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18F-Labeled sufentanil for PET-imaging of l-opioid receptors
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Abstract—The synthesis of an 18F-labeled sufentanil analogue with apparent high l-opioid receptor selectivity is reported. Intrave-
nous injection of N-[4-(methoxymethyl)-1-[2-(2-thienyl)ethyl]-4-piperidinyl]-N-phenyl-2-(±)-[18F]fluoropropan-amide in mice
resulted in high brain uptake and a regional brain activity distribution corresponding to the l-opioid receptor expression pattern.
The developed ligand is a promising tracer for extended protocols in l-opioid receptor mapping and quantitation with positron
emission tomography.
� 2005 Elsevier Ltd. All rights reserved.
[11C]Carfentanil ([11C]caf) has been used for positron
emission tomography (PET) imaging of l-opioid recep-
tors (lOR) in studies addressing pain,1,2 addiction,3–6

affective disorders,7 as well as epilepsy.8,9 [11C]caf is a
demanding radiotracer since its inherent agonistic activ-
ity requires labeling at very high specific activities for
safety reasons. Radiotracers based on 11C (t1/2 =
20.3 min) are suitable only for short lasting imaging pro-
tocols ([1 h after a bolus injection), but can be injected
repeatedly in the same day in the same subject. In longer
imaging protocols, the low activity at the end of the
scanning procedure leads to low sensitivity for small sig-
nal changes, as encountered for instance during ligand-
displacement studies. For these applications
bolus + infusion protocols are used which increases the
concentration of pharmacological active carfentanil.
This imposes less safety of the application which is
of particular concern for human studies. Compared to
11C, an 18F-labeled (t1/2 = 109.7 min) l-selective ligand
it can improve signal intensity and thus potentially allow
in vivo competition studies by using a single, bolus injec-
tion protocol. Moreover, the 18F-label may make such a
tracer available for PET satellite systems. Furthermore,
a 18F-labeled lOR ligand would be less limited than
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[11C]caf by a long time interval for reaching peak equi-
librium, and would also make it easier to reproduce
the applied specific activity for specific imaging proto-
cols, for example, in small animals.10

Initial studies of 18F-labeled analogues of carfentanil
[18F]1 and [18F]2 (Fig. 1) showed a high initial brain
activity uptake in mice, but the applicability of the com-
pounds was hampered by an unsuitable metabolite pro-
file.11 Removing the 4-carboxymethyl group and shifting
the position of the 18F-label to the 2-position of the pro-
pionyl group of the N-phenyl-amide (Fig. 1) yielded
compound [18F]3 ([18F]fpr-fen), which displayed high
brain uptake after iv injection in rodents (Table 1).
Extraction and HPLC analysis of the radioactivity in
brain after injection of [18F]3 revealed that >91% of
the activity was the intact compound, thus indicating a
high metabolic stability of the compound in brain and
a low brain uptake of peripherally generated metabolites
(unpublished data). However, a low binding selectivity
for the lOR was observed in in vitro binding
studies using rat brain sections (unpublished data).
A study of the biological properties of a series of
[18F]fluorinated 4-anilidopiperidines will be published
separately. Here we report the results of structure-
affinity and brain uptake studies demonstrating that
N-[4-(methoxymethyl)-1-[2-(2-thienyl)ethyl]-4-piperidin-
yl]-N-phenyl-2-(±)-[18F]fluoropropan-amide ([18F]4;
[18F]fpr-suf) has more promising characteristics than
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Figure 1. Structural representation of carfentanil and fluorinated 4-anilidopiperidines.

Table 1. Comparison of the in vitro and in vivo properties of carfentanil and fluorinated 4-anilidopiperidine analogues

Compound

[11C]caf [18F]fpr-fen ([18F]3) [18F]fpr-suf ([18F]4)

logP(oct/PBS) 3.42 2.90 3.32

Ki (nM) 0.024a 2.117 0.117

5 minutes mouse brain uptakeb 3.8 ± 0.4 3.9 ± 0.6 5.3 ± 0.8

30 minutes mouse brain uptakeb 2.2 ± 0.6 1.9 ± 0.4 2.7 ± 0.6

Striatum/cerebellum ratio 5 min p.i.c 1.7 ± 0.3 1.4 ± 0.3 1.9 ± 0.5

Striatum/cerebellum ratio 20 min p.i.c 2.7 ± 0.4 1.7 ± 0.2 2.5 ± 0.3

a Literature value,12 added for reference.
bMale Balb-C mice, values represent mean ± SD (n = 3–4).
c Values represent mean ± SD (n = 3).
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previously reported compounds. A comparison of the
regional brain uptake kinetics to that of [11C]caf13,14 is
given.

The synthesis of 415 and [18F]416 was carried out starting
from des-propionyl sufentanil. The radiosynthesis of
[18F]4 (Scheme 1) was achieved by reaction of no-car-
rier-added (n.c.a.) (±)-2-[18F]fluoropropionic acid chlo-
ride, formed in situ from treatment of the
corresponding acid with phthaloyl chloride and subse-
quent acylation of the des-propionyl precursor of sufen-
tanil at elevated temperature.16 Although not optimized,
the syntheses yielded [18F]4 in an overall decay corrected
yield averaging 19%, an average specific activity of
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Scheme 1. Procedure used for radiosynthesis of [18F]fpr-suf ([18F]4).
40 GBq/lmol, and a total syntheses time of �110 min.
Work towards a simplified and automated syntheses of
[18F]4 is in progress.

Determination of the lipophilicity was performed by
measuring octanol–water partition coefficients (P) at
pH 7.4 (PBS) (logP in Table 1). Although the logP
for [18F]4 is somewhat lower than that of [11C]caf, the
overall brain uptake of [18F]4 in male Balb-C mice is
superior to that of [11C]caf.

In separate experiments, measurement of the regional
brain distribution of [18F]4 in vivo21 showed that
activity accumulation was high in cortex, striatum, and
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Figure 2. Autoradiography of [18F]fpr-suf ([18F]4) binding to rat brain sections under naive and blocking conditions (B–D) compared to [3H][DD-Ala2,

NMe-Phe4, Gly-ol5]-enkephalin. (A) ([3H]DAMGO; logPoct/PBS = 0.524; literature20 values for opioid receptor affinity Ki(l) = 2.0 nM, Ki(d) > 1 lM,

Ki(j) > 1 lM). (B) [18F]fpr-suf alone. (C) [18F]fpr-suf in the presence of 10 lM naloxone. (D) [18F]fpr-suf in the presence of 1.5 lM sufentanil.
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thalamus and low in the cerebellum. This regional vari-
ation in the distribution is in accordance with the known
regional lOR density. The binding ratio striatum/
cerebellum at 5 min and 30 min after injection shows
comparable specificity of [18F]4 and [11C]caf at both
time points (Table 1). However, due to the higher
overall uptake of [18F]4, improved signal statistics can
be expected for in vivo studies with this compound.

The binding pattern of [18F]4 to rat brain sections under
naive and receptor blocking conditions in vitro was
measured by means of binding autoradiography.18

[18F]4 showed highly selective binding to brain regions
with known high lOR density19 (Fig. 2). Co-incubation
with naloxone (blocking of l-, d-, and jOR) or unla-
beled sufentanil (blocking of lOR20) nearly completely
inhibited binding of [18F]4 (Fig. 2), further demonstrat-
ing selectivity for the lOR.

The peripheral metabolism of [18F]4 in mice was rapid,
with intact compound representing 57 ± 3% and
21 ± 2% of total plasma radioactivity at 5 min and
40 min after injection, respectively.22 Characterization
and quantification23 of the radiolabeled species ex-
tracted from brains at 40 min after injection into mice
revealed that more than 92% of the total radioactivity
was intact [18F]4, indicating a high metabolic stability
of the compound in brain and that peripherally gener-
ated metabolites do not have a significant brain uptake.

In summary, we report the synthesis of the new
18F-labeled 4-anilidopiperidine N-[4-(methoxymethyl)-1-[2-
(2-thienyl)ethyl]-4-piperidinyl]-N-phenyl-2-(±)-[18F]fluoro-
propan-amide ([18F]4). This new PET tracer exhibits
high affinity and has apparent high selectivity for the
lOR. Injection of [18F]4 into mice resulted in high brain
uptake at early time points and showed a time depen-
dent regional brain distribution that correlates with
the concentration of the lOR for the different brain re-
gions. As a derivative of sufentanil, [18F]4 is expected to
possess a lower pharmacological potency than carfenta-
nil, while it was shown in this study to exhibit a brain
uptake kinetics and a specificity for the target compara-
ble to those of [11C]carfentanil. [18F]4 is therefore a
promising compound for further evaluation as a PET-
imaging agent for l-opioid receptors.
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