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/Abstract: Targeted o therapy (TAT) is a promising tool in the therapy of cancer. The radionuclide **Bi™ shows
favourable physical properties for this application, but the fast and stable chelation of this metal ion remains challenging.
Herein, we demonstrate that the mesocyclic chelator AAZTA quickly coordinates Bi"™ at room temperature, leading to

a robust complex. A comprehensive study of the structural, thermodynamic and kinetic properties of [Bi(AAZTA)]™ is

reported, along with bifunctional [Bi(AAZTA-C4-COO™)]*" and the targeted agent [Bi(AAZTA-C4-TATE)]", which

incorporates the SSR agonist Tyr*-octreotate. An unexpected increase in the stability and kinetic inertness of the metal
chelate was observed for the bifunctional derivative and was maintained for the peptide conjugate. A cyclotron-produced

2052068 mixture was used as a model of *Bi in labelling, stability, and biodistribution experiments, allowing the efficiency

of [**Bi(AAZTA-C4-TATE)]  to be estimated. High accumulation in AR42J tumours and reduced kidney uptake were

11

\observed with respect to the macrocyclic chelate [**Bi(DOTA-TATE)] . )
Introduction promising results for neuroendocrine tumours and

Targeted o therapy (TAT) is currently being actively
investigated as a potential treatment of cancer relying on a-
emitting radionuclides. a-particles can transfer high linear
energy in a short range, allowing an internal radiotherapy
confined in a limited area while reducing off-target damage.
Among o-emitting radionuclides, *°Bi (t,,=46 min) de-
serves a special mention since its availability through
commercially available benchtop generators and its useful-
ness in the preparation of agents for TAT. Clinical trials
have been undertaken with *“Bi-based TAT agents, with the
radionuclide covalently bound to antibodies or to small
peptides (octreotide and analogues), the latter showing

gliomas.!'*) Moreover, thanks to its concomitant y-emission,
25Bj can be used as radiotracer in SPECT imaging, too.!¥
Radionuclides in TAT agents are generally in the form
of metal chelates, with the chelating agents bearing an
additional functional group (bifunctional chelating agents,
BFCAs) for the covalent link to the targeting (bio)molecule.
The chelating agent must form thermodynamically and
kinetically stable complexes with the a-emitter metal ion.
On the other hand, the limited half-lives of most isotopes
relevant to TAT claim for a rapid and efficient formation of
the metal complex, implying a fast complexation kinetics.[>®
Different chelating agents (CAs) have been scrutinised
for an efficient complexation of Bi'™ (isotopes) (Figure 1).
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Figure 1. Bi"'-complexes for biomedical applications.

Acyclic CAs as DTPA form Bi™-complexes with modest
inertness, generally not suitable for a safe in vivo use.
Rigidification of the acyclic DTPA backbone, as in CHX-
DTPA, significantly improves the stability of the corre-
sponding chelate, allowing preclinical studies.!

Macrocyclic CAs bind Bi" with unrivalled stability and
for this reason most of the investigated Bi"'-radiopharma-
ceuticals were developed starting from the “gold standard”
DOTA.® 25Bi"" and **Ac"-complexes of DOTA-peptides
conjugates are currently in clinical trials as TAT-agents for
the treatment of neuroendocrine tumours.?® De Swart et al.
demonstrated that [**Bi(DOTA-TATE)]" can be used as
radiotracer for SPECT imaging, broadening the scope of
BBi".complexes from therapy to diagnosis, and to
theranostics.”! However the formation of Bi'-complexes
with DOTA is quite slow and requires high temperatures for
long reaction times and high concentration of ligand (30—
60 min at 95°C, pH 4-9, [DOTA]=10 uM)® to complete.
These conditions are hardly compatible with the preparation
of labile bioconjugates and detrimental in terms of residual
radio-activity, taking a time comparable to one half-life of
213Bi.[9‘10]

The variation of the pendant arms of the macrocyclic
CAs was demonstrated to be a possible strategy to speed up
the formation kinetics of Bi-complexes.""! The phospho-
nate analogue DOTP was recently shown to combine a
higher thermodynamic stability with a faster complexation
kinetics with respect to the carboxylic counterpart.'? Other
related CAs bearing phosphonate and phosphinate groups
displayed an analogous increased rate of Bi'"-
complexation,™ paving the way for bone cancer treatment
by taking advantage of the tropism for bone tissue provided
by the phosphonate groups.['"

The coordination chemistry of Bi™ with polyaminocar-
boxylic CAs is scarcely investigated, and no systematic
investigation has been reported on the complexation of this
metal ion with mesocyclic chelating agents. Among them, 6-
amino-6-methylperhydro-1,4-diazepinetetraacetic acid
(AAZTA)™ proved to be an efficient coordinating system
for several metal ions in the lanthanoids, transition and
post-transition metals.''”) Thanks to its simply editable
structure, it lends itself to many modifications with the aim
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of tuning its chelating properties!™" and of preparing
bifunctional derivatives for conjugation purposes.”"

BFCAs derived from the parent AAZTA (Figure 2)
include AAZTA-C4 and AAZTA-C9, both used as starting
point for the preparation of targeted agents for nuclear
medicine applications. AAZTA-C9-minigastrin has been
efficiently radiolabelled with ®*Ga, ’Lu and "'In, selectively
targeting CCDK2 + tumour cells and has been successfully
exploited in murine models of gastrointestinal cancers.?
Similarly, AAZTA-C4-TOC has been rapidly and quantita-
tively radiolabelled with ®Ga", “Sc™ and ""Lu™ at room
temperature and studied in the detection and treatment of
neuroendocrine tumours.” Finally, AAZTA-C4 has been
bioconjugated through a squaric acid linker to PSMA-617,
and radiolabelled with “Sc', *Cu", ®Ga™ and "Lu'", with
the aim of delivering radionuclides to prostate cancer.[**"

In general, the mesocyclic AAZTA-based systems
quickly and quantitatively form stable chelates at or close to
room temperature. These mild conditions are particularly
valuable for the preparation of radiobioconjugates with
short-lived isotopes, limiting the degradation of the
(bio)molecules and ensuring the maximum and correct
dosage to the patient.[")

Prompted by these results, we investigated the potential
application of AAZTA as a platform for the development of
Bi™-based TAT agents, as the mesocyclic AAZTA structure
can easily satisfy the large coordination sphere of this
distinctive metal ion.

Moreover, the mesocyclic chelating platform has been
exploited for the preparation of the targeted agent [Bi-
(AAZTA-C4-TATE)]", embodying the SSR agonist Tyr’-
octreotate. Herein we report a comprehensive account of
the thermodynamics, formation and dissociation kinetics,
solution and solid-state structural properties of the Bi''-
AAZTA, Bi"-AAZTA-C4-COO  and Bi"-AAZTA-C4-
TATE systems. Additionally, *>?*Bi-labelling of AAZTA-
C4-TATE and DOTA-TATE was studied to find the best
conditions for the formation of the corresponding chelates
and comparing the labelling efficiency with acyclic and
macrocyclic CAs. Finally, the in vivo efficiency and biodis-
tribution of [*****Bi(AAZTA-C4-TATE)]" complex were
also investigated in animal model.
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Figure 2. AAZTA, bifunctional derivatives and conjugates.
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Results and Discussion
Synthesis of AAZTA-C4-TATE

The linear octapeptide H-D-Phe-Cys(Acm)-Tyr(tBu)-D-
Trp(Boc)-Lys(Boc)-Thr(tBu)-Cys(Acm)-Thr(tBu), precur-
sor of octreotate, protected, oxidised and linked to the
Wang resin (1) was prepared in an automatic peptide
synthesiser by standard Fmoc protocol as reported by
Petersen et al®> AAZTA-C4-(+-Bu), was prepared as
described by Manzoni et al.””! AAZTA-C4 was conjugated
to the N-terminus of the protected octapeptide by treatment
with HATU/collidine in DMF in a SPPS manual reactor in
3 h at room temperature. After the coupling, the resin was
washed with DMF and the conjugate was cleaved from the
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Figure 3. Preparation of AAZTA-C4-TATE.
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resin and fully deprotected by treatment with TFA/H,0O/
triisopropylsilane in 18 h at room temperature. AAZTA-C4-
TATE (Figure 3) was purified by preparative HPLC.

Thermodynamic and Kinetic Properties of [Bi(AAZTA)]",
[Bi(AAZTA-C4-COO 'F~ and [Bi(AAZTA-C4-TATE)]

Two key parameters for safe and efficient in vivo applica-
tions of metal complexes are the thermodynamic stability
and kinetic inertness or kinetic stability, required to avoid
the release of the metal ion and of the free ligand and the
delivery of the radioisotope as intact complex to the target
organ or tissue. Despite the high thermodynamic stability
constant, the extremely low concentration of the radio-
pharmaceuticals and the high excess of the possible
endogenous competitors (transmetallation and transchela-
tion reactions) might promote the in vivo dissociation of the
metal complex.”™ The stability constants of the Bi-
polyaminopolycarboxylate complexes have been usually
determined by spectrophotometry with the use of the
competition and/or decomplexation reaction by Br~ ion®! at
acidic (pH=2-3) or by OH" ionst' at basic conditions
(pH>11). The stability and the conditional stability con-
stants of the [Bi(AAZTA)]", [Bi(AAZTA-C4-COO")]*
and [Bi(AAZTA-C4-TATE)]" complexes (Table 1) were
determined by following the competition reactions between
NTA and AAZTA, AAZTA-C4-COOH or AAZTA-C4-
TATE ligands for Bi™ ion by UV spectrophotometry
(Figures S3 and S4) and Capillary Zone Electrophoresis
(CZE, Figure S5) in Bi™—NTA-AAZTA, Bi""—NTA-
AAZTA-C4-COOH and Bi™—NTA-AAZTA-C4-TATE
systems, respectively (pH=7.4, 25°C, 0.15M NaClO,).
Definitions and equations used for the evaluation of the
thermodynamic data are reported in the Supporting Infor-
mation.

The comparison of the thermodynamic parameters in
Table 1 reveals that the stability constant of [Bi(AAZTA)]|~
is lower than that of [Bi(AAZTA-C4-COO)]*,
[Bi(DTPA)]*" and [Bi(DOTA)]" complexes by about 2.5, 3
and 4 logK units at similar condition (0.15M NaClO,,
25°C). In order to compare the Bi'™ affinity of AAZTA,
AAZTA-C4-COOH, AAZTA-C4-TATE, DTPA and

Table 1: Stability (logKy,), protonation (logKgiui,) and conditional stability constants (logKg,©™), dissociation rate (ks) and half-life (t,,,=In2/k,)
values of [Bi(AAZTA)]™ (A), [Bi(AAZTA-C4-COO)]*" (B), [Bi(AAZTA-C4-TATE)] (C), [Bi(DTPA)>™ (D),” [Bi(DOTA)]" (E)*™ and [Bi(NTA),] (F)"

complexes. (0.15 M NacClO,, 25°C).

A B C D E F
logKei 26.45(6) 28.75(8) - 29.29 30.86 16.97
logKe sy 1.63(3) 4.74(4) - 2.55(1) 1.38 -
logKgi - - - - - 9.23
logKe, ™ 23.5 25.6 24.3(2) 25.4 27.0 225
(pH=7.4)
ke [s7] 1.3x10°® 3.2x107° - 5.3x107° 3.4x107" -
t,, [d] at pH=7.4 601 2507 - 1500 2.4x107 -
ke[s™ 1.7%x107° 1.6x1077 1.8x1077 6.4x1077 1.3x107" -
ty2 [d] at pH=9.0 4.8 50.4 43.4 12.6 6.1x10° -

[a] Ref. [32] (0.6 M NaClO,, 25°C); [b] Ref. [9] (0.15 M NaClO,, 25°C).
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DOTA ligands, the conditional stability of Bi""-complexes
(logKg; ©™, Eq. (S5), Table 1) were calculated close to
physiological conditions by taking into account the proto-
nation constants of AAZTA, AAZTA-C4-COOH, DTPA
and DOTA and the stability constants of [Bi(AAZTA)],
[Bi(AAZTA-C4-COO)]*, [Bi(DTPA)]* and [Bi-
(DOTA)] complexes. Surprisingly, the logKg; ©™ values at
pH=7.4 and 25°C indicate that the conditional stability of
[Bi(AAZTA-C4-COO)]* is higher than [Bi(AAZTA)]
and [Bi(DTPA)]* by 2.1 and 0.2 logK units. Moreover, the
improved thermodynamic property of [Bi(AAZTA-C4-
COO)]* is maintained for [Bi(AAZTA-C4-TATE)],
which has about 1 logK unit higher conditional stability than
that of [Bi(AAZTA)]" and comparable logKg; " value
with that of [Bi(DTPA)]*". The higher stability constant and
conditional stability of [Bi(AAZTA-C4-COO")]*" and [Bi-
(AAZTA-C4-TATE)]- with respect to [Bi(AAZTA)|”
might be explained by the higher basicity of the donor atoms
(ZlogKH, Table S2) resulting in the higher affinity of
AAZTA-C4-COOH and AAZTA-C4-TATE to Bi™-ion.
Considering the lack of the interaction between the Bi'-ion
and the n-valeric acid residue of the AAZTA-C4-COOH
(protonation constants of the n-valeric acid residue of the
AAZTA-C4-COOH free ligand (logK;", Table S2) and Bi'"-
complex (logKy;), Table 1) are identical), the similarity in
the conditional stability of the [Bi(AAZTA-C4-COO)]*,
[Bi(AAZTA-C4-TATE)]™ and [Bi(DTPA)]* complexes is
rather surprising, by taking into account the lower denticity
of AAZTA with respect to DTPA (7 vs 8). On the other
hand, the logKgy; " values in Table 1 reveal that [Bi-
(DOTA)]™ has somewhat higher conditional stability con-
stant, explained by the optimal size match between Bi"™ and
the coordination cage of DOTA.

The kinetic inertness of [Bi(AAZTA)]", [Bi(AAZTA-
C4-COOM)]*, [Bi(DTPA)]* and [Bi(AAZTA-C4-TATE)]
were determined by following the transmetallation reactions
by spectrophotometry and CZE in [Bi(AAZTA)] -DTPA,
[Bi(AAZTA-C4-COO™)|*-DOTP,  [Bi(DTPA)]*-DOTP
and [Bi(AAZTA-C4-TATE)] -AAZTA systems in the
presence of excess exchanging DTPA, DOTP and AAZTA
to guarantee the pseudo-first-order conditions. The kinetic
data reported in Figures S7 and S9 show that the k, values
are independent of [DTPA], [DOTP] and [AAZTA]
concentrations and increase with pH. This indicates that the
rate-determining step of the transchelation reactions is the
dissociation of the Bi" complexes, followed by a fast
reaction between the free Bi" ion and the exchanging
ligands. The dependence of the k4 values on pH can be
interpreted by the formation (K";y,), the spontaneous
(“k,) and OH™ assisted dissociation (“*k,) of the [Bi(L)H,]
intermediate. Based on the X-ray structure of [Bi-
(HAAZTA)(H,O)] and [Bi(AAZTA)]™ (see below), the
Bi™-ion is coordinated by 3 amino-N and 4 carboxylate-O
donor atoms of AAZTA, whereas the apical coordination
site is occupied by a water molecule to complete the
dodecahedral coordination of the Bi'™-ion. X-ray structure
of [Bi(H,DTPA)] reveals that the Bi"" ion is coordinated by
3 amino-N and 5 carboxylate-O donor atoms in a square
antiprismatic geometry.” The formation of [Bi(L)H,]
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intermediate might be interpreted by the substitution of the
inner-sphere water molecule by the OH™ ion in [Bi-
(AAZTA)(H,0O)]” or by the substitution of a weakly
coordinated -COO™ group by the OH- ion in [Bi(DTPA)]*.
The “k, and ¥k, rate and K" ;. constants characterizing
the formation and the dissociation of [Bi(L)H.] intermedi-
ate of [Bi(AAZTA)], [Bi(AAZTA-C4-COO)]*,
[Bi(DTPA)]*" and [Bi(DOTA)]  complexes are shown in
Table S3. The dissociation rates (k) and half-life values
(1, =In2/ky) of [Bi(AAZTA)]", [Bi(AAZTA-C4-COO)J*",
[Bi(DTPA)]*™ and [Bi(AAZTA-C4-TATE)]™ complexes at
pH=7.4 and 9.0 are shown and compared with those of
[Bi(DOTA)]™ in Table 1. The definitions and equations
used for the evaluation of the kinetic data are reported in
the Supporting Information.

Comparison of the #, values in Table 1 reveals that the
dissociation rate of [Bi(AAZTA)]™ at pH=7.4 and 25°C is
higher by about two and four times than that of [Bi-
(DTPA)]*” and [Bi(AAZTA-C4-COO")]*", respectively.
Since the spontaneous dissociation of the [Bi(L)H,] inter-
mediate likely takes place by the simultaneous decoordina-
tion of the donor atoms, it can be assumed that the higher
Bi"-affinity of AAZTA-C4-COOH might result a slower
dissociation of [Bi(AAZTA-C4-COO")]*" than that of [Bi-
(AAZTA)] ([Bi(AAZTA)]: logKp; =26.45, [Bi(AAZTA-
C4-COO)]*: logKy; =28.75, 0.15M NaClO,, 25°C, Ta-
ble 1). However, the Bi"™-affinity of the DTPA is similar to
that of AAZTA-C4-COOH, whereas the OH™ assisted
dissociation of [Bi(DTPA)J*" is significantly faster than that
of [Bi(AAZTA-C4-COO)* ([Bi(DTPA)]*: logKgy =
29.29, 0.6 M NaClO,, 25°C, Table 1). The higher kinetic
inertness of [Bi(AAZTA-C4-COO")]*” might be interpreted
by the higher rigidity of semi-macrocyclic AAZTA-C4-
COOH ligand results in the slower dissociation of the
[Bi(AAZTA-C4-COO™)H,]* intermediate than that of the
[Bi(DTPA)H,] formed with the flexible DTPA ligand. This
hypothesis has been further supported by the 7-orders of
magnitude slower spontaneous dissociation of [Bi-
(DOTA)H,] in which Bi" is tightly bound by the rigid
DOTA ligand.” The dissociation half-life values (., =In2/k,,
Table 1) of [Bi(AAZTA-C4-TATE)], [Bi(AAZTA-C4-
COOM]*, [Bi(AAZTA)] and [Bi(DTPA)]*" obtained at
pH=9.0 and 25°C indicate that the kinetic inertness of
[Bi(AAZTA-C4-TATE)]” and [Bi(AAZTA-C4-COO)]*
is similar and higher by about 9 and 3.4 times than that of
[Bi(AAZTA)] and [Bi(DTPA)]*" complexes, respectively.
The long dissociation half-life of Bi(AAZTA-C4-TATE)]~
confirms that the high kinetic inertness is maintained for the
peptide conjugate. By taking into account the stability and
the inertness of [Bi(AAZTA-C4-TATE)]™ and the half-life
of *?”PBi isotopes (*’Bi: f,=60 min, *"Bi: #, =46 min),
[*'**"Bi(AAZTA-C4-TATE)]” complex is a promising can-
didate for targeted a-therapy.

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Structural Properties of [Bi(AAZTA)] and
[Bi(AAZTA-C4-COO )|

In order to acquire deeper insight into the solution structure,
variable temperature (VT) multinuclear 1D and 2D NMR
studies of [Bi(AAZTA)]™ and [Bi(AAZTA-C4-COO")]*
have been performed in D,0. VT-'H and VT-"C spectra of
[Bi(AAZTA)] and [Bi(AAZTA-C4-COO")]* obtained in
the temperature range 273-333 K are shown in Figures S11
and S12, S17 and S18, respectively. '"H and "C NMR signals
of [Bi(AAZTA)]" and Bi(AAZTA-C4-COO")]* were as-
signed on the basis of COSY (Figures S13 and S19), HSQC
and HMBC spectra (Figures S14, S15, S20 and S21) obtained
at 273 K. Structure and the possible conformation of
[Bi(AAZTA)]™ and Bi(AAZTA-C4-COO")]*" with assign-
ment of the 'H and "C NMR signals are shown in
Figures S10-S12 and S16-S18. 'H- and *C NMR spectra of
[Bi(AAZTA)] 6¢ek; and Bi(AAZTA-C4-COO)]*" contain
one single set of signals practically constant in the temper-
ature range 273-333 K. The PC NMR spectra showed eight
and twelve resonances corresponding to 2:2:2 equally
intense methylene and carboxylate carbon atoms of pendant
arms and the ring, and 1:1 methyl and quaternary C of
[Bi(AAZTA)]™ and 1:1:1:1:1:1 quaternary C, methylene
and carboxylate of the n-valeric acid residue of Bi(AAZTA-
C4-COO")J*" indicating that Bi"™-complexes has C, symme-
try in the entire temperature range. Interestingly, the 'H
NMR signal of the exocyclic carboxylate methylene protons
in [Bi(AAZTA)]" and [Bi(AAZTA-C4-COO")]* are sin-
glet and AB system (Figures S11 and S17), revealing a
higher structural rigidity of [Bi(AAZTA-C4-COO")]*" with
respect to the parent [Bi(AAZTA)] .

It was possible to obtain single crystals of the [Bi-
(AAZTA)]™ complex in two different protonation states,
ie: [BI(HAAZTA)(H,0)]-3H,0P and {[C(NH,),][Bi-
(AAZTA)]}-3.5H,0,*" allowing a deeper insight into the
structural details of this system. A simplified view of the
protonated [Bi(HAAZTA)(H,O)] and the deprotonated
[Bi(AAZTA)]" complexes found in the [Bi-
(HAAZTA)(H,0)]-3H,0 and {[C(NH,);][Bi-
(AAZTA)]}-3.5H,0 crystals is shown in Figure 4. The bond
lengths of the Bi'™ coordination environment are given and
compared with those of Sc™- and Er'™ in [Sc(AAZTA)]”
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A)

Figure 4. Stick representation of the Bi" coordination environment in
[Bi(AAZTA)]™ (A and B) and [Bi(HAAZTA) (H,O)] complexes found in
the single crystals of [Bi(HAAZTA) (H,0)]-3H,0 and {[C(NH,)][Bi-
(AAZTA)]}-3.5H,0.

and [Er(AAZTA)]™ complexes in Table 2 (naming scheme
in use is reported in Figure S22).

In the single crystals of  {[C(NH,);][Bi-
(AAZTA)]}-3.5H,0 two crystallographically independent
[Bi(AAZTA)]™ complexes are placed in the asymmetric unit
(Figure S22A). In both [Bi(AAZTA)]" complexes, Bi™" is
octacoordinated by 7 donor atoms of the AAZTA chelating
agent (three amino N and four carboxylate O donor atoms),
whereas the eighth coordination site is occupied by a
carboxylate bridging two neighbour metal centers, as
previously reported for [GA(AAZTA)]".®! Single crystals
with the formula [Bi(AAZTA)(H,0)]}-3.H,0 show a
[Bi(HAAZTA)] complex in the crystallographic asymmetric
unit (Figure S22B). The [Bi(HAAZTA)] complex form
dimers with units related by crystallographic inversion
centers and linked by hydrogen bonds between one proto-
nated and one deprotonated carboxylate groups (dowyo=
2.508(5) A, Figure S24B). The structures of [Bi(AAZTA)]
and [Bi(HAAZTA)(H,O)] are very similar to that of
[Sc(AAZTA)(H,0)]” and [Er(AAZTA)(H,0)]".P**"! The
coordination polyhedrons around the Bi™ ion can be
described by an irregular dodecahedron defined by a 1:4:3

Table 2: Bond distances (A) in [Bi(AAZTA)]” (A and B crystallographically independent molecules, Figure 4), [Bi(HAAZTA) (H,0)] (C, Figure 4),

[Sc(AAZTA) (H,0)]” (D) and [Er(AAZTA) (H,0)]" (E) complexes.

A B
M3*—OH, - -

M*T—01 2.491(16) 2.588(16)
M?**—-03 2.539(16) 2.723(12)
M*—05 2.45(3)-2.21(5) 2.302(13)
M**-07 2.606(16) 2.344(19)
M?*—N1 2.489(17) 2.505(16)
M?F—N2 2.592(16) 2.551(15)
M?*—N3 2.461(18) 2.525(19)

I pel gL
2.605(4) 2.247(1) 2.344 (9)
2.746(4) 2.202(1) 2.302 (8)
2.478(4) 2.152(1) 2.300 (8)
2.439(4) 2.119(1) 2.247 (8)
2.251(4) 2.158(1) 2.290 (8)
2.587(4) 2.412(2) 2.468 (9)
2.527(4) 2.443(2) 2.569 (10)
2.486(4) 2.476(2) 2.553 (9)

[a] Ref. [36]; [b] Ref. [37]. M*T—O distances of carboxylates O donor atoms bridging two Bi" centers in A: Bi_11-04_22=2.561(16) A and in B: Bi_

22-04_12$1=2.580(14) A.
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stack (top to bottom in Figure 4) of the apical ligand (H,O
molecule in [Bi(HAAZTA)(H,0)] or a carboxylate of the
neighbor [Bi(AAZTA)]", which bridges the two metal
centers, Figure 4) and of two nearly parallel pseudo-planes
(7.53(10)° offset in [Bi(HAAZTA)(H,0)] (Figure 4C) and
8.98(53)° in [Bi(AAZTA)]™ (Figure 4A)): the first one
involving O1, O3, OS5, and O7 (mean deviation from
planarity is 0.13(2) A in [Bi(HAAZTA)(H,0)] and
0.13(6) A in [Bi(AAZTA)]") and the second one by N1, N2,
and N3 (Figures 4A and 4 C). In Figure 4B, the Bi"'-ion has
a slightly different coordination environment with the apical
group 0.633(1) A far from the O1, O3, O3, and O7 average
plane (while is ~2.1 A in the other cases). The angle
between the planes formed by the oxygen and nitrogen
atoms remains similar (6.42(49)° — mean deviation from
planarity is 0.34(25) A; Figure4B). In the [Sc-
(AAZTA)(H,0)]” and [Er(AAZTA)(H,O)]" complexes,
the angle of the two nearly parallel planes formed by the
carboxylate O and the amino N donor atoms are 8.0° and
83°% which is very similar to that of [Bi-
(HAAZTA)(H,0)] (Figure 4C) and [Bi(AAZTA)|™ (Fig-
ure 4A). The distances between the Bi™ ion and the
coordinated N and O atoms of AAZTA fall within the range
225-275A and 221-272A, with similar average
2.515(4) A and 2.501(6) A values, respectively. The average
bond length of Er'"" and Sc™ with the carboxylate O and
amine N donor atoms of AAZTA ligand ([Er(AAZTA)]:
Er'"-0=225-234 A, Er''-N=247-2.57 A; [Sc-
(AAZTA)]: Sc"-0=2.12-2.25 A, SN =2.41-2.47 A) is
similar to that [Bi(AAZTA)]™ (Table2). However, the
distance of the water molecule from the Bi™ ion in
[Bi(HAAZTA)(H,0)] is significantly longer (Bi*'—OH,=
2.605 A, Table?2) than that of [Er(AAZTA)(H,0)]" and
[Sc(AAZTA)(H,0)]” (Er**—-OH,=2.344 A, Sc**—OH,=
2.247 A, Table 2), likely explained by the “softer” character
or by the stereochemical activity of the 6 s* lone pair of the
Bi"ion.P"

Radiolabelling of AAZTA-C4-TATE and DOTA-TATE with 2*°/*Bj
205206 can be produced in cyclotron by irradiation of
natural Pb- foil. Due to their easy accessibility, 2?*Bi™ are
ideal model isotopes for studying the radiolabelling effi-
ciency of different ligands and the physico-chemical proper-
ties of *%?*Bi"-complexes. **Bi"™ (100 % 4, t,,=15.31 d)
and Bi™ (100 % S, t,,=6.243 d) isotopes are produced in
approximately 1:2 ratio at 16 MeV proton energy.” The
composition of the ***?*Bi™ isotope mixture constantly
changes after production, complicating decay correction of
the measured activity values. However, in shorter experi-
ments, like labelling optimization and biodistribution studies
(<3-4h), the decay of the *™Bi"™ isotope can be
neglected. The effect of pH, temperature and ligand
concentration on the labelling of AAZTA-C4-TATE and
DOTA-TATE with *®?Bi"" has been examined in detail.
205206 was purified from lead and other metal contami-
nants on a TK-200 resin. The labelling efficiency of
AAZTA-C4-TATE and DOTA-TATE with *®?*Bi™ has
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been examined by using 5 min reaction time at 25 and 95°C
in the presence of [AAZTA-C4-TATE]|=[DOTA-TATE] =
0.1-30 uM in the pH range 3-7 (Figures 5, S26).

HEPES and ammonium-acetate as buffers were used at
pH=3 and 7 and in the pH range of 4-6, respectively. The
labelling of AAZTA-C4-TATE and DOTA-TATE with **
2B was followed by thin layer chromatography (TLC)
with f7- detector. In radio-TLGC, silica gel impregnated glass
microfiber chromatography paper (ITLC-SG) was used with
0.5M trisodium citrate mobile phase (pH=5.5) which
deposits the non-complexed ***®Bi™' in form of citrate
complexes. The **Bi"citrate complexes were eluted near
the eluant front (R;=0.8-1) while [***®Bi(AAZTA-C4-
TATE)]” and [***Bi(DOTA-TATE)]™ remained near the
origin (R;=0.1-0.2) (Figure S27). The radiochemical yield
of both *Bi-complexes increases with the decrease of pH.
High temperature has practically no influence on the radio-
chemical yield of [***Bi(AAZTA-C4-TATE)]  at pH=3,
5 and 6. However, significant increase of the radiochemical
yield (RCY) values has been observed at pH=4 and 7. High
temperatures increase the radiochemical yields of [**?*Bi-
(DOTA-TATE)]". The comparison of the labelling effi-
ciency of AAZTA-C4-TATE and DOTA-TATE reveals
that the incorporation of *?®Bi by AAZTA-C4-TATE
takes place with higher yields at pH=3 and 4 (95°C), at
pH=7 at room temperature (Figure S26). By using 5 min
reaction time the optimal labelling conditions of AAZTA-
C4-TATE with *®?*Bi (RCY >95%) was found at pH=3,
25°C and 95°C in the presence of 1 uM of ligand.

The optimal labelling condition for DOTA-TATE with
2052068 (RCY >95 %) was found at pH=6 (95°C), [DOTA-
TATE]=30 mM, 0.1 M acetate buffer, 15 min reaction time.

100 -

80 -

60 -

RCY (%)
L]

| \
[

0 T T B

0.1 1 10
[AAZTA-C4-TATE] (umol/dm3)

100

Figure 5. Labelling yield of AAZTA-C4-TATE with 2*/?®Bj as a function of
[AAZTA-C4-TATE] at 25°C (A) and 95°C (B) in 5 min reaction time.
(PH=3 (@®),4 (®),5( ), 6 (©) and 7 (@)). Reaction volume was
100 pL and the activity of reactions was around 0.1 MBg.
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The stability of [****Bi(AAZTA-C4-TATE)] has been
investigated in the presence of DTPA excess, in PBS and in
human plasma. For these experiments, [****“Bi(AAZTA-
C4-TATE)]|” was prepared under optimal conditions and
purified by se-pack (STRATA-X). [*?*Bi(AAZTA-C4-
TATE)]™ was incubated up to 21 h at pH=7.4 and room
temperature in 0.01 M DTPA solution and PBS buffer, as
well as at 37°C in human plasma (Figure 6). Constant RCP
values in the examined period of time indicate the stability
of [?Bi(AAZTA-C4-TATE)]  in all media.

In vivo and ex vivo Distribution of [*/**°Bi(AAZTA-C4-TATE)]”

The excellent results of the equilibrium, kinetic and labelling
studies led to a preliminary assessment of the in vivo and ex
vivo behavior of [**?**Bi(AAZTA-C4-TATE)] . The biodis-
tribution of [****Bi(AAZTA-C4-TATE)] has been inves-
tigated in healthy control and AR42 J tumour-bearing mice.
In the ex vivo biodistribution studies AR42J tumour-
bearing SCID mice were sacrificed 15, 60 and 90 min (n=3

100 bl ﬂ\-.—
N —A
95 A
3
> 90 -
[&)
14
85
80 T ‘ ‘ ‘ T )
0 4 8 12 16 20 24

t(h}

Figure 6. Stability investigation of **/*Bi(AAZTA-C4-TATE)]" in PBS
(@) and 0.01 M DTPA (@) solutions at room temperature, and in
human plasma () at 37°C. The activity of the reaction mixtures was
around 0.017 MBq and the reaction volume was 30 pL for DTPA and
PBS stability and 100 pL for plasma stability.
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Figure 7. Ex vivo biodistribution of [**/*%Bi(AAZTA-C4-TATE]|™ in AR42 |
somatostatine receptor positive tumour-bearing CB17 SCID mice 15,
60 and 90 min after intravenous injection of the radiotracer. %ID/g
values are presented as mean =+ SD.
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mice/time point) after intravenous injection of [*¥**Bi-
(AAZTA-C4-TATE)]™ and the accumulated radioactivity of
the organs and tissues were determined by gamma counter
measurements after autopsy. Remarkable radiotracer accu-
mulation was observed in kidneys (approx. %ID/g: 8-16)
and urine (approx. %ID/g: 160-300) at each investigated
time point, and significantly lower uptake (p <0.05) of the
radiotracer was observed in other healthy organs and tissues.
The amount of the radiotracer (%ID/g) decreased continu-
ously in each investigated organs from 15 to 90 minutes
(Figure 7). The high %ID/g values (11.74+1.82 at 15 min,
9.32+£3.96 at 60 min, and 8.53+2.02 at 90 min) of the
AR42J tumour show the strong somatostatine receptor
specificity of the [****Bi(AAZTA-C4-TATE)]  radiotracer,
which has been confirmed by the in vitro studies of the
[**Bi(AAZTA-C4-TATE)]” accumulation in the soma-
tostatin receptor positive AR42 J cells (Figure S28).

Moreover, the ex vivo biodistribution of the free
20520984 radiotracer (Figure S29), which might be formed by
the dissociation of the ***Bi".complexes, indicates high
radioactivity in the liver, spleen, and kidneys, and moderate
accumulation in the lungs and gall bladder after 30 and
90 min incubation time. In contrast, [****Bi(AAZTA-C4-
TATE)]™ was only accumulated in the AR42 J tumour and
kidneys due to its high stability and excretion through the
urinary system (Figure 7).

In order to estimate the efficiency of [*"Bi(AAZTA-C4-
TATE)]™ as TAT agent of neuroendocrine tumours, the
relative accumulated dose (%ID/g) obtained at 15, 60 and
90 min for [*?™Bi(AAZTA-C4-TATE)]" and 10 and
60 min for [**Bi(DOTA-TATE)] in rat pancreatic AR42 J
tumour-bearing athymic male nu/nu mice™ have been
compared in Table3 (%ID/g values of [*“Bi(DOTA-
TATE)]™ were estimated for some organs based on Figure 2
in ref. [39]). Such a comparison of the biodistribution data
can provide an information for in vivo behaviour of the
radiotracer (i.e. efficiency) even if it was obtained with
different isotopes of Bi™-ion, since the decay of **®Bi or
23Bj isotopes has practically no influence for the relative
abundance of the [Bi(AAZTA-C4-TATE)]" and [Bi-
(DOTA-TATE)] complexes in different organs.

The comparison of the relative biodistribution (%ID/g)
of [®™*“Bi(AAZTA-C4-TATE)]” and [**Bi(DOTA-
TATE)]™ at 60 min after the administration of the radio-
tracers reveals that the relative tumour uptake of [****Bi-

Table 3: Accumulated dose (%1D/g) obtained at 15, 60 and 90 min for
[2%/%Bi (AAZTA-C4-TATE)]™ and 10 and 60 min for [*'*Bi(DOTA-TATE)|
in tumour and other organs.

[*2Bi(AAZTA-C4-TATE)]"  [*Bi(DOTA-TATE)] ¥

t (min) 15 60 90 10 60
Tumour 11.7 9.32 8.53 5.3 6.5
Pancreas 4.59 2.49 1.27 4,00 2.50
Stomach 1.82 1.68 1.08 3.0™ 2.00
Kidney 16.7 10.1 8.52 188! 17.4"
Liver 2.19 1.79 1.45 n.a. 2.00
Blood 1.98 0.62 0.33 9.0™ 1.5

[a] Ref. [39]; [b] Estimated values based on Figure 2 in Ref. [38].
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(AAZTA-C4-TATE)]” is 1.5times higher than that of
[**Bi(DOTA-TATE)] . The somatostatin receptor specific-
ity of [ Bi(AAZTA-C4-TATE)]” and [**Bi(DOTA-
TATE)]™ was investigated and compared in vitro using
AR427J cell line (Figure S28). The in vitro studies indicate
that the accumulation of [**Bi(AAZTA-C4-TATE)] in
AR42J cells was somewhat higher (29.76+10.84 %ID/10°
cells at 30 min; 22.99+3.16 %ID/10° cells at 60 min) than
that of [**Bi(DOTA-TATE)]™ (22.25+3.78 %ID/10° cells
at 30 min; 19.10£6.53 %ID/10° cells at 60 min) after 30 and
60 min incubation time (Figure S27). The in vitro data
confirms that [*?*Bi(AAZTA-C4-TATE)] is character-
ized by higher uptake towards somatostatin receptor
positive cells than [**Bi(DOTA-TATE)] after 30 and
60 minutes incubation time.

On the other hand, the significantly lower %ID/g values
obtained in kidneys and blood indicate a faster clearance of
[*?%Bi(AAZTA-C4-TATE)] ek; than that of [**Bi-
(DOTA-TATE)]". Based on the larger tumour uptake of
[**?"Bi(AAZTA-C4-TATE)]™ (Table 3), the expected tu-
mour dose of [*’Bi(AAZTA-C4-TATE)] is higher than
that of [*’Bi(DOTA-TATE)]", predicting the higher effi-
ciency of [*"Bi(AAZTA-C4-TATE)]” in a TAT of neuro-
endocrine tumours. Moreover, the faster renal clearance of
[*Bi(AAZTA-C4-TATE)]™ suggests a reduced kidney
toxicity of [**Bi(AAZTA-C4-TATE)]" compared to [*"*Bi-
(DOTA-TATE)]".

Conclusion

A comprehensive study by potentiometric, spectrophoto-
metric, NMR and SC-XRD techniques supports the robust-
ness of [Bi(AAZTA)]", [Bi(AAZTA-C4-COO™)]*" and of
the corresponding targeted agent [Bi(AAZTA-C4-
TATE)]", embodying the SSR agonist Tyr’-octreotate. The
safety margin ensured by the thermodynamic stability and
the kinetic inertness of [Bi(AAZTA)]  is unexpectedly
increased in the bifunctional [Bi(AAZTA-C4-COO")]* and
the bioconjugate [Bi(AAZTA-C4-TATE)] . Cyclotron pro-
duced **™Bi mixture was used as a model of *"Bi in
labelling-, stability- and biodistribution experiments allowing
to perform dosimetry calculations for [*“Bi(AAZTA-C4-
TATE)]". The AAZTA-C4-TATE coordinates **?*Bi™
within few minutes at room temperature, ideal conditions
for a quick radiolabelling of thermolabile bioconjugated
targeted agents. The in vitro stability test of [*°Bi(AAZTA-
C4-TATE)]™ reveals the constant radiochemical purity
(>96%) of the radiotracer within 21 hours at 25°C and
37°C in PBS, 0.01 M DTPA solution and human plasma.
High accumulation in AR42 J tumour and a reduced kidney
uptake of [***Bi(AAZTA-C4-TATE)]™ was observed with
respect to the macrocyclic chelate [*’Bi(DOTA-TATE)] .
By taking into account the high stability, kinetic inertness,
fast labelling, high in vitro stability and the remarkable
tumor uptake, [*’Bi(AAZTA-C4-TATE)] is a promising
alternative of [*°Bi(DOTA-TATE)]” in a TAT of neuro-
endocrine tumors.

Angew. Chem. Int. Ed. 2022, 61, €202207120 (8 of 9)

Research Articles

Angewandte

intemationaldition’y) Chemie

In conclusion, this work demonstrated the suitability of
the chelating agent AAZTA for the preparation of Bi-based
radiopharmaceuticals, with clear advantages over the cur-
rent gold-standard DOTA. The significantly faster forma-
tion kinetics at room temperature is ideal for the prepara-
tion of (bio)conjugated derivatives under mild experimental
conditions and allows full advantage to be taken of the time
window offered by *"’Bi, with a large safety margin ensured
by the considerable kinetic inertness of the chelate.
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