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Hstripa (Hzmacrotripa), a triaza-18-crown-6 macrocycle bearing
three picolinate arms, enables quantitative radiolabeling of [2°3Pb]
Pb?* and [***Bi]Bi** and exhibits robust human serum stability.
NMR spectroscopy, X-ray crystallography, density functional
theory, and UV-potentiometry investigate its coordination geome-
try and thermodynamics with Bi** and Pb?*, highlighting Hstripa as
a promising Pb/Bi theranostic chelator.

Targeted alpha therapy (TAT) has emerged as a promising
approach in oncology, leveraging the high linear energy trans-
fer (LET) of alpha particles to induce localized and irreparable
DNA damage in cancer cells. Among the alpha-emitting radio-
isotopes currently under investigation, >**Bi has garnered sig-
nificant attention due to its relatively short half-life (45.6 min)
and high LET, making it effective for targeting small tumours
While the parent radionuclide, **°Ac, is
better matched to large, slow-clearing biomolecules due to its
extended half-life (9.92 d), the shorter half-life of >**Bi aligns
better with the pharmacokinetics of small targeting agents.® In
addition to its therapeutic capabilities, >*Bi emits a gamma
photon (440 keV), enabling SPECT imaging that facilitates real-
time monitoring of the radiopharmaceutical distribution and
personalized dose adjustment.”® Despite these advantages,
the short half-life of >**Bi poses logistical challenges in pro-

or micrometastases. '
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duction, distribution, and administration.® To mitigate these
issues, researchers are exploring an in vivo generator based on
*12ph (10.64 h, p7), which decays to *'?Bi (60.55 min, a). The
longer half-life of >*?Pb allows for more flexible handling and
extended accumulation at tumour sites.® Moreover, the combi-
nation of 2°*Pb (51.8 h, y) for SPECT imaging and *'*Pb/***Bi
for therapy constitutes a powerful theranostic pair, enabling
both treatment and monitoring within the same framework.
The effectiveness of Pb/Bi-based radiopharmaceuticals
inherently depends on the chelators used to stably bind these
radionuclides (Fig. 1). Established chelators, such as H,DOTA
and TCMC, while valuable, may not fully retain >'*Bi after the
decay of >'*Pb due to internal conversion events that can lead
to dissociation of the daughter nuclide. This phenomenon pre-
sents a major challenge in designing chelators for in vivo
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Fig. 1 Chemical structures of discussed chelators for Pb?* and Bi**.
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>12ph/>1?Bi generators.”® New classes of chelators, including
diaza-crown ethers appended with picolinic acid groups, have
shown promise in improving binding affinity and radiolabel-
ing efficiency, although further studies are needed to under-
stand their in vivo performances.’™*?

We investigated a triaza-18-crown-6 macrocycle featuring
three picolinate arms (first reported”® by Hu et al as
H;macrotripa while this work was just beginning) for its dual
size-selectivity within the lanthanoid series, and designated it
Hitripa. This study presents the first radiopharmaceutical
evaluation of Hstripa with [?’Pb]Pb*" and [*'*Bi|Bi**, employ-
ing NMR spectroscopy, X-ray crystallography, and density func-
tional theory (DFT) to investigate coordination geometries,
and UV-potentiometry to determine protonation and for-
mation constants with Pb** and Bi*".

The coordination properties of Hstripa were explored by
forming binary metal complexes with Pb** and Bi*".
Equimolar amounts of the ligand were reacted with corres-
ponding metal salts in D,O and pD was adjusted to 6-7 using
0.5 M NaOD. Spectral changes were observed using NMR spec-
troscopy (*H and 'H-'H COSY) and further confirmed using
high-resolution electrospray ionization mass spectrometry
(HR-ESI-MS), in which the expected [M + H]" species verified
metal coordination.

The "H NMR spectrum of the Bi** complex (Fig. 2A) exhibits
well-defined, sharp peaks, indicating a rigid conformation
environment with no fluctuation around the metal.
Furthermore, the complex presents the characteristic diaster-
eotopic splitting consistent with chirality generation upon
binding to a metal centre, thus confirming metal ion com-
plexation. The spectrum of [Bi(Htripa)]" shows the formation
of an asymmetric complex in solution, as indicated by three
inequivalent proton signals in the aromatic region that corres-
pond to three picolinic acid arms binding in distinct environ-
ments. More specifically, two arms (A and B) give a set of over-
lapping signals, namely a triplet at § 8.36 ppm (2H) and a
broad multiplet at § 8.13-8.04 ppm (4H), whereas the third
arm (C) produces a separate set consisting of a triplet at §
7.96 ppm (1H) and two doublets at § 7.78 ppm (1H) and &
7.49 ppm (1H). The methylene hydrogens associated with the
picolinic acids give rise to three pairs of doublets as they
become inequivalent upon coordination to the metal centre;
these are recognisable by their large geminal Ji;_g- couplings of
approximately 15-17 Hz. Although partially obscured in the 'H
NMR spectrum by the water signal, the doublets are observable
in the "H-"H COSY spectrum (Fig. S147).

In contrast, the "H NMR spectrum for [Pb(Htripa)] reveals a
dynamic heterogeneous coordination environment. Multiple
broad peaks appear in both the aromatic and aliphatic
regions, consistent with metal-ligand species rapidly exchan-
ging. In the aromatic region two sets of picolinate resonances
can be identified, a major set (purple asterisks) and a weaker
less intense group (red asterisks), suggesting either two rapidly
interconverting coordination isomers, with one conformer
strongly favored (purple asterisks), or alternatively a single
asymmetric species in which the three arms become magneti-
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Fig. 2 (A) H NMR spectra of Hstripa (400 MHz, D,O, pD 2), [Bi
(Htripa)]* and [Pb(Htripa)] (400 MHz, D,O, pD 6-7). (B) Variable temp-
erature *H NMR spectra of [Pb(Htripa)] (400 MHz, D,0, pD 7).

cally non-equivalent. The broad signals in the aliphatic region
support the presence of fast exchange phenomena, typically
associated with the flexibility of Pb>" complexes attributed to
the lone pair activity on Pb** and its inherent stereochemical
lability."**> To probe this fluxional behaviour further, variable
temperature (VT) '"H NMR measurements were performed
25-90 °C (Fig. 2B). As the temperature was raised to ~55 °C,
further broadening of the aliphatic peaks was observed,
suggesting increased molecular motion or conformational
exchange. Simultaneously, one set of aromatic peaks dimin-
ished, likely merging with the predominant species as
exchange processes accelerated. At even higher temperatures
(75-90 °C), the aromatic signals sharpened, indicating that
conformational averaging led to the predominance of a single
species with rapid interconversion, although the aliphatic
signals remained partially broad. These observations leave
open the possibility that the dynamic averaging originates

This journal is © The Royal Society of Chemistry 2025
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either from symmetric reorientation within the coordination
sphere or from rapid dissociation and recoordination of donor
groups. This behaviour is especially relevant, as kinetic inert-
ness is a criterion for radiopharmaceutical applications, and
the observed fluxionality might impact the long-term stability
of the Pb*" complex.

An X-ray quality crystal of the Pb*>" complex with the
Hjtripa ligand was obtained via slow evaporation of water at
ambient temperature, yielding irregularly shaped crystals. The
molecular structure is bimetallic (Fig. 3).>>

The Hstripa ligand coordinates one Pb** ion, designated
‘Pb2’, through two bidentate picolinic acid groups in a cis
arrangement - both are positioned on the same side of the
metal centre. Additionally, Pb2 is coordinated by five donor
atoms from the macrocycle: one oxygen and one nitrogen
interact more strongly (Pb-O/N < 2.7 A), whereas the other
three donors form longer interactions (3.1-3.3 A). The third
picolinic acid group coordinates the second Pb*" ion, desig-
nated ‘Pb1’ here, along with two oxygen atoms, and one nitro-
gen atom from the macrocycle.

The coordination environment around Pb2 likely provides a
representation of how Htripa may bind Pb**, with at least two
picolinic acid groups playing a key role in binding.
Unfortunately, due to the presence of the second Pb** ion,

Fig. 3 Representation of the Cl-bridged dimer {[Pb2(tripa)Cl]},. Only
the asymmetric unit, one [Pb2(tripa)Cl] fragment, is shown; the second
half is generated by inversion symmetry. Longer interactions (Pb—O/N >
3.1 A) are represented with dashed lines, hydrogens have been omitted
for clarity.

This journal is © The Royal Society of Chemistry 2025
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further structural insights into the monometallic binary [Pb
(tripa)]” complex wvia crystallography remain limited.
Unfortunately, no X-ray quality crystals were obtained for the
Bi(tripa) complex.

Given the complexities observed in the NMR and crystallo-
graphic data, DFT calculations were conducted to further eluci-
date the coordination geometries of the [Pb(tripa)]” and Bi
(tripa) complexes. Optimized geometries for both were
obtained (Fig. 4), and several conformations explored, includ-
ing those where all three picolinate arms coordinate from one
side of the coordination plane and alternate arrangements in
which two arms adopt a cis configuration while the third binds
more flexibly from the opposite side. In some cases, only two
picolinate groups coordinate the metal while the third
remains unbound.

The lowest energy conformation for [Pb(tripa)]”, favoured
by an energy margin of approximately 20.4 k] mol™", displays
octadentate coordination. In this geometry, two picolinic acid
groups bind strongly in a cis arrangement, while the third arm
extends away from the coordination plane. This arrangement
distorts the macrocyclic backbone so that only four out of six
donor atoms (two nitrogens and two oxygens) are directly
involved in coordination. These trends are consistent with
experimental observations seen in related macrocycles based
on picolinic acid, where donor atoms tend to coordinate from
one side of the metal centre, leading to a hemidirected
geometry.'®"” For the Bi(tripa) complex, the optimized geome-
try closely mirrors that of the Pb** complex. On average, the
Bi** complex shows shorter metal-donor bond lengths com-
pared to the Pb*>" complex. This contraction arises from both
the smaller ionic radius and the higher charge density of Bi**,
the latter leading to the chelate having stronger interactions
with Bi’"; Bi-O bond distances are shorter (approximately
2.28 A) compared to Pb-O bonds, and similar trends are noted
for Bi-N versus Pb-N distances.

[Bi(tripa)]

[Pb(tripa)]-

Side view

Top view

Fig. 4 DFT-optimized structures of [Pb(tripa)l™ (left) and Bil(tripa) (right).
Hydrogen atoms are omitted for clarity.
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Combined UV-potentiometric titrations between pH 2 and
11 were used to determine protonation constants for Hstripa,
with results consistent with Hu et al. (Table S2t),"* and for-
mation constants for Hstripa with Pb®>" and Bi** (Fig. 5 and
Table 1). It was found that Hjtripa forms complexes with both
metal ions at very low pH; however, the direct evaluation of for-
mation constants under highly acidic conditions was challen-
ging due to the limitations of the potentiometric electrode. To
overcome this, in-batch UV-Vis spectrophotometric titrations
were undertaken, involving incrementally acidifying preformed
complexes. This approach allowed for the complete determi-
nation of formation constants for [Bi(Hytripa)]** and [Pb
(H,tripa)]™

For the Bi** complex, the speciation diagram evinces the
predominant species to be the neutral Bi(tripa) at pH 7.4,
with a minor population of the monoprotonated [Bi
(Htripa)]". As pH > 8, the hydroxide-bound species [Bi(tripa)
(OH)]” becomes prevalent, verifying that the Bi-ligand inter-
actions are robust even in mildly alkaline media. Conversely,

A

100 -
- [Bi(H,L)J?* . [Bi(OH)L]-
£ ! Bi(L)
D 80 :
-
I}
[
2 60
&
e
c
2 40
©
E
o
('8
2 20 4

0 T T T
2 4 6 8 10
pH

B

100 .

. ! Pb(L)]-
s PoH:LI /" [poHL)] | Pei
© H
D 80 i
-
e :
o :
2 60 i
& :
e H
< |
£ a0 i
© H
E a
S [Fb(OH)L]>
2 20
0 T T T
2 4 6 8 10

pH
Fig. 5 Speciation plot for Hstripa with (A) Bi** and (B) Pb?*; dashed line

represents pH 7.4. The gradient-filled area of the graph indicates where
precipitation occurred, and speciation could not be elucidated.
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Table 1 Stepwise stability constants (log K) of Hstripa complexes with
Bi** and Pb?*

Equilibrium reaction Bi** Pb**

M+ LS ML 27.21(4)° 24.75(1)°
ML + H 5 MHL 7.02(4)" 7.89(2)"
MHL + H 5 MH,L 3.37(2)% 3.07(2)%
M(OH)L + H 5 ML 9.0(1)° 10.58(4)°

“ UV-potentiometric titration at 7 = 0.16 M (NaCl) and 25 °C. ?Bi-
Hitripa UV acidic spectrophotometric titration at 25 °C. °Pb-Hstripa
UV acidic spectrophotometric titration at 25 °C. Charges are omitted
for clarity.

the Pb>" complex exists predominantly as the neutral mono-
protonated [Pb(Htripa)] species at physiological pH, with
only a small fraction present as the fully deprotonated [Pb
(tripa)]”. This behaviour suggests that proton competition
plays a more significant role for the binding of Pb** than for
Bi*", consistent with the observed higher binding affinity of
Hjtripa for Bi*",

pM values are a useful parameter to compare chelators of
different basicity and denticity for their metal scavenging
ability, with higher pM values corresponding to stronger
binding.'® In Table S31 are listed the pM values of different
macrocyclic chelators relevant in TAT. The pM data for Pb>*
and Bi** indicate that Hjtripa exhibits the highest binding
affinity for both metal ions, with pBi = 30.2 and pPb = 25.1.
In comparison, H;DOTA shows the second highest pM values
for Pb**, and retains high thermodynamic stability for
Bi*".'%?° A dipicolinate derivative of H,DOTA, H,Me-do2pa,
demonstrates higher Bi** affinity than H,DOTA, confirming
the strong binding preference of Bi** for picolinates.”'
However, H,Me-do2pa exhibits significantly lower affinity for
Pb>". Hymacropa, containing two picolinic acid in a diaza-18-
crown-6 ether backbone, shows lower affinity for Pb*" com-
pared to Htripa'> - possibly due to the different symmetry
of the diaza-18-crown-6 framework and the absence of a
third picolinic acid, which might allow for different arrange-
ments around the Pb>". H,BADPA-18, a benzene derivative of
H,macropa, exhibits strong Bi** binding but reduced Pb**
affinity."" The lower affinity for Pb>* might be attributed to
the increased conformational rigidity introduced by the
benzene ring.

Lastly, we assessed the radiolabeling of Hjtripa with [***Bi]
Bi** and [**’Pb]Pb**. Given the short halflife of *'’Bi
(45.6 min), rapid radiolabeling kinetics (5-10 min) are essen-
tial to achieve near-complete incorporation of the radionuclide
under mild conditions (ambient temperature, pH 5-7). The
radiolabeling efficiency of Hjtripa for [***Bi]Bi*" was evaluated
across a range of ligand concentrations (107°-1077 M) at
ambient temperature and compared to H,DOTA at elevated
temperature (80 °C) after a 10 minute incubation (Fig. 6A).
Hitripa demonstrated high efficiency, achieving quantitative
incorporation of [**’Bi]Bi*" (>95% radiochemical conversion,
RCC%) at 10~° M, with a slight decrease to approximately 85%

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Concentration-dependent radiolabeling studies of Hstripa and (A) DOTA with [?**Bi]Bi**(100 kBq) in MES (1 M, pH 5.5) and (B) TCMC with
[293Pb]Pb2*(100 kBq) in NH4OAc (0.5 M, pH 7). Human serum stability studies of Hstripa with (C) [2**BilBi** (200 kBq) and (D) [2°*Pb]Pb?* (300 kBq).

All reactions were performed at 37 °C and monitored using radio-TLC.

at 1077 M. In contrast, H,DOTA required a significantly
higher concentration (107 M) at 80 °C to achieve compar-
able radiolabeling efficiency. The performance of Hjtripa is
comparable to that of Hymacropa and H,S,macropa'? - all
three chelators achieved quantitative chelation of [**’Bi]Bi**
down to 107° M, with RCC% dropping to ~80% at 10”7 M.
H,BADPA-18, tested with [*°’Bi|Bi** (ty, = 31.2 years, EC),
showed slightly lower yields compared to the other picolinic
acid-based chelators."' This discrepancy may be partially
attributed to the lower incubation time wused for the
H,BADPA-18 radiolabeling (1-2 min).
Concentration-dependent radiolabeling studies with [*>*Pb]
Pb>" were conducted to evaluate the performance of Htripa
compared to the gold-standard chelator for [**?2°*pb]pPb**,
TCMC, at ambient temperature with a 30 minute incubation.
Hstripa achieved quantitative incorporation of [>***Pb]Pb>* at
107> M, with a slight decline to 91% at 107° M, while the
RCC% decreased further at 10~7 M. In contrast, TCMC main-
tained higher radiolabeling efficiency at 1077 M. Both
H,S,macropa and H,macropa were also capable of incorporat-
ing [***Pb]Pb** at 1077 M, which deviates from the expected
thermodynamic stability trends (pPb: Hstripa > H,macropa >
H,S,macropa). This highlights the importance of radiolabeling

This journal is © The Royal Society of Chemistry 2025

studies over bulk solution stability assessments in the context
of radiopharmaceutical development and translation.

The observed discrepancies may also be attributed to
differences in experimental conditions, particularly the
residual thallium present in the [***Pb]Pb®" solution and the
molarity of ammonium acetate (NH,OAc) buffer used.'’
radiolabeled in 0.5 M NH,OAc,
H,S,macropa and H,macropa were radiolabeled in 0.1 M

Hstripa was while
NH,OAc."” Since ammonium acetate can compete with the
radiometal for chelator binding, the higher buffer concen-
tration may have contributed to the reduced RCC% observed
for Hjtripa.

The in vitro serum stability of both complexes was evalu-
ated in human serum (Sigma-Aldrich H4522). [>"*Bi][Bi
(Htripa)]" was incubated for 2 hours (equivalent to approxi-
mately 2.6 half-lives of >"’Bi), while [***Pb][Pb(Htripa)] was
incubated for 60 hours, with aliquots taken at specified time
points (Fig. 6C and D). Both radiolabeled complexes demon-
strated exceptional stability, remaining intact with over 95%
radiochemical retention throughout their respective incu-
bation periods. These results underscore the significant
potential of Hjtripa as a chelator for radiopharmaceutical
application.

Dalton Trans., 2025, 54, 1801-11807 | 11805
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Conclusions

This work establishes Hjtripa as a versatile chelator for Pb/Bi
theranostics, delivering rapid, high-yield radiolabeling of both
isotopes at micromolar concentrations, and with exceptional
human serum stability. Thermodynamic solution studies
demonstrated, to our knowledge the highest stability constants
reported to date for both [Pb(tripa)]” and Bi(tripa) complexes,
underscoring the remarkable affinity of Hjtripa for these
metals. NMR spectroscopy provided insights into the solution-
state binding interactions, while X-ray crystallography of the
Pb>* complex illustrated the binding preference of Hstripa in
the solid state. Additionally, DFT-optimized geometries indi-
cated octadentate coordination for both metals, revealing that
only two picolinic acid moieties contribute to strong inter-
actions while the third may act more dynamically. Moving
forward, efforts will focus on exploring structural modifi-
cations to incorporate a bifunctional handle, facilitating tar-
geted, kit-style radiopharmaceutical development.
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