can be adjusted to the required conditions
for several different radiotracer syntheses and shows the modularity on the level of radiotracer
production, which forms the third pillar of the radiotracer accessibility [12]. As all parts are
connected by tubes, connectors and needles, 4 different radiotracers could be synthesized with
only minor changes in the setup of the radiosynthesis module. However, all parts can be
changed, such as a microreactor with more inlets to include a third reactant instead of 2, as used
in this study. This shows that even the technology of radiosynthesis productions can be
modular. In the end, we were able to fully automize the production of [18F]PSMA-MIC01 using
the prototype of the FlowSafe to obtain injectable sterilized product for preclinical in vivo
studies, as presented in chapter 3.
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modular platform, while the fluorinated alkyne-synthon is one methyl-group shorter. This
produced F-PSMA-MIC03 with the same molecular weight, chemical formula and reaction
conditions, but enables us to investigate the effect of the different triazole-orientation caused
by regioselective CuAAC and the flexible methyl-group between aromatic and triazole ring.
Additionally, we could quite easily modify the linker that is coupled to the moiety to target the
arene-binding site without changing the pharmacophore.
Despite the promising properties obtained by our PSMA-targeting modular platform, we shifted
to another modular platform in chapter 6, which is aimed in targeting the cardiac -adrenergic
receptors. The work described in this chapter was intended to show the effect of multivalency
on the binding avidity of ligands targeting the -adrenergic receptors. A collaboration, started
a few years ago, inspired us to continue with this project, as it has several advantages compared
to PSMA targeting. One advantage is that -adrenergic receptors only reduces the size of the
binding pocket a bit when a ligand is bound to the pharmacophore [18], while PSMA is able to
rearrange itself to open the arene binding site which alters the positioning of the key residues
that are responsible for the ligand-target interaction and opens the entrance lid [15]. As this study
was intended as a proof-of-concept, the choice of the -adrenergic receptors ligand simplifies
the ligand design and the main information obtained in this project is, if multivalency will
increase the binding affinity of the monomeric ligand and will be independent on the structural
changes. Targeting PSMA in this context already involves more properties to incorporate into
the design, namely the remote arene binding [15] site as well as tunnel-like entrance lid of around
20 Å [11]. Therefore, we targeted cardiac -adrenergic receptors (ARs) in chapter 6 by
designing a new ligand and using the modular CuAAC click reaction to achieve a trimeric
ligand which was directed to improve the binding affinity. However, targeting AR PET
imaging is often restricted to poor binding affinity in vivo associated with high non-specific
uptake profile. It was assumed that multivalency can increase the binding affinity and improve
its in vivo behavior. Our multivalency approach included the synthesis of a novel propranololderivative that is able to undergo CuAAC for multimerization purposes. We succeeded in
synthesizing a monovalent AR ligand which showed to have affinity to the -adrenergic
receptors on rat C6 glioma cells. The first step was made in preparing a new -antagonist for
PET imaging purposes, which showed interaction with the desired target. However, this study
was performed with a race mate of the monomer and consequently a mixture for the trimer. In
order to improve the binding affinity, the synthesis needs to be optimized to obtain solely the
active (S)-enantiomer. The easiest way to synthesize the (S)-enantiomer would be by replacing
epibromohydrin with (S)-glycidyl-nosylate as previously reported by our group [19]. After
showing that our approaches for synthesizing a trimeric AR showed improved binding avidity,
this is another potential platform also for the PSMA-platform used in chapter 3 and 5.

7.2 Future Perspective
This thesis provides an overview on modular aspects of PET tracer development, which
involves the design of modular molecular platforms that can easily be synthesized with click
reactions and automated. At the same time, a lot of work presented in this thesis is still in
progress. Therefore, an outlook is provided on the next steps that are envisioned in future.
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For multivalent molecular imaging agents, we are still in the fundamental research phase in
determining and clarifying how multivalency actually improves binding avidity in vivo.
Antibodies, in form of immunoglobulin M, are natural examples of multivalent agents found
throughout the body proofing that there are advantages of multimers compared to monomers
[20–23]
. However, its function is still not completely understood, as it was discovered that it is
involved in the early pathogen detection stage which is then replaced by IgA and IgG [22]. IgM
is a good example, in which multiple antibodies with low binding affinities strengthen its
interaction with the target by having repeating units of the same antibody [22]. In order to achieve
the same effect of increasing binding affinity, we need to gain more information about its
behavior in vivo to be able to apply multivalency in medical imaging by figuring out the main
hurdles in the translational phase from preclinical to clinical trials, which is true not only for
multivalent agents, but imaging agents in general. In silico studies can help to understand the
correlations between the multivalent imaging agent and its surrounding such as protein binding
with blood plasma proteins, e.g. human serum albumin and α-1-acid glycoproteins [1,24], but do
not explain the fundamental gaps of the correlation between binding affinity, composition,
protein binding and in vivo behavior that hinders researchers to synthesize a successful
multivalent imaging agent that shows the desired properties in human. Another factor might be,
that the blood plasma proteins of rodents show small structural differences compared to human
proteins, which results in different protein binding profiles between preclinical and clinical
phases and different non-specific uptake in vivo. This difference could be easily assessed
beforehand by structure- activity-relationship determinations and surface-plasmon-resonance
measurements [1,24] of imaging agent - protein complexes.

7

Chapter

However, with the large amount of research groups all over the world involved in research areas
such as pharmacology, medicine, medicinal chemistry, drug delivery and medical imaging, this
problem is being tackled from different point of views. If we combine the expertise of every
single discipline, we might be already further than we think. As we detected in the process of
preparations of chapter 2, we could find several publications in the field of drug delivery which
can easily be translated into the field of multivalent medical imaging agents, in which we want
to mention the reviews of Tjandra & Thodarsson [4] or Blanco et al. [25], which were also used
in chapter 2 for describing the thermodynamics and binding modes and pharmacokinetics
caused by biological obstacles, respectively. Furthermore, there are already several
nanoparticle-drug complexes that obtained FDA approval or the European CE certification [26].
However, medical imaging needs to consider more properties than drug delivery systems, as
they need to provide the required tissue accumulation. Although, when we combine drug
delivery with medical imaging, we are able to study and understand the pharmacokinetics of
the drug delivery system and can optimize it for the required needs, but we also obtain a highly
specific drug complex, as we optimized the tissue uptake for medical imaging purposes.
Additionally, we found that we are already able to pre-define the characteristics of the linker
by biophysical and mathematical approaches, which includes the stiffness and length of the
liner, and the influence of the cell membrane stiffness [27–29]. However, usually the translation
into the synthetic approaches requires experts collaborating from all fields.
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The application of the copper-catalyzed click reaction in radiopharmaceutical sciences is
established [30]. However, especially after the development of its copper-free variant, the strain
promoted azide-alkyne click reaction, [31] and other bioorthogonal click reactions [32–34],
CuAAC is widely avoided due to the toxicity of copper(I) [35]. In this thesis we aimed to show
the large opportunity offered by click chemistry in radiopharmaceutical sciences. Without
changing the binding motif of PSMA, we improved the binding affinity and obtained 4 different
PSMA-targeting compounds (F-PSMA0MIC01 – F-PSMA-MIC04) with different binding
properties.
However, for [18F]PSMA-MIC01 in vitro experiments to determine tracer uptake in PSMA
positive cell lines and assessment of internalization and efflux rates were problematic. After
excluding the problem on the cellular level by confirming the PSMA expression, a careful stepby-step analysis should be made to determine the problem, such as the possibility of a too low
molar activity. Further, the introduced electron-rich aromatic in [18F]PSMA-MIC02 showed
sub-optimal face-to-edge π-π stacking. For improving binding affinity of PSMA-tracers, a set
of different electron-deficient aromatic phenyl rings should be studied to find the best match
with the arene binding site. It is difficult to discriminate small structurally changes by
computational approaches, as we presented in this study with the triazole arrangement. Since
our study was not based on the crystal structure of our compounds with PSMA, but a purely
computational approach, the triazole moiety of all compounds was fitted into the same position
during the molecular docking and dynamics studies. Therefore, it is advised to test in vitro
several PSMA-tracers using both modular platforms with alkyne-and azide-functionality,
including different linker lengths, as it was shown in the study by Zhang et al. that this can
improve or hinder binding to PSMA [15]. Nevertheless, after successful radiolabeling and
automation of [18F]PSMA-MIC02, it would be interesting to investigate the effect of increased
binding affinity of [18F]PSMA-MIC02, compared to [18F]PSMA-MIC01, in terms of organ
distribution and tumor accumulation. Since the logD is slightly lower, a higher liver uptake is
expected, as described earlier [33]. On the other hand, a higher tumor accumulation, due to a
higher binding affinity, is expected as well. The here obtained RCY of 9 % is still quite low,
although it would be sufficient to perform in vivo studies, it would be appreciated to optimize
the radiosynthesis.
The FlowSafe radiosynthesis module used in this study is a prototype and showed typical
technical issues that needed to be solved during the development of a radiosynthetic procedure.
Several valves had to be replaced because of a too high pressure observed when using DMSO,
which might have been earlier detected when the pressure meter did not had to be by-passed
during the radiolabeling. Another drawback is that the pressures created by the syringe pumps
exceed the limits of the valves, which will cause long-term problems when the valves are
ageing. Several issues should be carefully examined: It might be useful to adjust the pressure
limits of the valves, either by replacing the valves with those of higher resistance, or by
determining the maximal flow-speed limits per solvent and include them in the manual. Another
recommended adjustment concerns the user interface of Absynth: since it is important to follow
the status of the FlowSafe by temperature of the different reactors, it would be useful to follow
the script and the report in the same window. Unfortunately, in the current version of Absynth,
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this is not possible. Therefore, errors such as a stuck pump can only be back-tracked postfactum and might lead to follow-up problems. But in the end, the FlowSafe provided quite
reliable results in terms of conversion and radiochemical purity. The molar activities obtained
where still quite low, which is a matter of upscaling the radioactivity, since the used
radioactivity was usually below 15 GBq.
The mono- and trivalent -adrenergic receptor ligands introduced here need further
investigation. Molecular docking studies suggested that 2,6-dihydroxynaphthalene does not
provide the optimal positioning of the compound in the binding pocket, as presented in chapter
6. To obtain a higher binding affinity of the monomeric AR ligand, different attachment-points
for the triethylene-glycol linker and the -hydroxypropanolamine were docked in
AutodockVina [36]. This shows that the fit between our proposed monomer using 1,6dihydroxynaphthalene and the parent cyanopindolol shows a good fit within the binding pocket
(Figure 2). But as shown for the case of the clinically used metoprolol, docking studies and real
life do not always match. In order to obtain the best ligand, a set of different naphthalenes
should be made, modified at the ortho-, meta- and para-positions to determine the best position
for the monomer as well as for the trimer. Additionally, the effect should be tested on the
influence of the flexible polyethylene glycol ligand, as the consensus docking study suggests
some kind of interactions. Therefore, it might be a good idea to stabilize the ligand within the
pharmacophore with a short hydrophobic linker such as 1,3-propanediol or 1,4,butanediol,
which is then coupled to the naphthalene and the triethylene glycol linker. This reduces the
interaction of oxygens of the PEG linker within the binding pocket, but still introduced the
flexibility of the ligand. A similar approach was used for a hydrophobic linker, in which the
introduction of a flexible linker improved the binding affinity [37].
A
Monomer

B
1,6-dihydroxynaphthalene

C
4BVN with cyanopindolol

Chapter

7
Figure 2. A possible outlook on an improved version of the monomer used in this study. (A) The monomer
used in this study, which provides a suboptimal attachment point for the linker at the naphthalene. (B) The better
choice of the monomer, using 1,6-dihydroxynaphthalene instead of the here presented 2,7-dihydroxynaphthalene.
(C) Docking pose of the suggested improved monomer using 1,6-hydroxynaphthalene.

We successfully applied the versatile and modular CuAAC click reaction in order to synthesize
a trivalent -adrenergic receptors binding ligand, which also showed similar binding affinity
than the monomer. The effect of multivalency is usually referred to as the binding affinity
determined by the inhibitory concentration at half maximum (IC50) [3], just as in this thesis
presented as logIC50 data. However, as described in chapter 2, only monovalent ligands have
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binding affinity, multivalent ligands have avidity, therefore the logIC50 obtained by using the
concentration of a multivalent compound is not completely comparable with the logIC50 of a
monomer, as the multimer has several copies of one ligand and the monomer only one while
the same molar concentration range is used. A more precise comparison would be the
determination of the dissociation constant Kd and should become mandatory for multivalency
studies. However, as a first indicative study, as performed in chapter 6, the IC 50 is a valid
parameter, which should then include the ratio IC50multi (IC50monomer)-1, as this ratio expresses the
relative potency (rp), which is related to the enhancement factor [5]. In order to evaluate the
effect of multimerization, this ratio can be divided by the number of ligands n of the multimers
and one can say that a multivalency effect occurs when rp/n is >1, and does not occur when
rp/n is <1 [5]. As we obtained a rp of 3.29 and thus a rp/n of 1.09, we can say that we could
detect a small multivalency effect of the enantiomer-mixture and thus it is worth to further
improve this trimeric β1AR by synthesizing the enantiomer-pure variant.
Another point for improvement regarding the trimer was the solubility of the final compound:
although it is composed of three hydrophilic triethylene-glycol linkers, it showed a reduced
solubility after freeze-drying. Solubility might also be one reason why the yield is so low, as it
was purified by prep-HPLC using acetonitrile-H2O as eluent which may have caused losses of
compound. However, LCMS showed quantitative conversion of the core triethynylbenzene.
The later fractions of the trimer were contaminated with the monomer and could not be used
for in vitro studies. By adjusting the eluens, the peak obtained on prep-HPLC might get sharper
and could result in reduction of the contamination with unreacted monomer. Solubility issues
might have influenced the in vitro binding at the target site, in case some aggregation occurs.
Altogether, a more hydrophilic core or a longer linker length should be considered to improve
the solubility, as even colloidal structures found to be effective in drug delivery systems given
they have linker that is not too long [38]. Another possible option might be the use of a short
linear polymer instead of a trimeric core, as the reduced receptor density might result in larger
distances between the receptors on the cell surface. The linear polymeric backbone can then be
prepared fully out of a hydrophilic polymer which solves the problematic use of the
hydrophobic core. However, the conclusion of this multivalency experience is that it needs
definitely more than a multivalent core and a binding ligand to improve binding affinity.
All in all, this thesis showed the different types of modularity in the field of PET tracer
development. We have shown that the design of a multivalent imaging agent is dependent on
many different factors, such as the receptor density, linker length, and multivalent scaffold but
also the type of synthesis required to obtain the desired ligand concentration. We further showed
that a modular synthesis approach enables the development of a molecular platform, which in
this thesis addressed the field of prostate cancer and heart failure. The multivalent approach
used for the synthesis of the trimer that is targeting the -adrenergic receptors, can be adapted
for prostate cancer by changing the linker properties for the requirements for PSMA. The
important consideration here would be to target the arene-binding site and having the
multivalent core outside the entrance funnel with a linker length that enables the simultaneous
binding to two or more antigens. We presented also a new modular radiosynthesis module
which can be adapted to several set-ups and connections of in-batch reactors and microreactors.
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However, this thesis also comprises a broad range of molecular design, synthesis, in vitro and
in vivo studies but it also shows inside into the technical side of radiochemistry. Therefore, the
different chapters of this thesis provide different perspectives of modularity in the field of PET
tracer development, which, referring to the definition of modular, formed a complete whole of
4 years of work with new ideas how to improve future experiments.

7.3 Conclusion

This thesis, entitled ‘Modular Approaches in PET tracer Development – Radiotracer Design,
Synthesis and Automation for Prostate Cancer and Heart Failure’, gave an overview of
different approached to include modularity into the design, synthesis and automation. The
modular design was exemplified by the stepwise design approach for multivalent molecular
imaging probes, in which different building blocks, such as the ligand, its linker and the
molecular construction, need to be combined into one final multivalent imaging agent. The
modular synthesis was shown in the successful synthesis of in total 4 prostate-specific
membrane antigen ligands (F-PSMA-MIC01 – F-PSMA-MIC04) and one trimeric -adrenergic
receptor ligands synthesized using the modular copper(I)-catalyzed [3+2]-cycloaddition
(CuAAC). Finally, the automation of 4 different fluorine-18 based radiotracers could provide
an insight into the modularity of the FlowSafe radiosynthesis module, which could be adjusted
for the synthesis just by rearrangement of the different parts.
However, this was just an initial step of showing how much more we can prepare with the tools
we already have, which can be seen in the form of the stepwise synthesis approach, but also the
application of CuAAC to show that we can synthesize modular imaging agents in short time.
This knowledge can be used for future studies demonstrating that this modular approach can
lead to many more medical imaging agents with similar binding affinities.
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8.1 Summary
Positron emission tomography (PET) is a renowned non-invasive medical imaging technique
that is instrumental in the diagnosis of diseases by visualizing specific biomarkers, such as
receptors, transporters and physiological processes that are characterizing a specific diseasepattern by using radiopharmaceuticals. The most prominent and applied radiopharmaceutical is
the radioactive variant of glucose, [18F]fluoro-deoxy glucose, that is used for the detection of
cancerous tissue. However, researchers are looking for other targets that are able to just as
precisely detect other diseases. Nowadays, the daily clinical routine includes 52
radiopharmaceuticals that are approved by the Food-and-Drug Administration (FDA) (2020)
and many more that fulfil the required performance and safety regulation, but are not yet FDA
approved. In Europe, the European Medicines Agency (EMA) is responsible for the registration
of clinical used radiopharmaceuticals, however it records less approvals. This fact is due to the
registration procedure in which the approval of a radiopharmaceutical in one country can be
used throughout Europe given its original reference is provided. In this thesis, we were focusing
on the modularity of the development of radiotracer synthesis. Herein, we include the modular
design, its synthesis and automation of molecular imaging agents for PET imaging purposes for
prostate cancer and heart failure.
Radiopharmaceuticals need to accumulate and remain at the target site for sufficient amount of
time to be able to provide diagnostically relevant images. Hence, their pharmacokinetics and
pharmacodynamics need to be studied, as the radiopharmaceutical should show the specific
target-interactions. The binding strength is usually measured in the binding affinity, which can
be altered due to influences caused by biological factors and barriers after injection. One way
to improve binding affinity is the nature-inspired concept of multivalency, which enables the
tight binding of even weak ligands by having multiple copies of the ligand on the surface. This
high ligand concentration provides the ability for a rebinding of the molecules after a first
release. How such a multivalent molecular imaging agent can influence the binding affinity and
improve the imaging characteristics is elaborated in chapter 2 of this thesis. Herein, a stepwise synthesis approach for multivalent molecular imaging agents was introduced, which
includes recent findings in the fields of drug delivery, medical imaging and biophysics to be
able to synthesize a medical imaging agent with the desired properties. These properties include
the factors influencing the pharmacodynamics of the imaging agent as well as its
pharmacokinetics. This chapter describes the influence of homo- or heteroligand imaging
systems, varying linker lengths as well as its composition that influences the metabolism, tissue
accumulation and protein binding. As the development of such a multivalent probe requires the
careful consideration of these factors, it can be counted as a modular approach, as only its
optimal composition results in a diagnostically relevant image.
The focus of nuclear medicine in the last decade was pressed by targeting the prostate-specific
membrane antigen (PSMA) for staging and monitoring prostate cancer and its recurrent disease
and became one of the most studied targets in radiopharmaceutical sciences. The wellestablished binding-motif and the elaborated in vitro and in vivo protocols make PSMAtargeting radiotracers a very interesting showcase for several synthesis approaches. The same
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binding motif was used in chapter 3 to introduce a modular imaging agent that can couple
different imaging tags on the binding motif utilizing the modular copper-catalyzed click
reaction of azides with alkynes. Herein, we used an alkyne-functionalized PSMA-binding motif
that was clicked to a radioactively labelled compound to produce [18F]PSMA-MIC01. In vitro
studies showed its specific binding towards PSMA-expressing cells and the corresponding in
vivo evaluation including the comparison to the clinically used PSMA-targeting
radiopharmaceutical [68Ga]PSMA-HBED-CC revealed similar imaging properties of the two
tracers. This showed that the modular PSMA-targeting moiety remained its binding affinity
towards PSMA, while the radioactive label can be replaced with other imaging tags such as
fluorescent dyes easily due to the clickable nature of the here presented radiotracer.
In chapter 4 we introduced the prototype of the radiosynthesis module FlowSafe, which was
used to automize the synthesis of [18F]PSMA-MIC01. This module combines in-batch reactions
with microfluidics, this enables the synthesis-specific rearrangement of the FlowSafe
radiosynthesis module to obtain the optimal synthesis yield. The optimization of the FlowSafe
setup was conducted during the implementation of [18F]PSMA-MIC01 and further expanded
for the synthesis of the second generation [18F]PSMA-MIC02 radiotracer as well as [18F]fluoropyridine, N-succinimidyl-4-[18F]fluorobenzoate ([18F]SFB) and [18F]PSMA-1007. While we
could successfully synthesize [18F]fluoro-pyridine, [18F]PSMA-1007 and [18F]PSMA-MIC02,
we could not yet successfully produce [18F]SFB. While the fluorination step to obtain ethyl[18F]fluorobenzoate was successful, the third synthesis step resulted in a leakage at the
FlowSafe module, which requires a change of the setup or different synthesis method. However,
we could show that different radiotracers with different leaving groups and reaction
mechanisms can successfully be synthesized with this new radiosynthesis module by
rearranging the batch reactor, microreactor and tubes.

8
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After the stepwise synthesis approach for multivalent imaging agents, the introduction of
[18F]PSMA-MIC01 and the radiosynthesis module FlowSafe, we tried to improve binding
affinities of radiotracers. For achieving this, we first introduced the second generation of
[18F]PSMA-MIC in chapter 5 consisting of three new PSMA-targeting tracers that are
supposed to determine the best linker composition by performing a click reaction not only on
an alkyne-functionalized PSMA-binding motif but also on an azide-functionalized motif. This
gave a rigid triazole-benzene linker and a more flexible triazole-methyl-benzene-linker and we
included two radiotracers that are targeting the arene-binding site of PSMA. However, the
introduced electron-rich aromatic was discovered to have the sub-optimal face-to-edge
orientation based on molecular docking studies, which showed in the case of [18F]PSMAMIC02 indeed an improved binding affinity, however, the difference was not as much as
expected, concluding that an electron-deficient aromatic should be used for targeting the arenebinding site. The same study also showed that the more rigid triazole-benzene linker had a
higher binding affinity than the more flexible triazole-methyl-benzene-linker. The best binder
[18F]PSMA-MIC02 was successfully radiolabeled and automized using the FlowSafe
radiosynthesis module.
After improving the binding affinity by analyzing the pharmacophore, we used in chapter 6
the concept of multivalency to improve binding affinity. Herein, we aimed to target the β-
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adrenergic receptors, which are the most prominent adrenergic receptors on the cardiac muscle
as this target is not as flexible as PSMA which simplifies a proof-of-concept study in this early
phase. Therefore, we synthesized a propranolol-derivative which was coupled to a tri-ethylene
glycol linker that was functionalized with an azide-moiety that can undergo the coppercatalyzed click reaction to form a trimeric ligand. The successfully synthesized monomer and
the trimer were tested in vitro, in which the trimer showed a 3-fold increase in binding affinity,
proofing that multivalency indeed improved the binding affinity. However, the synthesized
monomer was not enantiomerically pure but a racemate, while it is known that the (S)enantiomer of the binding motif is the active form. Consequently, the trimer was obtained in a
statistic mixture of active- and non-active binding motives. For future studies this need to be
improved which is expected to bring an even larger increase as a consequence of
multimerization.
All in all, this thesis provides an overview about different forms of modularity in the
development of different radiotracers for prostate cancer and heart failure using the modular
click reaction. Automation with a customized radiosynthesis module that can easily be
rearranged for optimal an optimal synthesis set-up was shown, which enabled the synthesis of
clinically used radiotracer and radioactively labelled prosthetic groups for further
radiopharmaceutical productions.

154

Summary (Dutch)

8.2 Samenvatting
Positron emissie tomografie (PET) is een gerenommeerde niet-invasieve medische
beeldvormingstechniek die behulpzaam is bij de diagnose van ziektes. Hierbij worden
specifieke biologische indicatoren, zoals receptoren, transporters en andere fysiologische
processen die karakterisistiek zijn voor een specifiek ziektebeeld in beeld gebracht door gebruik
te maken van radioactieve geneesmiddelen (radiotracer). De meest toegepaste radiotracer is de
radioactieve vorm van glucose, [18F]fluorodeoxyglucose, die gebruikt wordt voor de detectie
van kanker. Maar onderzoekers zijn nog steeds bezig om andere biomoleculen (targets) te
vinden, die net zo goed en precies andere ziektes kunnen detecteren. In dit proefschrift zijn we
gefocust op de modulariteit van de ontwikkeling van de radiotracersynthese. Hierbij hebben we
een modulair design, synthese en automatisering beschreven van moleculaire beeldvormende
middelen met het doel om prostaatkanker en hartfalen door middel van de PET beeldvorming
af te beelden.
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Radiotracers moeten zich stapelen in weefsel, en voor een voldoende tijd in het target blijven,
om een diagnostisch relevant beeld te verkrijgen. Daarom moeten hun farmacodynamiek en
farmacokinetiek worden bestudeerd, omdat de radiotracer een specifieke target - interactie,
oftewel binding, zou moeten tonen. Deze bindingskracht wordt gemeten als bindingsaffiniteit
en kan na injectie vanwege de invloed van biologische factoren en barrières, de in vivo
eigenschappen en bindingskracht veranderen. Een manier om de bindingsaffiniteit te verhogen
is de toepassing van het natuur-geïnspireerde concept van multivalentie. Hierbij kan een sterke
binding van, op zichzelf zwakke, liganden bereikt worden door de aanwezigheid van meerdere
liganden op het oppervlak van het beeldvormende molecuul. Deze hoge ligandenconcentratie
biedt de mogelijkheid voor herbinden van de liganden nadat de voorgaande target-ligand
binding is afgebroken. Hoe op deze manier een multivalent moleculair beeldvormend middel
de bindingsaffiniteit met het target kan beïnvloeden en de beeldvormende kenmerken kan
verbeteren is uitgewerkt in hoofdstuk 2 van dit proefschrift. We hebben een stapsgewijze
synthese aanpak voor multivalente moleculaire beeldvormende middelen geïntroduceerd, die
de recente inzichten in de gebieden van medicijnafgifte, medische beeldvorming en biofysica
omvatten, om in staat te zijn een multivalent beeldvormend middel met de gewenste
eigenschappen te synthetiseren. Deze eigenschappen bevatten de factoren die de
farmacodynamiek van het beeldvormend middel beïnvloeden, als ook de farmacokinetiek. Dit
hoofdstuk beschrijft de invloed van homo- en heteroligandsystemen, verbindingen (linker) met
verschillende lengtes als ook de chemische samenstelling die invloed heeft op het metabolisme,
accumulatie in het weefsel en eiwitbinding. Omdat de ontwikkeling van een dergelijk
multivalent middel zorgvuldige overwegingen van deze factoren nodig heeft, kan het meegeteld
worden als een modulaire aanpak, omdat alleen de optimale samenstelling leidt tot een
diagnostisch relevant beeld.
In de nucleaire geneeskunde van het laatste decennium is veel focus geweest op het
prostaatspecifieke membraan antigen (PSMA), voor de observatie en stadiumindeling van
prostaatkanker. Hiermee werd het tevens een van de meest bestudeerde targets in de radiofarmaceutische wetenschappen. Dit goed bestudeerde bindingsmotief en de bekende in vitro en
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in vivo eigenschappen maken van PSMA-bindende radiotracers een erg interessante showcase
voor verschillende synthese benaderingen. Hetzelfde bindingsmotief is gebruikt in hoofdstuk
3 om een modulair beeldvormende middel te introduceren dat gekoppeld kan worden aan
verschillende beeldtags waarbij gebruik gemaakt wordt van de modulaire koper-gekatalyseerde
klik reactie van aziden met alkynen. Hierbij hebben we een alkyn-gefunctionaliseerd PSMAbindingsmotief gebruikt dat gekoppeld werd aan een radioactief gemaakte linker om de nieuwe
radiotracer [18F]PSMA-MIC01 te produceren. In vitro studies hebben de specifieke binding aan
PSMA-expresseerende cellen aangetoond. De corresponderende in vivo evaluatie, die ook een
vergelijking met het klinisch gebruikte PSMA-bindend radiotracer [68Ga]PSMA-HBED-CC
bevat, heeft dezelfde beeldvormende eigenschappen van de twee radiotracers vergeleken. Dit
heeft aangetoond dat het modulaire PSMA-bindend motief zijn bindingsaffiniteit voor PSMA
heeft behouden, terwijl de radioactieve marker met andere beeldvormende modaliteiten zoals
fluorescente kleurstoffen gemakkelijk gewisseld kunnen worden door de klick eigenschappen
van de hier gepresenteerde radiotracer.
In hoofdstuk 4 introduceren we een prototype van het bereidingsapparaat FlowSafe voor
radiosyntheses, welke gebruikt werd om de synthese van [18F]PSMA-MIC01 te automatiseren.
Deze module combineert in-batch reacties met microfluïdica en maakt de synthese-specifieke
samenstelling van de FlowSafe mogelijk om een optimale synthese opbrengst te verkrijgen. De
optimalisering van de FlowSafe set-up was uitgevoerd tijdens de implementatie van
[18F]PSMA-MIC01 en verder uitgebreid voor de synthese van een tweede generatie radiotracer,
[18F]PSMA-MIC02,
evenals
[18F]fluorpyridine,
N-succinimidyl-4-[18F]fluorbenzoaat
([18F]SFB) en [18F]PSMA-1007. Terwijl de radiotracers [18F]fluorpyridine, [18F]PSMA-1007
en [18F]PSMA-MIC02 met succes gesynthetiseerd konden worden, is het tot nu toe nog niet
gelukt om [18F]SFB te produceren. De fluoridering, nodig om ethyl-[18F]fluorobenzoate te
synthetiseren was gelukt, maar de derde synthese stap veroorzaakte een lekkage in de FlowSafe.
Vandaar moet de set-up of de synthese methode veranderd worden. Wel kon er aangetoond
worden dat er verschillende radiotracers met verschillende vertrekkende groepen en
reactiemechanismen op de FlowSafe gesynthetiseerd kunnen worden, waarbij de volgorde van
batchreactoren, microreactor en de slangen naar wens veranderd kan worden.
Na de stapsgewijze synthese aanpak voor multivalente beeldvormende middelen, de introductie
van [18F]PSMA-MIC01 en het bereidingsapparaat FlowSafe, hebben we geprobeerd om de
bindingsaffiniteit van tracers te verbeteren. Om dit te bereiken hebben we een tweede generatie
van [18F]PSMA-MIC ontwikkeld in hoofdstuk 5. Deze bestaat uit drie nieuwe PSMA-bindende
tracers waarbij verwacht wordt de beste linker samenstelling te kunnen bepalen, door wederom
gebruik te maken van klik reacties. In dit geval niet alleen van het alkyn-gefuctionaliseerde
PSMA-bindingsmotief, maar ook op een azide-gefunctionaliseerd motief. Deze leveren,
respectievelijk, een stijve triazool-benzeen linker en een iets flexibeler triazool-methylbenzeen-linker op. Tevens hebben we twee radiotracers geïncludeerd die ook gericht zijn op de
arene-bindingsplaats van PSMA. De ingevoegde elektronenrijke aromatische ring heeft echter
aangetoond een niet-optimale face-to-edge oriëntatie te hebben tijdens de binding aan PSMA.
Dit werd gevonden met behulp van moleculaire docking studies, die in het geval voor
[18F]PSMA-MIC02 inderdaad een verbeterde bindingsaffiniteit opleverde. Dit verschil was niet
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zo groot als verwacht, waardoor we concluderen dat een electronenarme aromatische ring
gebruikt moet worden om een sterke interactie met de arene-bindingsplaats van PSMA te
vormen. Dezelfde studie heeft aangetoond dat de stijvere triazool-benzeen-linker een hogere
bindingsaffiniteit heeft dan de flexibelere triazool-methyl-benzeen linker. De beste binder
[18F]PSMA-MIC02 werd met succes radioactief gemaakt en geautomatiseerd geproduceerd met
behulp van de FlowSafe radiosynthese module.
Na het verbeteren van de bindingsaffiniteit door de analyse van de farmacofoor hebben we in
hoofdstuk 6 het concept van multivalentie gebruikt om de bindingsaffiniteit te verbeteren. We
hebben gekozen om ons te richten op de β-adrenerge receptoren, de meest aanwezige adrenerge
receptor op de hartspier, omdat dit target niet zo flexibel is als PSMA en daardoor een proofof-concept studie vereenvoudigt. Hiervoor hebben we een propranolol-derivaat gesynthetiseerd
die gekoppeld werd aan een azide-gefunctionaliseerde triethylene glycol linker die de kopergekatalyseerde klik reactie kan ondergaan om een trimeer-ligand te vormen. Het succesvol
gesynthetiseerde monomeer en trimeer werden getest op hun in vitro eigenschappen, waar het
trimeer een 3-voudig verhoogde bindingsaffiniteit heeft aangetoond en bevestigde dat
multivalentie inderdaad de bindingsaffiniteit kan verbeteren. De synthese van de monomeer
leverde niet een enantiomeer zuivere verbinding op maar een racemaat, hoewel al bekend is dat
het (S)-enantiomeer van het bindingsmotief de actievere vorm is. Bijgevolg was het trimeer ook
gesynthetiseerd als een statistisch mengsel van de actieve en niet-actieve bindingsmotieven.
Vervolgstudies kunnen dit verbeteren en het is de verwachting dat dit door multimerisatie een
zelfs een hogere bindingsaffiniteit kan opleveren.
Dit proefschrift geeft een overzicht van de verschillende vormen van modulariteit in de
ontwikkeling van radiotracers voor prostaatkanker en hartfalen, gebruikmakend van klik
reacties. Automatisering met een aangepast bereidingsmodule, die gemakkelijk veranderd kan
worden voor een optimale synthese set-up, werd aangetoond. Dit maakt het mogelijk om ook
radiotracers die al in de kliniek worden gebruikt en radioactief gemaakte prosthetische
groepen voor toekomstige radiotracerproductie te synthetiseren.
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8.3 Zusammenfassung
Positronenemissionstomographie
(PET)
ist
eine
renommierte
nicht-invasive
Bildgebungstechnik, die mithilfe von radioaktiv-markierten Pharmaka (Radiopharmaka)
spezifische biologische Indikatoren, wie zum Beispiel Rezeptoren, Transporter und
physiologische Prozessen, die charakterisierend sind für ein spezifisches Krankheitsbild,
optisch darstellen. Das am häufigsten verwendete und bekannteste Radiopharmakon ist die
radioaktive Form von Glukose, das sogenannte [18F]Fluorodeoxyglucose, welches für die
Lokalisierung von unter anderem krebsartigem Gewebe benutzt wird. Forscher suchen jedoch
nach weiteren Biomolekülen (Targets) die genau so präzise andere Krankheiten erkennen
können. In dieser Doktorarbeit haben wir uns auf die Modularität während der Entwicklung
von neuen Radiopharmaka fokusiert. Dazu gehört die Modularität in Design, Synthese und
Automatisierung von molekularen Bildgebungsmitteln zum Zwecke der PET-Bildgebung für
Prostatakrebs und Herzinsuffizienz.
Radiopharmaka müssen sich im Target ansammeln und dort für eine ausreichende Zeitspanne
verbleiben, um in der Lage zu sein ein diagnostisch wertvolles Bild zu bekommen. Daher
müssen sowohl die Pharmakodynamik als auch die Pharmakokinetik studiert werden, da
Radiopharmaka eine hohe Bindungsstärke aufweisen müssen. Diese Bindungsstärke wird im
Allgemeinen gemessen anhand der Bindungsaffinität, die infolge der äußeren Einflüssen von
biologischen Faktoren und Barrieren nach der Injektion verändert werden können. Eine
Möglichkeit um die Bindungsaffinität zu erhöhen, ist die Anwendung des von der Natur
inspirierten Konzeptes der Multivalenz. Dieses Konzept ermöglicht selbst bei Liganden mit
schwacher Affinität nur durch die Präsenz von mehreren Liganden an der Oberfläche des
Pharmakons eine starke Bindung zu erzeugen. Diese hohe Ligandenkonzentration gibt die
Möglichkeit zum erneuten binden, nachdem die vorhergehende Bindung gelöst wurde. Wie so
ein multivalentes molekulares Bildgebungsmittel die Bindungsaffinität beeinflussen und die
Bildgebungseigenschaften verbessern kann, wurde in Kapitel 2 dieser Doktorarbeit
ausgearbeitet. Hierfür wurde ein schrittweiser Syntheseansatz für multivalente molekulare
Bildgebungsmittel vorgestellt, welcher jüngste Erkenntnisse in den Bereichen der
Arzneimittalabgabe, Medizinische Bildgebung und Biophysik beinhaltet, um in der Lage zu
sein ein multivalentes Bildgebungsmittel zu synthetisieren, welches die gewünschten
Eigenschaften ausweist. Diese Eigenschaften beinhalten Faktoren, die die Pharmakodynamik
des Bildgebungsmittels beeinflussen als auch seine pharmakokinetischen Eigenschaften. Dieses
Kapitel umfasst die theoretischen Einwirkungen von homo- und heteroligand
Bildgebungssystemen, verschieden lange Linkern, sowie ihre Komposition, die sich auf den
Metabolismus, die Gewebeansammlung und Proteinbindung auswirken. Da die Entwicklung
solch eines multivalenten Bildgebungsmittel die sorgfältige Betrachtung dieser Faktoren
erfordert, kann auch dies zu den modularen Ansätzen gezählt werden, da nur ihre optimale
Zusammensetzung ein diagnostisch relevantes Bild geben wird.
Im Laufe des letzten Jahrzehntes hat sich die Nukleare Medizin zunehmend auf die Bildgebung
des Prostata-spezifische Membran Antigens (PSMA) fokussiert, welches ein sehr gutes Target
für die Einstufung und Überwachung von Prostata Krebs und seinem Rezidiv darstellt. Dadurch
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wurde es zu einem der beststudiertesten Targets in den Radiopharmazeutischen
Wissenschaften. Das etablierte Bindungsmotif und die sehr gut ausgearbeiteten in vitro und in
vivo Protokolle machen PSMA-bindende Radiotracer zu einem sehr interessanten
Vorführmodel für verschiedene Syntheseansätze. Dasselbe Bindungsmotif wurde auch in
Kapitel 3 genutzt, in dem ein neues, modulares Bildgebungsmittel vorgestellt wird, dass
sowohl radioaktiv markiert, als auch an andere Bildgebungsgruppen gekoppelt werden kann.
Dies wird erreicht durch die Anwendung der modularen Kupfer-katalysierten Klick-Reaktion
von Aziden mit Alkinen. Hierfür benutzen wir ein Alkin-funktionalisiertes PSMABindungsmotif, dass an einen radioaktiv-markierten Linker gekoppelt wird, um [18F]PSMAMIC01 zu synthetisieren. In vitro Studien haben bewiesen, dass dieser Radiotracer spezifisch
an PSMA-exprimierende Zellen bindet. Die in vivo Evaluierung von [18F]PSMA-MIC01 zieht
gleichzeitig auch einen Vergleich mit dem in der Klinik genutzten PSMA-bindendem
Radiopharmakon [68Ga]PSMA-HBED-CC. Dies offenbarte das beide Radiopharmaka ähnliche
Bildgebungseigenschaften aufweisen. Dies beweist, dass das modulare PSMA-Bindungsmotif
seine Bindungsaffinität zu PSMA nicht verliert und daher der radioaktive Linker einfach mit
jeglicher anderen Bildgebungsgruppe, wie zum Beispiel fluoreszierende Farbstoffen, ersetzt
werden kann.

Nach dem Syntheseansatz für multivalente Bildgebungsmittel, der Einführung von [18F]PSMAMIC01 und das Radiosynthesemodul FlowSafe, fokussierten wir unsauf die Verbesserung der
Bindungsaffinität von Liganden. Um dies zu erreichen,entwickelten wir in Kapitel 5 eine
zweite Generation von [18F]PSMA-MIC, die drei neue PSMA-bindende Tracer umfasst, mit
denen der beste Linker und dessen Komposition bestimmt werden kann, die mithilfe von Klick
Chemie nicht nur an das Alkin-funktionalisierte PSMA-Bindungsmotive, sondern auch an ein
Azide-funktionalisiertem Motif gekoppelt werden. Dieses Experiment ergab zwei verschiedene
Linker-Kompositionen, einen starren Triazol-Benzen-Linker und einen flexibleren Triazol-
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In Kapitel 4 stellen wir einen Prototypen des Radiosynthesemodules FlowSafe vor, welcher
benutzt wurde um [18F]PSMA-MIC01 zu automatisieren. Dieses Modul kombiniert in-Batch
Synthesen mit Mikrofluidik und ermöglicht eine Neuordnung der Komponenten des FlowSafes
vor zu nehmen, um eine bestmögliche Syntheseausbeute zu bekommen. Die Optimierung der
FlowSafe Konfiguration wurde während der Implementierung von [ 18F]PSMA-MIC01
durchgeführt und für die Synthese der zweiten Generation [18F]PSMA-MIC02 sowie
[18F]Fluoro-Pyridine, N-Succinimidyl-4-[18F]Fluorobenzoate ([18F]SFB) und [18F]PSMA-1007
erweitert. Während wir erfolgreich [18F]Fluoro-Pyridine, [18F]PSMA-1007 und [18F]PSMAMIC02 synthetisiert haben, konnten wir bisher noch keine erfolgreiche Produktion von
[18F]SFB aufzeichnen. Der erste Reaktionsschritt, die Fluorinierung, der das Zwischenprodukt
[18F]Fluorobenzoat bildet, war erfolgreich, jedoch entsteht bei der Ester Aktivierung mit einer
Kopplungsreagenz ein Leck innerhalb der FlowSafe Komponenten, wodurch diese Synthese
entweder eine Veränderung des Aufbaus oder der Synthesemethode benötigt. Jedoch konnten
wir zeigen, dass verschiedene Radiopharmaka mit verschiedenen Austrittgruppen und
Reaktionsmechanismen erfolgreich mit diesem neuen Radiosynthesemoduls synthetisiert
werden können durch eine einfache Neuordnung von Batch-Reaktoren, Mikroreaktoren und
Schläuchen.
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Methyl-Benzen-Linker. Darüber hinaus haben wir zwei Radiotracer hinzugefügt die an die
Arene-Bindungsseite von PSMA binden. Jedoch zeigte eine Molekulare Bindungsstudie, dass
der eingefügte elektronenreiche aromatische Ring eine suboptimale face-to-edge Orientierung
formt, wobei im Fall von [18F]PSMA-MIC02 diese jedoch tatsächlich eine verbesserte
Bindungsaffinität aufweisen konnte. Leider war der Unterschied nicht so ausgeprägt wie
erhofft., was darauf schließen lässt, dass ein elektronenarmer aromatischer Ring besser geeignet
ist um eine Interaktion mit der Aren-Bingunsseite einzugehen. Die gleiche Studie zeigte
außerdem, dass der festere Triazol-Benzen-Linker eine höhere Bindungsaffinität hatte als der
flexiblere Triazol-Methyl-Benzen-Linker. Das Radiopharmakon mit der höchsten
Bindungsaffinität [18F]PSMA-MIC02 wurde erfolgreich radioaktiv markiert und mit dem
FlowSafe automatisiert.
Nach Verbesserung der Bindungsaffinität durch die genaue Analyse des Pharmakophores,
verwendeten wir in Kapitel 6 das Konzept der Multivalenz, um die Bindungsaffinität zu
verbessern. Im Gegensatz zu den vorherigen Kapiteln haben wir uns in diesem Kapitel
entschieden die β-Adrenozeptoren als Target zu nutzen, welche auf dem Herzmuskel die
bekanntesten Adrenorezeptoren sind, da dieses Target eine geringere Flexibilität aufweist als
PSMA und für den konzeptionellen Beweis vereinfacht. Daher haben wir ein PropranololDerivat synthetisiert, welche an einen Azide-funktionalisierten Triethylenglycol Linker
gekoppelt wurde. Mithilfe der Klick Reaktion wurde ein Trimer geformt. Die erfolgreich
synthetisierten Mono- und Trimere wurden auf ihre in vitro Bindungsaffinität getestet, wobei
der Trimer eine dreifach erhöhte Bindungsaffinität aufweisen konnte. Allerdings war das
synthetisierte Monomer nicht enantiomerenrein sondern ein Racemate, wohingegen bekannt
ist, dass das (S)-enantiomer des benutzten Bindungsmotives die aktive Form ist. Daher wurde
der Trimer als statistische Mischung aus aktiven und nicht-aktiven Bindungsmotiven benutzt.
Für zukünftige Studien muss dies verbessert werden wobei davon auszugehen ist, dass
Multimerisation eine noch höhere Verbesserung erreichen kann als bisher hier gezeigt.
Alles in allem gibt diese Doktorarbeit eine Übersicht der verschieden Formen von Modularität
innerhalb der Entwicklung von verschieden Radiotracern für Prostatakrebs und
Herzinsuffizienz unter Verwendung der modularen Klick Reaktion. Es wurde gezeigt, dass die
Automatisierung mit einem angepassten Radiosynthesemodul, dass durch eine einfache
Neuanordnung eine gute Konfiguration für verschiedene Radiopharmaka erreicht werden kann,
die die Synthese von klinisch genutzten Radiotracern und radioaktiv markierten prosthetischen
Gruppe für weitere Radiopharmazeutische Produktion ermöglicht.
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