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2-(4 -[ F]fluorophenyl)-1,3-benzothiazole was synthesized as a fluorine-18 labelled derivative of the
Pittsburg Compound-B (PIB), which has known affinity for amyloid b and promising characteristics as tra-
cer for in vivo visualisation of amyloid deposits in patients suffering from Alzheimer’s disease (AD). Both
the nitro-precursor 2-(40-nitrophenyl)-1,3-benzothiazole and the non-radioactive reference compound
were synthesized using a 1-step synthesis pathway. Labelling was achieved by direct aromatic nucleo-
philic substitution of the nitro-precursor using [18F]fluoride by heating for 20 min at 150 �C and with a
radiochemical yield of 38%. The reference compound showed high affinity for amyloid in an in vitro com-
petition binding study using human AD brain homogenates (Ki = 9.0 nM) and fluorescence imaging of
incubated transgenic APP mouse brain slices confirmed binding to amyloid plaques. A biodistribution
study in normal mice showed a high brain uptake at 2 min pi (3.20% ID/g) followed by a fast washout
(60 min pi: 0.21% ID/g). A dynamic lPET study was performed in a transgenic APP and normal WT mouse,
but, similar to [11C]PIB, no difference was seen in tracer retention between both kind of mice. The new
18F-labelled 2-phenylbenzothiazole showed excellent preclinical characteristics comparable with those
of the 11C-labelled PIB.

� 2008 Elsevier Ltd. All rights reserved.
Alzheimer’s disease (AD) is a slowly progressive and fatal neu-
rodegenerative brain disorder associated with progressive episodic
memory loss and decrease of cognitive functions and characterized
by the presence of amyloid plaques and neurofibrillary tangles.1 As
the number of affected people, as well as the economical and social
impact, will increase in the future due to the increasing average life
span, the search for a radioactive tracer which allows in vivo diag-
nosis of AD in an early stage has become an important research ob-
ject during the last years.2 Several radioactive derivatives of
thioflavin-T (ThT, Fig. 1A), a conjugated fluorescent compound
used to stain amyloid plaques in vitro, have been reported as po-
tential diagnostic tracers for this purpose.3 The most promising
of all reported compounds seems to be the carbon-11 labelled 6-
OH-BTA or 6-hydroxy-2-(40-N-[11C]methylaminophenyl)-1,3-ben-
zothiazole, also known as Pittsburgh Compound-B (PIB, Fig. 1B).
PIB has already been tested intensively in several clinical studies
showing clear differences between AD, mild cognitive impairment
(MCI) and control subjects.4 However, this agent is labelled with
short-lived carbon-11 (t1/2 = 20.39 min), which limits its availabil-
All rights reserved.
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ity to centres equipped with a cyclotron. This limitation may be
overcome by introducing a fluorine-18 label which has a longer
half-life (t1/2 = 109.8 min) and thus may provide a positron emis-
sion tomography (PET) tracer that is useful for a widespread clini-
cal application.

The aim of this study was the synthesis and biological evalua-
tion of a 18F-labelled derivative of ThT, useful for diagnosis of AD
using PET. For this purpose we developed 2-(40-[18F]fluoro-
phenyl)-1,3-benzothiazole (Fig. 1C). Its structure is based on that
of PIB, in which the amine group on the 2-phenyl ring is replaced
by a 18F-atom and no OH-group is present on the benzothiazole
part. No other substituents were introduced on the benzothiazole
part or the 2-phenyl ring. Mathis et al. recently reported another
18F-labelled PIB analogue and are evaluating this compound as po-
tential amyloid imaging agent.5

The precursor for radiolabelling, 2-(40-nitrophenyl)-1,3-benzo-
thiazole (1), was synthesized using polyphosphoric acid (PPA) fol-
lowing the procedure as described by Shi et al. with small
modifications with respect to temperature (150 �C instead of
220 �C as higher yields were obtained at lower temperature).6 1
was synthesized with a yield of 34%, starting from equal molar quan-
tities of 2-aminothiophenol and 4-nitrobenzoic acid (Scheme 1).
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Scheme 1. Synthesis of 2-(40-nitrophenyl)-1,3-benzothiazole (1).

Figure 1. Structure of thioflavin-T (ThT, A), 6-hydroxy-2-(40-N-[11C]methylaminophenyl)-1,3-benzothiazole or PIB (B) and 2-(40-[18F]fluorophenyl)-1,3-benzothiazole (C).
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The non-radioactive 2-(40-fluorophenyl)-1,3-benzothiazole (2)
was prepared in a yield of 55% starting from 2-aminothiophenol
and 4-fluorobenzoyl chloride (Scheme 2). A more convenient
method (Dean-Stark trap instead of PPA) was used to synthesize
2.7 The identity of the non-radioactive compounds was confirmed
by mass spectrometry (MS) and 1H NMR.8–10 As described in liter-
ature, both compounds have already been synthesized in different
ways.11,12

A direct radiofluorination reaction was applied for aromatic
nucleophilic substitution of a fluorine-18 atom for the nitro group
of 1 (Scheme 3).13 A solution of 1 in anhydrous DMSO was heated
at 150 �C for 20 min in the presence of K2CO3, 18F� and 2.2.2-crypt-
and to achieve 2-(40-[18F]fluorophenyl)-1,3-benzothiazole ([18F]2)
with an average yield of 38% (not decay corrected, Fig. 2) and a spe-
cific activity of 48 ± 19 GBq/lmol. The separation of the 4’-[18F]flu-
oro and 40-nitro phenylbenzothiazole proved to be difficult but the
use of reversed-phase high-performance liquid chromatography
(RP-HPLC) with a mobile phase consisting of a mixture of ethanol,
tetrahydrofuran and 0.05 M ammonium acetate buffer made it
possible to separate the fluorine-18 labelled compound [18F]2 from
the nitro-precursor 1. The identity of the 18F-labelled 2-phen-
ylbenzothiazole [18F]2 was confirmed by co-injection of the non-
radioactive reference compound 2 on RP-HPLC and comparison of
the retention times. This radiolabelling is an example of a direct
aromatic nucleophilic substitution with fluorine-18 of a 2-(40-
nitrophenyl)-1,3-benzothiazole in which the benzothiazole part
acts as electron-withdrawing group. It is well known that elec-
tron-withdrawing substituents, such as a nitro or carbonyl group,
present on the ortho or para position of a nitrophenyl ring, activate
Scheme 3. Radiosynthesis of 2-(40-[18F]fluo

Scheme 2. Synthesis of 2-(40-fluoro
the nitro group and facilitate the exchange of the nitro group for a
fluorine-18 atom.14 In the case of 1, the presence of the benzothi-
azole in para position of the nitro group apparently also activates
the 40-nitro group as relatively high yields of the corresponding
2-(40-[18F]fluorophenyl)-1,3-benzothiazole were obtained. This
may allow the preparation of other similar compounds that can
be radiolabelled using the same procedure, if the corresponding
precursors can withstand the conditions of the nucleophilic substi-
tution reaction.15,16

The in vitro affinity of the new agent [18F]2 for amyloid b pla-
ques was determined by measuring the binding affinity of the ref-
erence compound 2 for post-mortem human brain homogenates of
AD patients.17 The Ki value, obtained from binding inhibition stud-
ies using [125I]IMPY as radioligand, was 9.0 ± 2.0 nM. This affinity is
comparable to that of 11C-labelled PIB which has a Ki value of
2.8 ± 0.5 nM in the same assay. We can assume that the newly
developed 2-(40-[18F]fluorophenyl)-1,3-benzothiazole binds to the
same binding sites in the amyloid b plaques as do [125I]IMPY and
[11C]PIB.

The in vitro affinity for amyloid of the new 18F-labelled agent
was also tested by incubating transgenic APP mouse brain slices
with the non-radioactive reference compound 2.18,19 The same
slices were immunohistochemically stained with the amyloid-
binding monoclonal mouse antibody AbN25 to compare the re-
gions with high amyloid load. Fig. 3 shows a superimposed image
of both staining methods in the mouse subiculum, a highly plaque
loaded structure located in the hippocampal region. The fluores-
cent signal from compound 2 clearly indicates the same amyloid
plaques as the immunohistochemical signal from the staining with
rophenyl)-1,3-benzothiazole ([18F]2).

phenyl)-1,3-benzothiazole (2).



Figure 2. RP-HPLC chromatogram of the crude reaction mixture after labelling of 1 with 18F with A = radiometric channel and B = UV channel (254 nm). The radioactive
compound [18F]2 elutes at 13.5 min, while the precursor 1 elutes at 14.5 min.

Figure 3. Vibratome section of a transgenic APP mouse brain subiculum stained
with AbN25 (brown) in combination with 1 lM solution of 2-(40-fluorophenyl)-1,3-
benzothiazole 2 (blue).
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AbN25. Comparable images were also obtained after incubation
with the non-radioactive analogue of PIB (data not shown).

To estimate the ability of the new compound to pass the blood–
brain barrier (BBB) by passive diffusion, the lipophilicity of RP-
HPLC purified [18F]2 was determined by partitioning between 1-
octanol and 0.025 M phosphate buffer pH 7.4 (n = 6).20 The log par-
tition coefficient (P) value was 2.86 ± 0.05, which is comparable
with that of PIB (2.48 ± 0.06) and within the optimal range (logP
between 1 and 3) for passive diffusion of a compound through
the BBB.21

Biodistribution of [18F]2 was studied in normal mice, which
were sacrificed at 2 or 60 min pi.18,22 The results are shown in Ta-
ble 1. The initial brain uptake was high at 2 min pi (3.20% ID/g) and
was followed by a rapid washout (at 60 min pi: 0.21% ID/g). Similar
values were observed for [11C]PIB (2 min pi: 3.60% ID/g and 60 min
Table 1
Tissue distribution expressed as percentage of the injected dose (% ID) and percentage of t
1,3-benzothiazole [18F]2 in normal mice at 2 and 60 min pi (n = 4 at each time point)

2 min pi (% ID) 2 min pi (% ID/

Urine 0.6 ± 0.2 —
Kidneys 11.4 ± 1.6 17.9 ± 1.7
Liver 21.8 ± 1.8 10.2 ± 1.6
Lungs 3.9 ± 1.0 13.8 ± 2.3
Intestines 8.5 ± 0.6 —
Blood 7.8 ± 0.7 2.9 ± 0.2
Cerebrum 1.03 ± 0.13 3.20 ± 0.38
Cerebellum 0.33 ± 0.08 3.35 ± 0.38
pi: 0.60% ID/g), although the washout from normal brain (% ID
cerebrum 2 min pi/% ID cerebrum 60 min pi) seems faster for the
18F-labelled compound (14.7 vs 6.0). The tissue distribution in
other organs was quite similar to that of [11C]PIB (data not shown).
Clearance of the activity from the blood is relatively efficient and
parallels clearance from the brain. The uptake in the kidneys and
excretion in the urine is moderate. Hepatobiliary excretion to the
intestines is pronounced and rather fast. The total activity in the
hepatobiliary system is 30.3% ID at 2 min pi and 49.4% ID at
60 min pi.

2-(40-[18F]fluorophenyl)-1,3-benzothiazole [18F]2 was also in-
jected intravenously in a transgenic APP and normal WT mouse
to perform a dynamic lPET study during 60 min.18,23 A different
anaesthetic was used for the lPET studies as compared to the bio-
distribution study (isoflurane vs Hypnorm�), but we previously
found that none of these anaesthetics has an influence on both
brain uptake and brain washout of phenylbenzothiazoles. How-
ever, comparison of lPET and biodistribution results should be
interpreted with caution. The amount of activity present in the
frontal cortex, expressed as standard uptake value (SUV), showed
a high brain uptake and fast washout. Normally we do not expect
a washout in the transgenic APP mouse but the difference in brain
washout between the APP and WT mouse was rather baseline
(Fig. 4). The same results were obtained when both mice were in-
jected with 11C-labelled PIB. The absence of difference in [11C]PIB-
retention between normal WT and transgenic APP mice is in accor-
dance with earlier published data, showing differences between
human and mouse amyloid.24,25

In conclusion, 2-(40-[18F]fluorophenyl)-1,3-benzothiazole [18F]2
showed excellent characteristics comparable with those of
[11C]PIB, namely good affinity for amyloid plaques present in hu-
man AD brain homogenates and transgenic APP mouse brain sec-
tions, favourable logP value for BBB passage and a high initial
brain uptake in normal mice followed by a fast washout. The brain
he injected dose per gram tissue (% ID/g) after iv injection of 2-(40-[18F]fluorophenyl)-

g) 60 min pi (% ID) 60 min pi (% ID/g)

15.5 ± 2.7 —
5.9 ± 1.5 8.2 ± 1.8

11.7 ± 1.5 5.3 ± 0.6
0.4 ± 0.0 1.5 ± 0.3

37.7 ± 4.3 —
1.8 ± 0.3 0.6 ± 0.1

0.07 ± 0.01 0.21 ± 0.03
0.02 ± 0.01 0.21 ± 0.05



Figure 4. Dynamic lPET study of [11C]PIB and 2-(40-[18F]fluorophenyl)-1,3-benzo-
thiazole [18F]2 in a normal WT and transgenic APP mouse (left coronal image at 60 s
pi was similar for both compounds in both animals).
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washout of [18F]2 observed in normal mice is more than two times
faster than that observed for [11C]PIB. These promising results
make [18F]2 a potential amyloid imaging agent for in vivo visual-
isation of amyloid plaques with a similar diagnositic power as
[11C]PIB and the potential of a widespread clinical application.
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