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F-Fluorinations and Automated Click
Chemistry using Microfluidics

V. I. Böhmer, D. van der Born, W. Szymanski, P. H. Elsinga

Chapter4

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.

4
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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
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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.

Chapter
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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

18
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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
76
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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.

4
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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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[18F]PSMA-1007

[18F]SFB

[18Ffluoro-pyridine

[18F]PSMA-MIC02

[18F]PSMA-MIC01

Literature

Trimethyl
ammonium
triflate

1) 35 min
2) 55 min

113 min

FlowSafe

n.a.
n.a.

Trimethyl
ammonium
triflate

n.a.

t.b.d.

93 ± 1 %

85 ± 7 %

110 min (a = 3)
n. a.
60 – 70 min
(a = 2)
81
81
± 4 %
t.b.d
(rTLC, n=3)

Literature

Manual

FlowSafe

Literature

Nitro

n=1
No QC yet

Droplet-based
radiosynthesis

TRACERLab
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

4.4 Acknowledgement
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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.
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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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