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Poly-ADP-ribose-polymerases (PARPs) and breast cancer
susceptibility proteins (BRCAs) are proteins that repair DNA
breaks that occur during each cell cycle, and which must be
repaired for a cell to survive. PARP repairs single-strand
breaks and BRCA repairs double-strand breaks. In the
absence of functional BRCA (e.g. when BRCA is mutated),
PARP will repair both types of DNA breaks. Thus, PARP
inhibitors (PARPis) are emerging as a useful therapeutic
option (as a single agent or in combination with cytotoxic
drugs), particularly for BRCA-negative tumors.[1] Several
small-molecule PARP1is have been developed (e.g. olaparib/
AZD2281, BSI101, AG014699, MK4827), and some of them
are in clinical trials.[1–3] One problem in the assessment of
therapeutic efficacy has been the inability to image PARP1
noninvasively at the whole-body level and to quantitate
therapeutic inhibition. With this type of technology it would
be possible to separate patients into appropriate treatment
groups and to detect emerging resistance.[4] The design of
PARP1 imaging agents—like that of most other intracellular
imaging agents—is complex and time-consuming, and iter-
ative approaches are often required to develop suitable
compounds.

Given the emerging importance of positron emission
tomography (PET) imaging in preclinical and clinical set-
tings[5–9] and evidence that fluorescently labeled PARP1
inhibitors could be used for cellular imaging,[10] we became
interested in developing 18F-labeled probes for whole-body
PARP1 imaging. Such radio-tracers could be particularly
useful for measuring target inhibition of emerging therapeutic
PARP1 inhibitors. Labeling native AZD2281 (4 ; Figure 1D)
at the 2-fluorobenzamide position has been challenging
because of the fluorine�s inaccessibility. In addition, modifi-
cation of the piperazine moiety and subsequent nucleophilic
fluorination is inefficient or results in decomposition of

materials.[11] Furthermore, not all labeled high-affinity ligands
identified in cell screens will exhibit ideal pharmacokinetics
(blood half-life, tissue distribution, excretion) for PET imag-
ing.

One way to identify useful imaging agents is to empirically
test a series of different agents in vivo. This approach,
however, places considerable demands on the labeling of each
compound. First, fluorination must be optimized for every
single compound and the desired products must be separated
from the nonlabeled substrates so that the biological target is
not inhibited by co-injection of the latter. Labeling and
separation are usually performed using automated units
enclosed by lead shields under time constraints because of
the short half-life of 18F (109.8 min). Given these lengthy
sequential optimization procedures for each individual com-
pound, it would be tremendously useful to develop more
facile and straightforward platform technologies to advance
the development of imaging agents through high-throughput
synthesis and subsequent multiplexed in vivo testing. Herein
we describe one such approach based on the combination of
[4+2] inverse-electron-demand Diels–Alder cycloadditions
and show its utility for the development of novel PARP1 PET
imaging agents.

The [4+2] cycloaddition between trans-cyclooctene
(TCO) and tetrazine (Tz) is a highly useful chemically
orthogonal strategy.[10–14] The reaction is fast (k>
6000m�1 s�1) and highly selective; it does not require elevated
temperatures or catalysts; the reaction conditions are bio-
compatible; the reaction tolerates blood, serum, and a wide
variety of organic solvents; and activatable tetrazine dyes are
readily available.[14–18] Despite the advantages and potentially
broad utility of the [4+2] cycloaddition, there is currently
little data on the biological behavior of dihydropyridazine and
pyridazine linkers, for example, how these linkers affect the
affinity of small molecules for their targets, if the conjugate
modulates the pharmacokinetics in vivo, and whether this
generic strategy could be used for in vivo PET imaging.
Herein we describe a generic platform for parallel radio-
fluorination of small-molecule inhibitors and show how
labeled reaction products can be rapidly isolated for subse-
quent in vivo testing before 18F decays. We characterize TCO/
Tz-generated 18F-AZD2281 conjugates and describe biolog-
ical and in vivo experiments. We show that one lead
compound allows whole-body imaging of PARP1 and is
useful for quantitating PARP1 inhibition in vivo. These
results should pave the way for more extensive use of the
[4+2] cycloaddition for the development of PET imaging
agents.
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The designed radiolabeled AZD2281 derivatives were
based on tetrazines that react with radiolabeled trans-cyclo-
octene derivatives and that are covalently attached at the
piperazine unit of AZD2281. We previously showed that
attachment of substituents to this position only minimally
perturbs the ability of the resulting AZD2281 derivatives to
inhibit PARP1 activity.[10, 11] One problem during the synthesis
of 18F-radiolabeled compounds is that in most cases large
amounts of precursors are used to efficiently react with small
quantities of 18F. The resulting mixtures are typically purified
by HPLC to remove the excess starting material, which in
most cases will compete with the radiolabeled probe for the
targeted binding sites. To avoid lengthy HPLC purifications,
we designed a trans-cyclooctene resin to “pull out” excess
tetrazine-conjugated AZD2281 derivatives from the reaction
mixture (Figure 1A). The resin was prepared by reaction of
commercially available magnetic amine-decorated beads in a
solution of DMF/PBS with a 75 mm solution of NHS-
activated trans-cyclooctene 1 (Figure 1 B; NHS: N-hydroxy-
succinimide). The resulting TCO-decorated beads were
determined to have a loading of 13 mmolg�1 using tetrazine-
labeled Oregon Green-Tz;[16] the absorbance of the latter at
504 nm was used to measure the quantity of material pulled
out of solution by the beads (see the Supporting Information
for detailed descriptions).

Chemically orthogonal reactive radiolabeled 18F-TCO 3
was synthesized by nucleophilic substitution of the tosylate of
trans-cyclooctene 2 by 18F� (n.c.a.) in the presence of
tetrabutylammonium bicarbonate (TBAB, Figure 1C).[11]

AZD2281-Tz (5) was synthesized as recently described.[11]

For 18F-AZD2281 (6), 3 (1000 mCi), and 5 (130 nmol) were
combined in H2O/DMSO and stirred vigorously for 3 min.

This results in quantitative conversion of 18F-TCO 3, yielding
a mixture of 18F-AZD2281 (6) and excess AZD2281-Tz (5 ;
Figure 1E). Subsequently, treatment of this solution for 5 min
with the TCO-decorated scavenger resin (4 mol equiv of
TCO) removed unreacted AZD2281-Tz with minimal loss
(approximately 4%) of radiolabeled compound 6. Magnetic
removal of the beads provided 6 in (92.1� 0.4)% dcRCY,
which was then reconstituted in a medium suitable for animal
injection (Figure 1 A). HPLC analysis of the reaction mixture
before and after treatment with the TCO-decorated scav-
enger resin shows that the absorption peak resulting from
AZD2281-Tz completely vanishes, whereas the activity peak
resulting from 18F-AZD2281 persists (Figure 1 F).

The IC50 value of 18F-AZD2281 against PARP1 was
determined to be (17.9� 1.1) nm in biochemical assays using
the isolated enzyme (AZD2281 itself has an IC50 value of
5 nm).[11, 19, 20] This demonstrates PARP1 to be an ideal target
for the rapid screening of 18F-labeled inhibitors, as it can
accommodate relatively large prosthetic groups that do not
affect binding affinity. To determine the inhibitor�s perfor-
mance in cell-based in vitro assays, MDA-MB-436 and MDA-
MB-231 cells were plated (5 � 105 cells per well) and
incubated at 37 8C overnight. Subsequently, both cell lines
were incubated with either 5 mCi of 18F-AZD2281 or a
mixture of 5 mCi of 18F-AZD2281 and AZD2281 (final
concentration AZD2281: 10 mm–0.01 mm). Cellular uptake
of 18F-AZD2281 was determined by quantification of the
remaining activity after incubation and washing of the
adherent cells. 18F-AZD2281 was shown to be cell-permeable
and its uptake inhibitable upon addition of excess non-
radioactive AZD2281 (Figure 2). Uptake of 18F-AZD2281
was lower for MDA-MB-231 cells than for MDA-MB-436

Figure 1. A) Schematic synthesis of 18F-AZD2281 (6); 18F-labeled TCO 3 and AZD2281-Tz (5) were combined and incubated for 3 min; magnetic
TCO-scavenger resin was added, incubated for 5 min, and removed; purified 18F-AZD2281 was reconstituted and brought into an injectable
volume. B) Synthesis of the magnetic TCO-scavenger resin from amine-decorated beads and NHS-activated TCO 1. C) Synthesis of 18F-labeled
TCO 3. D) Structure of AZD2281 (4). E) Synthesis and structure of 18F-AZD2281 (6 ; only one isomer shown). F) Radioactivity and absorption
traces of the 18F-AZD2281 reaction mixture before and after purification with the magnetic TCO-scavenger resin.
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cells, which correlates with protein expression of PARP1 in
the respective cell lines (see the Supporting Information for
details).

In subsequent in vivo experiments, 30 mCi of 18F-
AZD2281 were injected into Nu/Nu mice and imaged by
PET/CT over a period of 2 h. Figure 3A displays the
distribution of the PET probe at 10, 30, and 50 min. The
images clearly show initial localization of the probe to be

mainly in liver, gall bladder, and intestines, consistent with
hepatobiliary excretion. After 50 min (Figure 3A), the major-
ity of the probe had left the bloodstream (t1/2 = 6 min) and was
excreted through the large intestines.

Tumor-bearing mice were obtained by injection of MDA-
MB-436 cells (5 � 106 cells in matrigel) into the flanks of Nu/
Nu mice, and the tumors were allowed to grow and
vascularize for 7 days. Figure 3 B shows a three-dimensional
reconstruction of a tumor-bearing mouse injected with 30 mCi
of 18F-AZD2281. Uptake in the tumors is clearly visible.
Immediately after imaging, the mice were injected with 1 mg
AZD2281 BID. Re-injection of 30 mCi of 18F-AZD2281
confirmed inhibition of the probe�s uptake into the tumors
(Figure 3B and C). Therefore, owing to the rapid decay rate
of 18F, each mouse serves as its own control on subsequent
days of imaging, facilitating direct comparisons of SUVs.

In summary, we have showed a) that 18F-AZD2281
accumulates in PARP1-overexpressing cancer cells (e.g.
MDA-MB-436), b) the cellular accumulation can be inhibited
by nonlabeled AZD2281, c) 18F-AZD2281 accumulates in
PARP1 mouse models of cancer in vivo, and d) PARP1
inhibition can be quantitated by PET imaging in vivo. The
imaging agent was developed in relatively short time using the
above described chemically orthogonal scavenger-assisted
high-performance method. Scavenger beads for alternative
conjugation methods could also be developed and applied in
similar ways. However, we believe that the described method
is particularly appealing for development of PET imaging
agents because of the extremely fast kinetics of the tetrazine/
trans-cyclooctene inverse-electron-demand Diels–Alder reac-
tion at room temperature, its independence of catalysts, and
high selectivity. The technology described can be readily
expanded to other drugs, biomolecules, and molecular targets
and should facilitate the development of PET imaging agents
for drug testing.
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SUV: standardized uptake value
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