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The development of theranostic agents for radiopharmaceuticals
based on therapeutic alpha emitters marks an important clinical
need. We describe a strategy for the development of theranostic
agents of this type via the functionalization of the ligand with the
diagnostic radionuclide fluorine-18. An analogue of macropa, an
18-membered macrocyclic chelator with high affinity for alpha
therapeutic radiometals, was synthesized and its complexation
properties with metal ions were determined. The new macropa-F
ligand was used for quantitative radiometal complexation with
lead-203 and bismuth-207, as surrogates for their alpha-emitting
radioisotopes. As a diagnostic partner, a radiofluorinated macropa
ligand was used for quantitative bismuth(lll) and lead(ll)
complexation. All fluorine-18 and radiometal complexes are highly
stable in human serum over several days. This study presents a new
proof-of-principle approach for developing theranostic agents
based on alpha-emitting radionuclides and fluorine-18.

Nuclear medicine uses radioactivity to image and treat
diseases, primarily via the use of radiopharmaceuticals.! The
application of a given radiopharmaceutical depends on the
primary emissions of the incorporated radionuclide. Gamma (y)
and positron (B*) emitters can be used for diagnostic single-
photon emission computed tomography (SPECT) and positron
emission tomography (PET) imaging, whereas Auger electron,
alpha (a), and negatron (B~) emitters can be leveraged for
therapy.t In recent several therapeutic
radiopharmaceuticals clinically approved for
different indications, including 223RaCl, as Xofigo® (Bayer AG),
77Lu DOTA-TATE as Lutathera® and Lutetium (177Lu) vipivotide
tetraxetan as Pluvicto® (both Novartis AG).2# The latter two
therapeutic agents benefit from the availability of ¢8Ga, which
can be used in place of ¥7Lu to enable diagnostic applications.
These so-called theranostic agents can monitor and evaluate
radiotherapeutic treatment afforded by 177Lu via PET imaging of
the %8Ga nuclide.? 5 This concept facilitates clinical approval by
providing an accurate means of assessing dosimetry and patient
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response. However, the development of theranostic agents
requires that the therapeutic radionuclide has a radioisotope
that is suitable for imaging and can label the same
radiopharmaceutical agent. In this context, there have been
significant challenges in identifying suitable diagnostic partner
radionuclides for a-emitting therapeutic nuclides like 212Pb
(t1/2 =10.6 h), 212Bj (t]_/z =60.6 min), 213Bj (tl/z =45.6 min), and
225A¢ (t12 = 10 d).58 In particular, the large ionic radii of these
radiometals often require coordination chemistry approaches
for radiolabelling that are distinct from conventional smaller
diagnostic radiometals like 4Cu, ¢8Ga, and 11In. Consequently,
there is a need to develop approaches to access theranostic
a-emitting radiopharmaceuticals.> 912 One approach to
minimize the mismatch of diagnostic and therapeutic
radiopharmaceuticals is to directly incorporate the widely
available 18F PET isotope (ti/2 = 110 min; B*max = 0.635 MeV) on
the same chelator.! Previous examples include the use of
[18F]M-F or the use of 1°F/18F isotopic exchange reactions on
pendent arms.1318 In this work, we wanted to go one step
further by incorporating 18F directly into the chelator backbone
thus minimizing the structural footprint and its effect on its
pharmacology. The new ligand, [*8F]lmacropa-F, is an analogue
of the 18-membered macrocyclic chelator macropa and can be
used for metal complexation.?® In parallel to this, the non-
radioactive fluorine-containing macropa-F was labelled with
203ph and 297Bi, analogues of their alpha-emitting radioisotopes
212pp gnd 212/213Bj, Finally, the stabilities of the new radioactive
complexes were analysed in human serum, validating this
approach for the development of new a-emitting
radiotheranostic agents.

The macropa-Me,-NO; precursor was targeted because of
the high affinity of macropa-like chelators for a-emitters, as
well as the known susceptibility of aromatic nitro compounds to
radiofluorination reactions.2% 2! The synthesis of macropa-Me;-
NO; is shown in Scheme 1. The picolinic-acid methyl ester
functionalized crown ether 1 was alkylated with the mesylated
picolinic acid methyl ester 2 to obtain the analytically pure and
macropa-Me;-NO, with a vyield of 37% after column
chromatography and high-performance liquid chromatography
(HPLC).2Z24 In addition, the fluorine-containing analogue
macropa-F was synthesized.
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Scheme 1: a) Synthesis route of a macropa-derived precursor macropa-Me,-NO, for fluorine-18 radiolabelling and b) synthesis of the corresponding non-radioactive reference 4 and

macropa-F for radiometal complexation.

This compound was targeted because it could be used as a
non-radioactive surrogate of the 18F-labelled version and for the
complexation of the alpha emitters. Macropa-F was synthesized
in two steps, using the fluorinated picolinic pendent arm 3, and
it was obtained in high purity after reversed-phase
chromatographic purification. With macropa-F in hand, we
sought to investigate how the fluorine substituent in the
picolinate pendent donor would affect metal ion coordination.
Given the relevance of 212Pb and 2!3Bi for alpha therapy, the
complexation properties of this ligand with Pb2* and Bi3* were
investigated with 'H NMR spectroscopy and high-resolution
electrospray ionization mass spectrometry (HR-ESI-MS). The
NMR spectra of macropa-F in the presence of Bi3*, Pb2*, and
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Figure 1: 'H NMR spectra (400 MHz, 298 K, D,0, pD = 7, MeCN as internal reference) of
a) macropa-F, b) [Bi(macropa-F)]*, and c) [Pb(macropa-F)]. The diagnostic aliphatic
resonances are labelled with asterisks for each compound and indicate the
diastereotopic benzylic methylene linker protons.

La3*, a surrogate for 225Ac, in an aqueous solution at pH = 7 are
shown in Figures 1 and S2 (ESIt). Consistent with prior NMR
studies on macropa complexes, the NMR spectra of macropa-F
with these metal ions show significant changes in the chemical
shifts upon coordination. For example, the benzylic methylene
proton signals split into two doublets, consistent with complex

2| J. Name., 2012, 00, 1-3

formation.25 Further, complex formation was verified by HR-ESI-
MS measurements, which displays the expected m/z molecular
ion peaks for the complexes. Notably, the molecular ion peak
for the [M+H]* ion of [Pb(macropa-F)] at m/z=757.2119
showed the characteristic isotopic pattern arising from the
naturally abundant isotopes 204Pb, 206pb, 207pb, and 298Pb
(Figure S60, ESIT). A crystal structure of [Bi(macropa-F)]* was
also obtained (Figure 2). Compared to the previously reported
crystal structure of [Bi(macropa)]*,2° that of [Bi(macropa-F)]* is
very similar. The coordination geometry of the Bi(lll) ion can

Figure 2: X-ray crystal structure of [Bi(macropa-F)]*. Ellipsoids are drawn at the 50%
probability level. Hydrogen atoms, counter ions, and solvent molecules are excluded
for clarity. Grey = C, red = O, yellow = F, blue = N, purple = Bi.

This journal is © The Royal Society of Chemistry 20xx
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best be described as a six-coordinate pentagonal pyramid. This
asymmetric geometry is most likely a consequence of the
stereochemically active 6s? lone pair, which occupies the axial
position pentagonal bipyramid. Importantly, the
interatomic distances between the Bi(lll) ion and the ligand

of a

donor atoms within [Bi(macropa-F)]* are nearly identical to
those found in [Bi(macropa)]*, indicating that the F atom does
not negatively alter the coordination properties of this ligand
(Table S2, ESI*).

To validate the ability of macropa-Me,-NO, to be
radiofluorinated, it was treated with [18F]KF and [2.2.2]cryptand
(K222) in DMSO at 130 °C, followed by the addition of an aqueous
solution of lithium hydroxide in ethanol (Scheme 1a). Under
these conditions, the methyl and
[*8F]macropa-F was isolated with a radiochemical yield (RCY) of
20% after semi-preparative HPLC purification. Notably, the
esters, as protecting groups, are necessary for 18F radiolabelling;
the free acid form of this ligand cannot be radiolabelled under
these conditions. The subsequent addition of non-radioactive
PbCl, and Bi(NO3)s-5H,0 salts gave the radiofluorinated metal
complexes [*8F][Pb(macropa-F)] and [!8F][Bi(macropa-F)]* in
high radiochemical purity (>95%) after Cis-cartridge purification
with RCYs of 73% and 57%, respectively. The radio-HPLC
chromatograms of the radioactive complexes and the UV-
detected HPLC chromatograms of the non-radioactive
complexes display peaks corresponding to the major products
with equivalent retention times, confirming their chemical
identities (Figure 3). To verify the stability of the radiolabelled
complexes, they were incubated in human serum at 37 °C for up
to 4 h (Table S3, ESIT). Under these conditions, no degradation
of the complexes occurs, indicating that radiofluorination of the
macrocycle is a suitable approach for generating a stable PET
agent in vivo.

Next, we investigated the ability of the modified chelators
to bind to therapeutically relevant radiometals. Given the
efficacy of macropa for the alpha therapeutic radionuclides
213Bj and 212Pb, as well as their short physical half-lives that
could be compatible with that of 18F, we considered them for
this application.1® 25 In place of 213Bi and 212Pb, however, we
used the longer-lived surrogate radioisotopes 293Pb
(ti2=51.9 h) and 297Bi (t1 =31.6 a), which both decay via
electron capture, for investigating radiolabelling and long-term
stabilities of the complexes.2% 27 Macropa and macropa-F were
radiolabelled with 203Pb in ammonium acetate buffer (pH =7,
1.0 M) and with 297Bj in 2-(N-morpholino)ethanesulfonic acid
(MES) buffer (pH =5.53, 0.5 M) at room temperature.26 27 As
shown in Figure 4, quantitative radiolabelling with both ligands

esters were cleaved,

and radiometals is achieved at ligand concentrations as low as
1 puM. Importantly, macropa-F performs comparably well to
macropa, indicating that the F atom functionalization does not
negatively impact its ability to bind to radiometal ions. To
validate the chemical identities of the 293Pb radiocomplexes
formed, HPLC of the non-radioactive and radioactive complexes
was carried out, showing nearly identical retention times for
both species (Figure S8, ESIT). Incubation of the radiometal
complexes [293Pb][Pb(macropa-F)] and [297Bi][Bi(macropa-F)]*
(final ligand concentration in buffer: 5 uM) in human serum

This journal is © The Royal Society of Chemistry 20xx
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Figure 3: a) Normalized radio-HPLC traces of the independently injected
radiofluorinated complexes [*8F][Pb(macropa-F)] and [*8F][Bi(macropa-F)]*. b)

Analytical HPLC traces of the independently injected non-radioactive reference metal
complexes [Pb(macropa-F)] and [Bi(macropa-F)]* for comparison.

(190 pL) at 37 °C revealed that these complexes remain >95%
intact over the course of 120 h (Figure 4), demonstrating them
to be suitably stable for in vivo applications.

Lastly, the water-octanol distribution coefficients (logD7.4) of
the macropa and macropa-F complexes were measured to
determine their respective lipophilicities. The logD7.4 values of
[293Pb][Pb(macropa)] and [293Pb][Pb(macropa-F)] were
determined to be —0.78 + 0.04 and —0.37 + 0.01, whereas those
for [297Bi][Bi(macropa)]* and [2°7Bi][Bi(macropa-F)]* were
measured to be —2.09 + 0.12 and —1.83 + 0.24. As these data
show, the F atom only has a minimal effect on the complex
lipophilicity.

In summary, we successfully developed radiofluorinated
[*8Flmacropa-F metal complexes that could potentially be
applied for PET imaging. In addition, macropa-F still enables
radiolabelling with radioisotopes of Bi3* and Pb?*, which are
therapeutically relevant. These results demonstrate the
potential of developing new theranostic agents via the use of
18F-functionalized radiometal chelators. Given the versatility
and widespread availability of 18F, this approach could provide
access to theranostic radiopharmaceuticals for many different
alpha emitters. Further work is needed to validate this strategy.
In particular, the development of bioconjugateable versions of
macropa-F are needed, along with the corresponding in vivo
studies, in order to validate the dual use of 18F for PET imaging
in conjunction with alpha emitters for therapy.

J. Name., 2013, 00, 1-3 | 3
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Figure 4: Summary of the radiolabelling efficiency experiments and kinetic stability studies of macropa and macropa-F with 2°3Pb and 207Bi. Experiments were performed in
triplicate. a)/b) Concentration-dependent radiolabelling studies with different concentrations of macropa and macropa-F and 23Pb or 207Bi. ¢) Human serum stability studies of

[2°3Pb][Pb(macropa)] and [2°2Pb][Pb(macropa-F)] complexes at different time points. d) Human serum stability studies of [2°7Bi][Bi(macropa)]* and [2°’Bi][Bi(macropa-F)]*

complexes at different time points.
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