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logical evaluation of PET tracers
designed for imaging of calcium activated
potassium channel 3.1 (KCa3.1) channels in vivo†
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Darko,a Sonja Schelhaas,c Etmar Bulk,d Thomas Budde,ef Albrecht Schwab,df

Michael Schäfersbcf and Bernhard Wünsch ‡af

Expression of the Ca2+ activated potassium channel 3.1 (KCa3.1) channel (also known as the Gàrdos channel)

is dysregulated in many tumor entities and has predictive power with respect to patient survival. Therefore,

a positron emission tomography (PET) tracer targeting this ion channel could serve as a potential diagnostic

tool by imaging the KCa3.1 channel in vivo. It was envisaged to synthesize [18F]senicapoc ([18F]1) since

senicapoc (1) shows high affinity and excellent selectivity towards the KCa3.1 channels. Because problems

occurred during 18F-fluorination, the [18F]fluoroethoxy senicapoc derivative [18F]28 was synthesized to

generate an alternative PET tracer targeting the KCa3.1 channel. Inhibition of the KCa3.1 channel by 28

was confirmed by patch clamp experiments. In vitro stability in mouse and human serum was shown for

28. Furthermore, biodistribution experiments in wild type mice were performed. Since [18F]fluoride was

detected in vivo after application of [18F]28, an in vitro metabolism study was conducted. A potential

degradation route of fluoroethoxy derivatives in vivo was found which in general should be taken into

account when designing new PET tracers for different targets with a [18F]fluoroethoxy moiety as well as

when using the popular prosthetic group [18F]fluoroethyl tosylate for the alkylation of phenols.
1. Introduction

Dysregulation of the KCa3.1 channel is directly associated with
many different diseases such as asthma,1,2 sickle cell anemia,3–5

coronary restenosis aer angioplasty,6 kidney brosis7,8 and
atherosclerosis.9,10 It has a a place in corneal11 and conjunctival
brosis12 and was shown to be vastly overexpressed in Alzheimers
disease.13–15 Furthermore, the KCa3.1 channel is a modulator in
hepatic injury.16 The KCa3.1 channel plays an important role in
cancer diseases: Along with other ion channels it contributes to
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features of essential “cancer hallmarks”, such as proliferation,
migration, invasion and extravasation.17–19 Consequently, the ion
channel plays a critical role in themetastatic cascade. Inhibition of
the KCa3.1 channel reduces proliferation, migration and metas-
tasis in different tumor entities.20–22 The direct correlation between
overexpression of the KCa3.1 channel and tumor grade as well as
metastatic status highlights the importance of this ion channel in
cancer diseases.23 Furthermore, overexpression of KCa3.1 channels
is oen related to poor prognosis of tumor patients and high
lethality rates.24,25 Therefore, the KCa3.1 channel could serve as
predictive marker with respect to patient survival.23–25 Additionally,
pro-tumor functions of endogenously expressed KCa3.1 channels
have been shown in a mouse model.18,26

The impact of the potassium channel on various diseases is
rather outstanding, please also refer to the available compre-
hensive reviews.27–29

Our aim is to enable in vivo visualization of the KCa3.1 channel
via PET technology to offer the opportunity of a potential diag-
nostic tool in different diseases. We decided to focus on KCa3.1
channels in cancer diseases since essentially all cells of the tumor
stroma express KCa3.1 channels.30 A signal from a potential PET
tracer binding to this ion channel should therefore be very robust.
Thus, KCa3.1 channels in tumor cells are particularly suitable as
a rst model for testing PET tracers targeting this ion channel.

Herein, we present the design and radiosynthesis of poten-
tial PET tracers for imaging of the KCa3.1 channel in vivo.
RSC Adv., 2021, 11, 30295–30304 | 30295
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Fig. 1 Structures of senicapoc (1) and [18F]senicapoc ([18F]1).

Scheme 1 Synthesis of the uronium salt precursor 10 from phenol 9:
reagents and reaction conditions: (a) 2-chloro-1,3-bis(2,6-diisopropyl-
phenyl)-1H-imidazol-3-ium chloride (8), Ag2CO3, CH2Cl2, 60 �C, 4 h, 68%.
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The KCa3.1 channel inhibitor senicapoc (1) served as starting
point for the development of PET tracers for in vivo imaging of
the ion channel. Senicapoc (1) shows a high affinity towards the
Scheme 2 Radiosythesis of [18F]senicapoc ([18F]1). Reagents and reac
130 �C, 20 min. RCY (d.c.) ¼ 0.4% (n ¼ 1).

30296 | RSC Adv., 2021, 11, 30295–30304
KCa3.1 channel with an IC50 value of 11 � 2 nM (measured on
human erythrocytes) and excellent selectivity over related ion
channels.31 These properties are promising for selective
imaging of the KCa3.1 channel in vivo. Senicapoc (1) contains
two uorine atoms. Replacement of one uorine atom by
uorine-18 results in [18F]senicapoc ([18F]1) bearing an
authentic label (Fig. 1). Moreover, senicapoc (1) was already
evaluated in phase III clinical trials for potential therapy of
sickle cell anemia, so data regarding toxicity and tolerability are
available reducing the effort for rst in vivo studies using the
new tracer in humans. Herein, different strategies for the
radiosynthesis of [18F]senicapoc, the synthesis of suitable
precursors as well as advantages and disadvantages of the
chosen routes are presented.
2. Synthesis

To identify the [18F]labeled compounds by co-injection on the
radio-HPLC system aer radiosynthesis, non-radioactive [19F]1
reference compound had to be synthesized rst. Therefore, seni-
capoc (1) was prepared on the basis of previously described
procedures.32 (see ESI, Scheme S1†). The literature-known
synthesis of senicapoc (1) is not suitable for radiosynthesis as
a multi-step protocol is following the introduction of the uorine
atoms. In PET tracer synthesis the uorine has to be introduced in
the last steps due to the short half-life of [18F]uorine.

In 2016, Neumann et al. published the deoxyuorination of
phenols via concerted nucleophilic aromatic substitution
(CSNAr), which was also performed with [18F]uoride.33 Uro-
nium salts were used as precursors for the radiosynthesis. We
started our efforts to prepare [18F]senicapoc ([18F]1) using this
method, which required the uronium salt 10 via the phenolic
derivative 9. (Scheme 1): Synthesis of the uronium salt precursor
10 from phenol 9: reagents and reaction conditions: (a) 2-
chloro-1,3-bis(2,6-diisopropylphenyl)-1H-imidazol-3-ium chlo-
ride (8), Ag2CO3, CH2Cl2, 60 �C, 4 h, 68%. The phenol 9 was
synthesized in ve steps as recently published in connection
with the synthesis of uorescently labeled probes for in vitro
imaging of KCa3.1 channels.34–37
tion conditions: (a) [18F]F�, butan-2-one : EtOH : Bu3N (100 : 10 : 1),

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Reagents and reaction conditions for the 18F-labelling of trimethylarylammonium salt precursor 18

Eluent solution (in CH3CN/H2O) Solvent Temperature [�C] Time [min] Product

K2CO3 (aq), K222 Acetonitrile (CH3CN) 120 15 —
K2CO3 (aq), K222 Dimethylformamide (DMF) 150 15 —
K2CO3 (aq), K222 DMF 155 15 —
K2CO3 (aq), K222 Dimethylsulfoxide (DMSO) 165 30 —
K2C2O4 (aq), K222 DMF 155 30 —
Bu4NHCO3 (aq) DMF 150 15 ?
Bu4NHCO3 (aq) DMSO 150 15 ?
Bu4NHCO3 (aq) DMSO 140 15 ?

Scheme 3 Radiosynthesis of [18F]senicapoc ([18F]1). Reagents and
reaction conditions: (a) cartridge: Sep-Pak® Light QMA Fa. Waters®,
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Neumann et al. used the uronium salts prepared by this
method directly for 18F-deoxyuorination without further puri-
cation.33 Since the purity of the prepared uronium salt 10 was
only 78% (HPLC), we decided to purify 10 by column chroma-
tography. Thus, uronium salt 10 was isolated with 99.2% purity
(HPLC) and was fully characterized. The puried as well as the
unpuried uronium salts 10 were used in radiosynthesis test
reactions in order to obtain [18F]senicapoc ([18F]1) (Scheme 2).

The radiosynthesis was performed semiautomatically
according to Neumann et al.33 An aqueous solution of [18F]
uoride was ushed through an anionic exchange cartridge.
Different cartridges were used during evaluation, starting with
Chromabond® PS-HCO3 cartridges containing 45 mg or 10 mg
sorbent identical with the sorbent of the Chromax PS-HCO3

cartridges used in the original publication.33 Aer trapping of
[18F]uoride, the cartridge (45 mg) was ushed with butan-2-
one : ethanol (1 : 1, 1 mL). Thereaer, the cartridge was
reversed manually using a luerlock® system as suggested in the
original procedure. Since this step is highly critical in terms of
radiation protection, we only used maximum starting activities
of <1 GBq. Aer reversing the cartridge it was eluted with 5 �
1 mg of the uronium salt 10 in butan-2-
one:ethanol:tributylamine (100 : 10 : 1, 1 mL). In an average
synthesis 40 � 10% of the starting activity remained on the
cartridge. Aer a reaction time of 20 min at 130 �C, only a small
fraction of the theoretical activity was found in the reactor
solution. This is a second critical step in the protocol, as the
only explanation for this reproducible result is the formation of
volatile 18F-labeled compounds. The protocol led to [18F]seni-
capoc ([18F]1). Unfortunately, the yield was much lower than in
comparable published labelling approaches (0.4% RCY d.c.).
Moreover, the radiochemical purity was insufficient (87%) (for
chromatogram see ESI: Fig. S1†).

The very low radiochemical yield in combination with the
very low starting activity (due to radiation protection regula-
tions) and the technical problems mentioned above rendered in
vivo experiments impossible. The use of cartridges with lower
sorbent amounts (10 mg) resulted in even lower elution efficacy
combined with considerably lower radiochemical yields (<0.1%
RCY d.c.). The use of our standard cartridges Sep-Pak® Light
QMA Fa. Waters® produced even worse results. However, in
these experiments the cartridges were not reversed in the
elution process to avoid the risk of contamination. 67% of the
starting activity remained on the cartridge and it was not
© 2021 The Author(s). Published by the Royal Society of Chemistry
possible to isolate [18F]senicapoc ([18F]1). Further experiments
combining the elution with potassium hydrogencarbonate
(KHCO3) (5 mg) as well as different elution solutions did not
improve the initial result. For these reasons, the synthesis of
[18F]senicapoc ([18F]1) using the uronium salt precursor 10 was
no longer pursued.

Another strategy is the direct nucleophilic substitution of
a suitable precursor with [18F]uoride to produce [18F]senicapoc
([18F]1). A well-established leaving group to achieve aromatic
nucleophilic substitution is the trimethylammonium group.38,39

Although the aromatic system is not specially activated by
electron withdrawing functional groups, the 18F-labelling of the
trimethylammonium precursor 18 was envisaged. The synthesis
of such a precursor is similar to the synthesis of senicapoc (1)
itself (see ESI, Scheme S3†).32

Radiosynthesis by nucleophilic aromatic substitution with
[18F]uoride was performed using various conditions summa-
rized in Table 1 (Scheme 3 and Table 1).

The investigated reaction conditions using carbonate or
oxalate as base did not lead to [18F]senicapoc ([18F]1). The use of
tetrabutylammonium hydrogen carbonate as base led to the
formation of tetrabutylammonium-[18F]-uoride ([18F]TBAF) as
uorination agent. All reactions with [18F]TBAF provided
a product with very similar polarity compared to [18F]senicapoc
([18F]1). The retention times on the semipreparative as well as
on the analytical radio-HPLC were very similar to those
conditions see Table 1.

RSC Adv., 2021, 11, 30295–30304 | 30297
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Fig. 2 Chromatograms of the analytical radio-HPLC. Traces for 18F-
labelled (g-detector [cpm], bottom) compound and co-injection of
[19F]senicapoc (1) as reference compound (UV-detector [mAu], top). Scheme 4 Decarboxylation and demethylation of trimethylar-

ylammoninium precursor 18. Reagents and reaction conditions: (a)
TBAF, DMF, 155 �C, 10 min, 78%.
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determined for senicapoc (1) (Fig. 2). Due to the high similarity,
we initially assumed a successful transformation.

In order to prepare a solution for injection aer HPLC
purication, the solvents were removed under reduced pres-
sure. Aerwards, only a small fraction of the theoretical radio-
activity was le. It was postulated that the reduced amount of
radioactivity is due to removal of a volatile 18F-labelled
compound. As [18F]senicapoc ([18F]1) should not be able to
release a volatile 18F-species, the result of the synthesis was
questioned. To get a better insight into the decomposition of
the 18F-labelled compound obtained during radiosynthesis,
samples were taken during the removal of the solvent and
analyzed by analytical radio-HPLC and radio-TLC (Fig. 3; for
further chromatograms see ESI: Fig. S2 and S3†).

It was shown that decomposition occurred leading to a less
polar compound. The peak with a retention time of 3 min
(analytical radio-HPLC; Fig. 3), which increased over time, as
well as the baseline peak in the radio-TLC (see ESI: Fig. S4†) are
a strong hint towards the formation of [18F]uoride. Since
senicapoc (1) is stable even at high temperature and under
reduced pressure, it was suggested that a different product had
been formed. To get an idea of the formed product, the uori-
nation of the quaternary ammonium compound 18 was per-
formed with [19F]uoride under the conditions of the
Fig. 3 Chromatogram of the analytical radio-HPLC after 30 min of rem

30298 | RSC Adv., 2021, 11, 30295–30304
radiosynthesis. Indeed, the reaction of 18 with TBAF in DMF at
155 �C for 10 min resulted in the less polar compound 19, which
was puried and fully characterized. Spectroscopic analysis
showed the formation of triarylmethane 19, which was formed
by decarboxylation and demethylation of the quaternary
ammonium precursor 18 (Scheme 4).

The same reaction occurred in dry DMF used in the radio-
synthesis. The formation of [18F]uoride during radiochemistry
may be explained by radical formation of the 18F-substituted
triarylmethane, which would lead to loss of uoride upon
dimerization forming a quinoidic system. The dimerization
would form a structure that is a substituted Gomberg's dimer.

The titanium nanoparticle catalyzed nucleophilic substitu-
tion of aryl tosylates to obtain [18F]aryl compounds was
successfully established by Sergeev et al.40 The required tosylate
precursor 20 was obtained by reaction of phenol 9 with tosyl
chloride (Scheme 5).

Since stability issues occurred using the trimethylar-
ylammonium salt 18 as precursor in 18F-labelling reactions, the
stability of the prepared tosylate precursor 20 was evaluated
before starting radiosynthesis. Usually, the titanium nano-
particle catalyzed nucleophilic substitution takes place at
oval of the solvent.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 5 Toslyation of phenol 9 and decomposition of tosylate 20. Reagents and reaction conditions: (a) TsCl, CH2Cl2, RT, 2 h, 98%, (b) TBAF,
DMF, 130 �C, 20 min, 80%.
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temperatures between 110 �C and 140 �C with reaction times
between 7 and 12 min.40 The conditions required for the radi-
osynthesis were tested and are summarized in Table 2.

Tosylate 20 was not stable in the presence of carbonate or
tetrabutylammoniumuoride (TBAF), as a less polar compound
was formed. To characterize the decomposition product, the tosy-
late 20 was heated up to 130 �C for 20 min with TBAF in DMF and
the product 21was isolated by ash chromatography. The obtained
decomposition product 21 indicated that hydrolysis of the tosylate
and loss of the carbamoyl moiety at the quaternary C-atom had
taken place. Hydrolysis and decarboxylation of the amide 20 could
lead to the triarylmethane derivative 21 (Scheme 5).

Since the titanium nanoparticle catalyzed nucleophilic
substitution of aryl tosylates requires activation of [18F]uoride
as [18F]TBAF, it was concluded that the tosylate 20 is not a useful
precursor for 18F-labelling. Furthermore, it is impossible to use
the heterogeneous system in the automatic synthesis modules,
since the solids would clog the thin tubing resulting in limita-
tions in the further transfer of the radiosynthesis into clinical
environment.

Literature protocols for 18F-labelling of aryl pinacol boronic
esters use [18F]TBAF or tetraethylammonium [18F]uoride ([18F]
TEAF) and temperatures above 100 �C.41 It is very unlikely that
these conditions are tolerated by the triaryl acetamide structure
of the required precursor, since similar conditions led to
Table 2 Conditions used to evaluate the stability of aryl tosylate
precursor 20; identical conditions for all reactions: reaction time:
10 min; solvent: DMF

Base (5 eq.) Temperature [�C] Stability (TLC)

— 130 Stable
TBAF 130 Full conversion
TBAF 110 Full conversion
TBAF 90 Full conversion
K2CO3 130 Full conversion
K2CO3 110 Partial conversion
K2CO3 90 Partial conversion
(NH4)2C2O4 130 Stable
(NH4)2C2O4 110 Stable
(NH4)2C2O4 90 Stable

© 2021 The Author(s). Published by the Royal Society of Chemistry
decomposition of both precursors 18 and 20. Because the
solvent system differs and the reaction time is relatively short,
the pinacol boronic ester 24 should nevertheless be tested as
precursor. Therefore, aryl bromide 22 was prepared in four
steps analogous to the synthesis of the trimethylammonium
precursor 18 using 1,4-dibromobenzene instead of 4-bromo-
N,N-dimethylaniline (12) as starting material (see ESI, Scheme
S4†). Finally, the boronic ester 24 was prepared by reaction of
aryl bromide 22 with diboronate 23 and ferrocene-1,10-(diyl)
bis(diphenylphosphane)palladium(II)chlorid (Pd(dppf)Cl2)
(Scheme 6).

For Cu(II)-catalyzed transformations of areneboronates into
aryl uorides, azeotropic drying was not reported.41 Thus, a solu-
tion of precursor 24 and tetrakis(pyridine)copper(II)triate
(Cu(OTf)2py4) in DMF was added to a solution of [18F]TEAF in
butan-1-ol and the mixture was heated to 110 �C for 10 min. The
copper catalyst was removed by a C18+ cartridge and the reaction
mixture was analyzed by semipreparative and analytical radio-
HPLC. However, a peak showing the formation of [18F]senicapoc
([18F]1) could not be detected. It was concluded that this strategy is
not useful for the synthesis of [18F]senicapoc ([18F]1).

Senicapoc (1) contains the same triarylacetamide structure as
the unstable precursors 18, 20 and 24. Since it is essential that
senicapoc (1) is stable under the conditions used to prepare [18F]
senicapoc ([18F]1), different reaction conditions reasonable for 18F-
labelling were evaluated. The results are summarized in Table 3.

Senicapoc (1) showed very similar reactivity under the
conditions tested as the precursors 18 and 20. As reported for 18
and 20, triarylmethane 25 was formed as decomposition
product. Removal of the carbamoyl moiety, presumably by
hydrolysis and decarboxylation, is an obvious inherent insta-
bility of this type of triarylacetamide derivatives under basic
conditions (K2CO3, TBAF) and elevated temperature (Scheme 7).

Analysis of the data summarized in Table 3 showed that
oxalate is the preferred base to perform a direct nucleophilic
uorination, as decomposition of senicapoc to the methane
derivative 25 could not be observed. The base carbonate can be
used if the reaction temperature does not exceed 90 �C.

Since aliphatic nucleophilic substitution with [18F]uoride is
possible using rather mild conditions, the [18F]uoroethoxy
derivative [18F]28 of senicapoc (1) was envisaged for imaging
RSC Adv., 2021, 11, 30295–30304 | 30299
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Scheme 6 Last step of the synthesis of the pinacol boronic ester 24 and radiosynthesis of [18F]senicapoc ([18F]1). Reagents and reaction
conditions: (a) Pd(dppf)Cl2, KOAc, dioxane, RT- 50 �C, 5 h, 15%. (b) cartridge: Sep-Pak® Light QMA Fa. Waters®, [18F]TEAF, butan-1-ol,
Cu(OTf)2py4, DMF, 110 �C, 10 min, 0%.

Table 3 Conditions used to evaluate the stability of senicapoc (1);
identical conditions for all reactions: reaction time: 10 min; solvent:
DMF

Base (5 eq.) Temperature [�C] Stability (TLC)

— 130 Stable
TBAF 130 Complete

decomposition
TBAF 110 Complete

decomposition
TBAF 90 Complete

decomposition
K2CO3 130 Complete

decomposition
K2CO3 110 Partial decomposition
K2CO3 90 Partial decomposition
(NH4)2C2O4 130 Stable
(NH4)2C2O4 110 Stable
(NH4)2C2O4 90 Stable
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of KCa3.1 channels in vivo. At rst, the non-radioactive
19F-containing reference compound 28 was synthesized to
perform in vitro experiments addressing the desired interaction
of 28 with the KCa3.1 channel and to identify unequivocally the
Scheme 7 Decomposition of senicapoc (1). Reagents and reaction
conditions: (a) TBAF, DMF, 130 �C, 10 min, 75%.

30300 | RSC Adv., 2021, 11, 30295–30304
labelled compound by co-injection on the radio-HPLC system.
28 was synthesized by alkylation of phenol 9 with (2-uoroethyl)
tosylate (27),42 which was prepared from 2-uoroethanol (26)
and tosyl chloride (Scheme 8).

At rst, the interaction of 28 with the KCa3.1 channel had to
be analyzed. For this purpose, patch clamp experiments were
performed using the non-small-cell lung cancer cell line A549-
3R, which expresses a high number of the KCa3.1 channels
(Fig. 4).

A549-3R cells were activated with 1-EBIO leading to an
increased outward current in the patch clamp experiments.
Then, the uoroethoxy derivative 28 was added, which led to
reduced ionic current. Finally, senicapoc was added resulting in
a complete inhibition of the current increase induced by 1-
EBIO. The experiment was performed in a paired fashion and
showed that 28 was able to inhibit the KCa3.1 channel, although
not as efficiently as senicapoc (1). The effect of 28 on the ionic
current was regarded as interaction with the ion channel.
Therefore, imaging of the KCa3.1 channel in vivo using [18F]38
was assumed to be possible.
Scheme 8 Synthesis of the fluoroethoxy derivative 28. Reagents and
reaction conditions: (a) TsCl, Et3N, CH2Cl2, RT, 24 h, 88%. (b) DMF,
Cs2CO3, 100 �C, 10 �C/h, 84%.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Summary of patch-clamp experiments. Average current density [pA/pF] � SEM (n ¼ 5). KCa3.1 mediated current is activated with 1-EBIO
(50 mM). It is inhibited by the consecutive application of 28 (10 mM) and senicapoc (1 mM). All compounds were dissolved in DMSO and added to
the standard extracellular solution and applied for a period of 2–5 min (1-EBIO ¼ 1-ethyl-2-benzimidazolone).
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Consequently, radiosynthesis of [18F]28 using precursor 31
bearing a tosyloxy leaving group for aliphatic nucleophilic
substitution with [18F]uoride under mild conditions was
planned. Thus, phenol 9 was directly alkylated with ethylene
ditosylate (30),43 which was obtained by ditosylation of ethylene
glycol (29) with an excess of tosyl chloride (Scheme 9).

Since it had been found that carbonate leads to degradation
of triarylacetamides, oxalate was used as base in the rst 18F-
labelling experiments. The radiosynthesis was carried out in
a semiautomated radiosynthesizer. The aqueous solution of
[18F]uoride ions was rinsed through a preconditioned QMA-
light cartridge (Waters®). The trapped [18F]uoride ions were
eluted with a solution of K222 and K2CO3 in CH3CN and H2O.
Aer azeotropic drying a solution of the precursor 31 in DMF
was added to the radiosynthesizer. The mixture was heated to
90 �C for 15 min in the closed reactor (Scheme 9).

The desired product [18F]28 was isolated by semi-preparative
radio-HPLC. Identity was conrmed by coinjection of the cor-
responding reference compound 28 using the analytical HPLC-
system (for chromatogram see ESI: Fig. S5†).
Scheme 9 Synthesis of precursor 31 and radiosynthesis of [18F]fluoroeth
CH2Cl2, RT, 12 h, 97%. (b) DMF, Cs2CO3, RT, 24 h, 49%. (c) [18F]KF.K222,

© 2021 The Author(s). Published by the Royal Society of Chemistry
Aer removal of the solvent under reduced pressure, the product
[18F]28was reconstituted with ethanol. PBS was added to achieve an
ethanol concentration below 10%. This ready-to-inject solution was
controlled again by radio-HPLC as well as radio-TLC. The decay
corrected radiochemical yield of the formulated PET tracer was 4.0
� 1.5%, radiochemical purity was found to be >96%.

In vitro serum stability was tested using murine and human
blood [18F]28 showed high stability over the complete test
period of 120 min. The corresponding chromatograms are
shown in the ESI (Fig. S6 and S7†). The logD7,4-value was
determined to be 1.84 � 0.5 (�SEM) using the shake-ask
method by Prante et al.44

Before performing biodistribution experiments in vivo, the
plasma protein binding (PPB) of senicapoc (1) and its uo-
roethoxy derivative 28 were determined in vitro using a LC-MS
method with external calibration. The PPB has a considerable
inuence on both distribution and metabolic stability of a drug
in vivo. A high PPB ensures good distribution and long circu-
lation in the blood as well as low metabolic degradation in vivo.
On the other side, only the unbound fraction of the drug can
oxy senicapoc [18F]28. Reagents and reaction conditions: (a) TsCl, Et3N,
CH3CN, 90 �C, 15 min, RCY (d.c.) ¼ 4 � 1.5%.

RSC Adv., 2021, 11, 30295–30304 | 30301
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Fig. 5 Maximum-intensity-projection of the activity distribution of selected time intervals in a C57BL/6 wild-type mouse after injection of [18F]
28. The two additional images of mice measured may be found in the ESI (Fig. S8†).
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enter the tissue and cells and thus bind to the respective target.
It was found that both senicapoc (1) and its uoroethoxy
derivative 28 have a PPB of >99%.

Due to the high PPB, a good biodistribution of [18F]28 in vivo
was expected. Biodistribution studies with the PET tracer [18F]28 in
mice will show undesired possible accumulation in different
tissues, which e.g. also physiologically express the target of the PET
tracer, or non-specic binding to other proteins. Moreover, bio-
distribution studies show the route of excretion of the tracer.
Altogether, analysis of the in vivo biodistribution of a PET tracer
provides important data, which are crucial for the further devel-
opment of a PET tracer for imaging studies.

In this study, three 12 week-old C57BL/6 wild-type mice
(n ¼ 3) were used. The experiments were approved by the State
Office for Nature, Environment and Consumer Protection North
Rhine-Westphalia under license Az. 84–02.04.2015.A410. The
mice were anesthetized with isourane and placed on a warmed
PET scanner bed. Important parameters such as breathing were
constantly monitored. The formulated PET tracer [18F]28 was
administered via a tail vein catheter and with the aid of an injec-
tion pump. Aer 90 min acquisition time in the quadHIDAC PET
scanner, a CT scan of the mouse was performed. The data and
images were evaluated with the in-house developed soware
MEDgical (Fig. 5; please also refer to Fig. S8 in the ESI†).
Fig. 6 LC-MS/MS chromatogram of the supernatant.

30302 | RSC Adv., 2021, 11, 30295–30304
Fig. 5 shows the distribution of radioactivity expressed as
percentage of the injected dose per mL (% ID/mL) in whole-
body images aer injection of [18F]28 in a representative
mouse. Aer a few seconds, a large amount of the injected dose
(ID) was still found in the tail vein [18F]28 also reached the heart
via the blood. A signicant amount of ID was already seen in the
kidneys at this early stage. Aer 700–1000 s, accumulation in
the bones, especially in the spine and knees, was detected. This
accumulation increased substantially over the time. Aer
90 min, the highest amount of the ID was found in the bladder
indicating renal elimination of the radioactive compound.
However, large amounts of ID were also found in the spine,
knees, shoulders, and cranium. The accumulation in the bones
is probably due to the formation of [18F]uoride. This nding
indicates a metabolic instability of the tracer [18F]28 in vivo,
which was not observed during the in vitro serum stability tests.
Due to this metabolic instability, the PET tracer [18F]28 was not
suitable for further tumor studies.

In order to analyze the metabolic instability of the tracer [18F]
28 in more detail and provide information about possible
degradation pathways, an in vitro metabolism study was con-
ducted with the non-radioactive reference compound 28.
Therefore, 28 was incubated with mouse liver microsomes and
NADPH for 90 min at 37 �C. The transformation was stopped by
the addition of CH3CN/CH3OH (1 : 1), the solution was cooled
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 10 Postulated metabolism pathway of 28. (a) Incubation with NADPH and murine liver microsomes, 37 �C, 90 min.
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and then centrifuged to remove the protein precipitate. The
supernatant was analyzed by LC-MS/MS (qToF) (Fig. 6).

In addition to the intact parent compound 28, a more polar
metabolite with m/z ¼ 322.1230 was detected. Since ESI is a so
ionization method, only limited fragmentation reactions were
expected. Therefore, the peak of the metabolite probably
corresponds to [M + H] indicating the formation of phenol 9
(calculated exact mass of [M + H]+: 322.1238) asmainmetabolite
(Scheme 10).

Phenol 9 can be formed by oxidation of the uoroethoxy side
chain of 28 by CYP450 enzymes and NADPH resulting in the labile
hemi acetal 32, which releases the phenol 9 and 2-uo-
roacetaldehyde (33) spontaneously. 2-Fluoroacetaldehyde or its
oxidation product 2-uoroacetic acid can release uoride due to the
high reactivity of the F-atom in a-position of the carbonyl moiety.
3. Conclusion

Introduction of [18F]uoride in the aromatic ring resulting in
[18F]senicapoc ([18F]1) required high temperature and strong
bases. Unfortunately, the triarylacetamidemoiety was not stable
under these conditions leading to triarylmethane derivatives.
Thus, only traces of [18F]senicapoc ([18F]1) were obtained by
concerted nucleophilic substitution using the uronium salt
precursor 10.

As an alternative PET tracer targeting KCa3.1 channels the
[18F]uoroethoxy derivative [18F]28 was designed for imaging in
vivo. Affinity towards the ion channel was shown in patch clamp
experiments using the non-radioactive reference compound 28.
Radiosynthesis of [18F]28 was performed successfully by
aliphatic nucleophilic substitution of the tosylated precursor 31
with [18F]uoride under mild conditions [18F]28 was obtained
with a decay corrected radiochemical yield of 4 � 1.5% (n ¼ 4)
within 106 � 11.5 min (n ¼ 4) and a radiochemical purity of
>96% by analytical radio-HPLC and radio-TLC.

Over a period of 120 min, [18F]28 was stable in both human
and mouse serum. The logD7.4 value of 1.84 lies in a promising
range. More than 99% of the drug was bound to human serum
albumin. During biodistribution studies with [18F]28 in vivo
using C57/BL6 wild-type mice, accumulation of activity in the
bones was observed indicating the release of [18F]uoride from
the tracer. In order to conrm the degradation of [18F]28 in vivo,
an in vitrometabolism study was conducted with 28. The phenol
© 2021 The Author(s). Published by the Royal Society of Chemistry
9 was detected as main metabolite, which was formed upon
release of [18F]2-uoroacetaldehyde. The release of [18F]2-
uoroacetaldehyde could explain the enrichment of [18F]uo-
ride in the bones. This nding is of general interest, since the
[18F]2-uoroethyl moiety is a well-known prosthetic group oen
used in PET tracers.45,46 The potential degradation to afford [18F]
2-uoroacetaldehyde should be generally taken into account,
when designing novel PET tracers with the [18F]2-uoroethyl
moiety or using the popular prosthetic group [18F]uoroethyl
tosylate to alkylate phenols.

Conflict of interests

The authors have no conicts of interest to declare.

Acknowledgements

We are grateful to Elke Naß, Institute of Physiology I, for per-
forming the patch-clamp experiments with 28 and to Sandra
Schimmelpfennig and Sarah Sargin, Institue of Physiology II,
for cultivation and preparation of the A549-3R cells. This work
was supported by the Deutsche Forschungsgemeinscha (DFG),
which is gratefully acknowledged. Moreover, we are grateful to
Cells-in-Motion (CiM) Cluster of Excellence for supporting this
project by a Pilot Project Fund. Furthermore, funding of the
research training group “Chemical biology of ion channels
(Chembion)” by the DFG is gratefully acknowledged. We
acknowledge support from the Open Access Publication Fund of
the University of Muenster. Furthermore, we are grateful to the
Interdisciplinary Centre for Clinical Research (IZKF, core unit
PIX), Münster, Germany for supporting this project.

Notes and references

1 Z. H. Yu, J. R. Xu, Y. X. Wang, G. N. Xu, Z. P. Xu, K. Yang,
D. Z. Wu, Y. Y. Cui and H. Z. Chen, Am. J. Respir. Cell Mol.
Biol., 2013, 48, 685–693.

2 P. Bradding and H. Wulff, Br. J. Pharmacol., 2009, 157, 1330–
1339.

3 K. I. Ataga and J. Stocker, Expert Opin. Invest. Drugs, 2009, 18,
231–239.

4 K. I. Ataga, W. R. Smith, L. M. de Castro, P. Swerdlow,
Y. Saunthararajah, O. Castro, E. Vichinsky, A. Kutlar,
RSC Adv., 2021, 11, 30295–30304 | 30303

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra03850h


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 3

/5
/2

02
6 

3:
50

:1
0 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
E. P. Orringer, G. C. Rigdon and J. W. Stacker, Blood, 2008,
111, 3991–3997.

5 K. I. Ataga, E. P. Orringer, L. Styles, E. P. Vichinsky,
P. Swerdlow, G. A. Davis, P. A. DeSimone and J. W. Stocker,
Pharmacotherapy, 2006, 26, 1557–1564.

6 D. L. Tharp, B. R. Wamhoff, H. Wulff, G. Raman, A. Cheong
and D. K. Bowles, Arterioscler., Thromb., Vasc. Biol., 2008, 28,
1084–1089.

7 I. Grgic, E. Kiss, B. P. Kaistha, C. Busch, M. Kloss, J. Sautter,
A. Müller, A. Kaistha, C. Schmidt, G. Raman, H. Wulff,
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