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ABSTRACT: A new, high-denticity, bifunctional ligand�H3TPAN-triazole-Bn-
NH2�has been synthesized and studied in complexation with [225Ac]Ac3+ and
[111In]In3+ for radiopharmaceutical applications. The bifunctional chelator is
readily synthesized, using a high-yielding four-step prep, which is highly adaptable
and allows for straightforward incorporation of different covalent linkers using CuI-
catalyzed alkyne−azide cycloaddition (click) chemistry. Nuclear magnetic
resonance (NMR) studies of H3TPAN-triazole-Bn-NH2 with La3+ and In3+
metal ions show the formation of a single, asymmetric complex with each ion in
solution, corroborated by density functional theory (DFT) calculations. Radio-
labeling studies with [225Ac]Ac3+ and [111In]In3+ showed highly effective
complexation, achieving quantitative radiochemical conversions at low ligand
concentrations (<10−6 M) under mild conditions (RT, 10 min), which is further
accompanied by high stability in human serum. The bioconjugate�H3TPAN-
triazole-Bn-Aoc-Pip-Nle-CycMSHhex�was prepared for targeting of MC1R-positive tumors, and the corresponding 111In-
radiolabeled tracer was studied in vivo. SPECT/CT and biodistribution studies in C57BL/6J mice bearing B16-F10 tumors were
performed, with the radiotracer showing good in vivo stability; tumor uptake was achieved. This work highlights a new promising and
versatile bifunctional chelator, easily prepared and encouraging for 225Ac/111In theranostics.

■ INTRODUCTION
α-Particle emitters such as 225Ac, 213Bi, and 227Th have received
sustained research interest for the treatment of metastatic
tumors owing to the high potency of their particulate emissions,
which offer several advantages over conventional β−-emitting
radionuclides (i.e., 90Y, 177Lu). The higher linear energy transfer
(LET) (80−100 keV/μm) of α particles compared with β−

particles (LET: ∼0.2 keV/μm), and short effective range in
tissue (40−100 μm), result in a more localized deposition of
dose close to the site of decay and therefore reduced off-target
effects to surrounding tissues.1,2 These characteristics are
particularly well suited to the treatment of single-cell metastases
and small tumor lesions, which would otherwise escape β−

therapy.3,4 In addition, the high therapeutic potency of alpha-
particle emitters allows for lower single-dose administrations per
patient compared to β− therapies (e.g., 7.4 MBq for [225Ac]Ac-
PSMA-617 vs 7.4 GBq for [177Lu]Lu-PSMA-617), potentially
reducing off-target side effects and production costs.
Several radionuclides (149Tb, 212Bi, 213Bi, 211At, 225Ac, and

227Th) are being actively investigated for application in targeted
α therapy (TAT), where α-emitting radionuclides are
conjugated to tumor-targeting vectors via bifunctional chelators
to achieve selective delivery of cytotoxic radiation to cancer
cells.4−7 Of particular note is the relatively long-lived radio-
nuclide 225Ac (t1/2 = 9.92 days), which decays via a cascade of

four successive α emissions (Eα = 5.8−8.4 MeV) to stable 209Bi
and has been proposed as an in vivo generator of 213Bi (t1/2 = 45.6
min). The long half-life of 225Ac is compatible with antibody-
based targeting vectors, which typically require several days to
localize at a target site.8,9

To fully capitalize on the high therapeutic potency of 225Ac,
suitable imaging companion radionuclides that exhibit the same
coordination characteristics as the therapeutic payload are
required to perform diagnostic imaging studies and accurate
dosimetry evaluations. Several candidates have been pursued in
this regard, including 111In, 133/135La, and 155/161Tb; ideally, the
imaging radionuclide should share a comparable half-life to
225Ac to allow reliable evaluation of drug pharmacokinetics and
to determine the ultimate biological fate of the radio-
pharmaceutical.10,11

The majority of ongoing clinical trials involving 225Ac utilize
DOTA as the chelating ligand,7,12,13 which is advantageous
given its commercial availability, established metal-chelation
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characteristics, and FDA-approved status; however, radio-
labeling with DOTA typically requires elevated temperatures
(85−95 °C) and/or extended reaction times (1−4 h),
conditions which are detrimental to biovector stability (e.g.,
mAbs). Additionally, the high oxidative potency of α particles
leads to rapid degradation/radiolysis of molecules within the
radiolabeling solution; hence, fast complexation kinetics under
mild conditions is desirable to prolong the shelf-life of such
radiopharmaceuticals.14

There is a clear precedent for the development of novel
compounds suitable for the chelation of [225Ac]Ac3+ to translate
TAT into clinical practice. Several new chelating ligands have

been developed such as H2macropa
8 and crown,14 which

demonstrate effective radiolabeling of [225Ac]Ac3+ under mild
conditions (RT, 5−10 min) and maintain high complex stability
in vivo, Chart 1. These ligands have been explored for chelation
of suitable imaging radionuclides, including [132/133La]La3+ and
[131Ba]Ba2+.10,15−17

Recently, our group introduced H4picoopa�a large, multi-
dentate chelator with a flexible ether-based backbone�which
demonstrated promising characteristics for developing
225Ac/111In theranostics,18 with notably high radiochemical
conversions (RCCs) and molar activities achieved under mild

Chart 1. Chemical Structures of Chelating Ligand Discussed

Scheme 1. Synthesis of H3TPAN-Triazole-Bn-NH2 (4); Cumulative Yield of 35% Over Four Steps
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conditions, and high serum stability. Several limitations were
noted, including a long multistep, multicomponent synthesis
required to prepare the bifunctional analogue, which may
discourage further translation of this chelator.
With this in mind, a new bifunctional chelating ligand�

H3TPAN-triazole-Bn-NH2�was designed to capitalize on the
beneficial characteristics of H4picoopa and overcome some of
the shortcomings encountered. This “second-generation”
chelating ligand was designed to be inherently bifunctional,
incorporating a substituted-1,2,3-triazole moiety in place of one
picolinic acid donor, which is itself suitable for metal-ion
coordination,19−21 and therefore maintains a high overall
denticity, while reducing the steric constraints in the metal
binding cavity and allowing for direct conjugation to biovectors.
This design approach reduces the synthetic complexity involved
in functionalization of the picolinate donor group and eliminates
the potential for acid-mediated hydrolysis of the covalent
linkage. The main objectives of this work were therefore to
evaluate the impacts of this structural modification on chelation
of [225Ac]Ac3+ and [111In]In3+, and assess the stability of the
corresponding bioconjugate in vivo.

■ RESULTS AND DISCUSSION
Synthesis and Characterization. Preparation of

H3TPAN-triazole-Bn-NH2 (4) proceeds through a linear
synthesis starting from the 1,8-diamino-3,6-dioxaoctane
(NOON) backbone, Scheme 1. First, synthesis of the tris-
picolinate substituted backbone (1) was carried out using the
same approach as described previously for bifunctional
H4picoopa,

18 via the direct alkylation of 1,8-diamino-3,6-
dioxaoctane with three equivalent of the methyl (6-
bromomethyl)picolinate (S2) under mild conditions. Further,
N-alkylation of secondary amine 1 with propargyl bromide
proceeded cleanly under mild conditions to generate the
protected alkyne-functionalized ligand (2) in high yields. The
alkyne functionalization was selected for ease of incorporation of
different azide-containing bifunctional linkers using CuI-
catalyzed Huigens 1,3-diploar cycloaddition reactions
(“click”), which generates a 1,4-disubstituted-1,2,3-triazole
ring that can act a further pendent donor arm for metal-ion
coordination.19−21 The Boc-protected azide linker (S4) was
coupled to alkyne 2 efficiently under microwave reaction
conditions (90 °C, 1 h) using CuSO4 as catalyst and sodium
ascorbate as an in situ reducing agent. Syntheses for compound
S4 have been outlined previously18 and are given in the
Supporting Information. The click reaction was also attempted
under standard conditions (ambient temperature), which gave
comparable yields of triazole 3 although longer reaction times
(24−36 h) were required for complete conversion. Global
deprotection of the methyl-ester and tert-butoxy-carbonyl
protecting groups was achieved by treatment with 4 M HCl to
give H3TPAN-triazole-Bn-NH2 (4), which was purified via RP-
HPLC and co-evaporated with 1 M HCl to give the
corresponding HCl salt.
Metal Complexation and NMR Studies. Metal complex-

ation properties of H3TPAN-triazole-Bn-NH2 were studied for
coordination of In3+ and La3+ ions to give a direct comparison
with the previously reported chelator, H4picoopa. Typically,
metal complexation studies are performed using the nonbifunc-
tional derivative of a given chelating ligand to simplify spectral
analyses and allow for more definitive conclusions to be drawn
regarding the metal coordination environment; however, this
approach can prove problematic due to the assumption of an

unchanging metal binding cavity while large structural
modifications to incorporate a bifunctional motif are applied.
Given the inherent bifunctionality of H3TPAN-triazole-Bn-
NH2, the NMR spectra of the corresponding metal complexes
provide a more reliable reflection of the ligand coordination
environment when ultimately conjugated to a biovector.
Metal complexes of H3TPAN-triazole-Bn-NH2 were prepared

by mixing an equimolar amount of ligand salt with either
La(NO3)3·6H2O or In(ClO4)3·8H2O in D2O, followed by
adjustment of the pD to 7 with NaOD (0.2 M). The
corresponding metal complexes were characterized via electro-
spray-ionization mass spectrometry (ESI-MS), whereby single
mono-cationic [M + H]+ species were identified for each
complex, Table 1. Due to the low solubility of the La3+ and In3+

complexes in aqueous solution at pH = 5−7, characterization by
nuclear magnetic resonance (NMR) spectroscopy was per-
formed using a mixture of D2O and d3-MeCN (∼5:1).
Characterization data for each metal complex are provided in
Figures S35−S42.
The 1H NMR spectrum obtained for [natLa][La(TPAN-

triazole-Bn-NH2)] shows the formation of a single asymmetric
complex in solution, evidenced by the decrease in spectral
symmetry on metal complexation compared to the free ligand,
Figure 1A. Sharply resolved resonances are observed for all
hydrogen environments, with distinct splitting for the backbone
and pendent donor arm substituents, indicating the formation of
a tightly bound metal complex. From assessment of the 2D
1H−1H COSY NMR spectrum of the La3+ complex, the three
inequivalent pairs of diastereotopic hydrogens neighboring the
picolinate donors (Ha/a′, Hb/b′, Hc/c′) can be distinguished,
indicating coordination to the La3+ metal center, Figure 1B.
Furthermore, the methylenic protons (Hd and Hd′) adjacent to
the triazole ring also appear as a pair of mutually coupled
doublets which are resolved in the COSY NMR spectrum,
implying coordination to the La3+ center.
In contrast, the [natIn][In(TPAN-triazole-Bn-NH2)] complex

shows distinctly different spectral features in the 1H NMR
spectrum, with broader resonances observed for the backbone
proton environments and significant downfield shifts in the
aromatic region compared to the La3+ complex. This suggests
that the In3+ ion is more closely associated with the pendent
picolinate donor groups, with the backbone amine and ether
donors being weakly coordinated, thereby giving rise to a
fluxional environment in this position in the complex. Although
obscured by the residual solvent peak, diastereotopic splitting
for the methylenic hydrogens neighboring the picolinate donors
(Ha/a′ and Hb/b′) is visible in the 2D COSY NMR spectrum
(Figure S40) indicating metal ion coordination. Collectively,
these spectral features suggest that the In3+ coordination
environment is more asymmetric than that for the La3+ complex,
whereby the metal ion is bound strongly to two pendent
picolinate donor groups, with the third donor arm being weakly
coordinated.

Table 1. High-ResolutionMass Spectrometry of In3+ and La3+
Complexes of H3TPAN-Triazole-Bn-NH2

compound
theoretical mass
[M + H]+

experimental mass
[M + H]+

In(TPAN-triazole-Bn-
NH2)

866.2040 866.2115

La(TPAN-triazole-Bn-
NH2)

890.2071 890.2132
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Computational Chemistry. Density functional theory
(DFT) calculations for the metal complexes of H3TPAN-
triazole-Bn-NH2 were performed within the PBE0 functional
using Gaussian 16 (revision B.01) to provide insights into the
solution phase structures with In3+ and Ac3+ metal ions.22,23

Geometric optimizations were carried out using large-core
relativistic effective core potentials (LC-ECPs) and the
associated segmented valence basis sets for metal ions and
refined up to DEF2-TZVP levels of theory for lighter atoms (C,

H, N, O).24,25 To reduce the computational complexity in these
calculations, the metal complexes were modeled without the Bn-
NH2 moiety, which would likely have a negligible influence on
the metal binding environment. For each metal complex, several
different conformational isomers were examined, including
structures with the central backbone ether-based oxygen donors
bound to the metal center and different relative arrangements of
the pendent donor arms. In the case of the backbone ethereal
donors, optimizations converged to give complexes with

Figure 1. (A) Stacked 1H NMR spectra of H3TPAN-triazole-Bn-NH2 and corresponding metal complexes with La3+ and In3+; (B) 2D 1H−1H COSY
NMR spectrum of La(TPAN-triazole-Bn-NH2) (400 MHz, D2O, 298 K, pD = 7.0).
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elongated M−O1/O2 bond distances, which strongly indicated
these groups remain uncoordinated to the metal center.
Different relative arrangements of the pendent donor arms
generated structures that were higher in energy than the
idealized geometries and not consistent with the experimental
NMR data.
The In(TPAN-triazole-Et) complex was found to have two

distinct environments for the three pendent picolinate donor
arms, whereby the two equivalent picolinate donors bound to
the same terminal amine (N1) are coordinated on the same face
of themetal ion in a near-orthogonal relationship, while the third
picolinate donor appears on the opposite face of the metal,
Figure 2. From the calculated structure, a clear explanation for
the NMR spectra of the In3+−complex can be seen. The In3+ ion
preferentially coordinates to the two mutual picolinate donors
and the neighboring tertiary amine (N1) of the ligand, with near-
idealized bond distances for In3+ (In−N1: 2.651 Å; In−N4:

2.262 Å, In−O4: 2.238 Å), Table S1. This gives rise to the two
near-equivalent aromatic environments in the 1H NMR
spectrum (with more downfield δ-values) and to the
diastereotopic splitting observed for the adjacent methylenic
protons (Ha/a′ and Hb/b′). The remainder of the metal
coordination sphere is occupied by the third picolinate donor
which coordinates in a bidentate manner, with the exclusion of
the neighboring tertiary amine (In···N2: 4.614 Å). This gives
rise to a fluxional local environment, with more conformational
freedom for the backbone and neighboring methylenic protons
(Hc/c′), thereby leading to the broad resonances observed in the
1H NMR spectra.
The geometrically optimized structure of the Ac(TPAN-

triazole-Et) complex shows good correlation with the
experimental NMR spectra obtained for the analogous La-
(TPAN-triazole-Bn-NH2) species, Figure 3. The DFT-calcu-
lated structure shows a fully saturated coordination sphere about

Figure 2. DFT-optimized structure of In(TPAN-triazole-Et) in (A) side and (B) front orientation.

Figure 3. DFT-optimized structure of Ac(TPAN-triazole-Et) in (A) side and (B) front orientation.

Figure 4. Concentration-dependent radiolabeling studies of H3TPAN-triazole-Bn-NH2, H4picoopa-Bn-NH2 and DOTA with: (A) [225Ac]Ac3+ (40
kBq) inNH4OAc (0.5M, pH 7.2); (B) [111In]In3+ (1MBq) inNH4OAc (0.5M, pH 5.5);VT = 100 μL. Reactions involvingH3TPAN-triazole-Bn-NH2
andH4picoopa-Bn-NH2 were performed at RT andmonitored after 10 min, while reactions with DOTAwere carried out at 85 °C andmonitored after
30 min.
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the Ac3+ ion, whereby all four pendent donor arms are
coordinated to the metal center, in addition to the two terminal
amines in the backbone of the ligand. This refinement is
consistent with the appearance of the four pairs of mutually
coupled doublets observed in the 1H−1HCOSYNMR spectrum
(Figure 1B), corresponding to the methylenic protons
neighboring the pendent donor arms, which become diaster-
eotopic on coordination of the La3+/Ac3+ ion. This observation
is most evident for the methylenic protons (Ha/a′ and Hb/b′)
neighboring the two mutual picolinate donors, which can be
clearly seen to adopt different relative orientations in contrast
with the In(TPAN-triazole-Et) complex. As anticipated,
coordination of the triazole moiety to the Ac3+ metal center is
less favorable than the equivalent nitrogen donor of the
neighboring picolinate donor arms, whereby the bond distance
for Ac−N6 (2.944 A) is slightly elongated compared to the Ac-
N5 bond distance (2.858 Å).
Radiolabeling Studies. Radiolabeling studies of H3TPAN-

triazole-Bn-NH2 were undertaken with [225Ac]Ac3+ and [111In]-
In3+ to assess the suitability of the ligand for theranostic
applications with these radionuclides. Radiolabeling experi-
ments with the previously reported chelating ligand, H4picoopa-
Bn-NH2, and the gold standard chelator, DOTA, were
performed in parallel to allow direct comparison of the metal
scavenging characteristics of each chelating ligand under the
same conditions, Figure 4. H3TPAN-triazole-Bn-NH2 was
shown to exhibit a high affinity for both [225Ac]Ac3+ and
[111In]In3+, achieving quantitative RCCs at low ligand
concentrations (10−6 M) within 10min at ambient temperature;
conditions entirely unsuitable for radiolabeling of DOTA.
H3TPAN-triazole-Bn-NH2 shows a similar profile toH4picoopa-
Bn-NH2 with a moderate improvement in the RCCs achieved
with [225Ac]Ac3+ at low ligand concentration (10−7 M), which
may result from reduced steric crowding in the coordination
cavity compared to H4picoopa-Bn-NH2. Nevertheless, both
picolinate-based chelating ligands exhibit a clear advantage over
DOTA, which showed poorer RCCs under the more aggressive
conditions typically required for macrocycle radiolabeling.26,27

Serum Stability. The kinetic inertness of radiolabeled
complexes of H3TPAN-triazole-Bn-NH2 was evaluated in a
human serum stability challenge assay, Figure 5. H3TPAN-
triazole-Bn-NH2 was radiolabeled with [225Ac]Ac3+ and [111In]-
In3+ at high molar activities (100 kBq/nmol and 50.5 MBq/
nmol, respectively) and the radiochemical integrity of each
complex determined after incubation in human serum at 37 °C.

Both radiolabeled complexes show a high degree of kinetic
inertness, maintaining high radiochemical purity (>98% RCP),
with no evidence of transmetallation to serum proteins over 7
days.
Bioconjugation. The highly competitive radiolabeling

characteristics determined for H3TPAN-triazole-Bn-NH2 with
[225Ac]Ac3+ and [111In]In3+, and the favorable in vitro serum
stability, warranted evaluation of the in vivo performance of this
new bifunctional chelating ligand. To this end, H3TPAN-
triazole-Bn-NH2 was coupled to the cyclic octapeptide Pip-Nle-
CycMSHhex for targeting of melanocortin 1 receptor (MC1R)
positive cutaneous melanomas,28,29 as outlined in Scheme 2.
The Nle-CycMSHhex peptide is well established as an effective
ligand for targeting of MC1R, with bioconjugates of Nle-
CycMSHhex typically exhibiting binding affinities in the
subnanomolar range, making them highly competitive for
binding to MC1R. Furthermore, the additional piperidine linker
is protonated at physiological pH, which increases the
hydrophilicity of the overall bioconjugate, and has been shown
to improve the blood clearance profile, leading to increased
tumor uptake in preclinical studies.28,29

The primary amine of H3TPAN-triazole-Bn-NH2 (4)was first
activated toward amine-group conjugation by conversion to the
corresponding isothiocyanate (5) on treatment with thiophos-
gene under standardized conditions.30 H3TPAN-triazole-Bn-
NCS (5) was isolated by RP-HPLC and coupled directly to the
free primary amine residue of H2N-Pip-Nle-CycMSHhex (6)
under mild, basic conditions to give the corresponding
bioconjugate, H3TPAN-triazole-Bn-Pip-Nle-CycMSHhex (7).
A second derivative of the Pip-Nle-CycMSHhex peptide was
prepared with an additional covalent spacer (8-aminooctanyl)
(compound 8) and subsequently conjugated to H3TPAN-
triazole-Bn-NCS (5) to increase the separation between the
chelator and targeting vector, to improve the radiolabeling
efficiency of the overall bioconjugate (9). The synthesized
chelate-peptide bioconjugates were purified via RP-HPLC,
lyophilized, and characterized via HR-ESI-MS to confirm
correct mass isolation, Table 2. Characterization data are
given in Figures S45−S57.

In Vitro Cell Binding Assay. To verify the cell receptor
binding affinity of the new Pip-Nle-CycMSHhex analogues
toward MC1R, the nonradioactive gold standard [natLa][La-
(TPAN-triazole-Bn-Pip-Nle-CycMSHhex)] (10) was prepared
as a surrogate for the equivalent 225Ac-radiolabeled tracer.
Compound (10) was prepared by mixing H3TPAN-triazole-Bn-
Pip-Nle-CycMSHhex (7) with an equimolar amount of La-
(NO3)3·6H2O in deionized H2O and pH adjustment to neutral
using NaOH (0.1 M) solution, followed by RP-HPLC
purification and characterization by HR-ESI-MS, Table 3.
Receptor binding assays were performed to assess the

inhibition constant (Ki) of [natLa][La(TPAN-triazole-Bn-Pip-
Nle-CycMSHhex)] (10) toward MC1R in the B16-F10
melanoma cell line.14,28,29,31 To determine the Ki values, the
nonradioactive La3+-labeled bioconjugate was used as a
competitor against binding of 125I-[Nle4, D-Phe7]-αMSH; an
established ligand for MC1R. The binding of 125I-[Nle4, D-
Phe7]-αMSH to MC1R was compared with [natLa][La(TPAN-
triazole-Bn-Pip-Nle-CycMSHhex)] over a concentration range of
0.5 pM to 5 μM.After incubation of the cell mixtures at 25 °C for
1 h, the reaction medium was removed, and the cells were
washed with PBS to separate any unbound ligand. The
remaining, bound 125I-[Nle4, D-Phe7]-αMSH was then

Figure 5. Human serum stability challenge of [225Ac][Ac(TPAN-
triazole-Bn-NH2)] (100 kBq/nmol) and [111In][In(TPAN-triazole-
Bn-NH2)] (50.5 MBq/nmol) monitored over 7 days at 37 °C (n = 3).
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harvested by the addition of Trypsin solution to the cells,
followed by measurement of the activity using γ spectroscopy.
The nonradioactive tracer was found to exhibit a high binding

affinity to MC1R, with a subnanomolar inhibition constant,
directly comparable to previously reported peptides incorporat-
ing the Pip-Nle-CycMSHhex sequence,

29 thus implying no

significant influence of the bifunctional chelator of cell receptor
binding.
Radiolabeling of Bioconjugates. The radiolabeling

characteristics of bioconjugates (7) and (9) were studied with
[225Ac]Ac3+ and [111In]In3+ ions to assess the effect of the
targeting vector on the chelation performance of the ligand,
Figure 6. In the case of H3TPAN-triazole-Bn-Pip-Nle-
CycMSHhex (7), the concentration-dependent radiolabeling
studies with [225Ac]Ac3+ showed a partial reduction in RCCs
compared to the free-chelator (Figure 4) at ambient temper-
ature; however, this was easily recovered through mild heating
(37 °C) of the labeling solution, giving near-quantitative RCCs
(>93% at 10−6 M) after 15 min, with marginal improvements
with longer reaction times. By contrast, H3TPAN-triazole-Bn-
Aoc-Pip-Nle-CycMSHhex (9) achieved comparable RCCs
(>89% at 10−6 M) at RT within 15 min, implying a benefit to
incorporating a longer covalent linker between chelator and
targeting vector. This aspect was further observed in the
[111In]In3+ radiolabeling of bioconjugates (7) and (9), whereby
higher RCCs were achieved for the Aoc extended derivative
under the same conditions.
Further optimization of the radiolabeling parameters was

explored using organic co-solvents to improve the solubility of
the peptide constructs and through variation of solution pH,
Figures S59 and S60. Lower RCCs were achieved for both
bioconjugates with [225Ac]Ac3+ when studied at lower pH (5.5),

Scheme 2. Synthesis of H3TPAN-Triazole-Bn-NCS (5) and Conjugation to Nle-CycMSHhex Derivatives

Table 2. High-Resolution Mass Spectrometry Analysis of
Chelate-Peptide Bioconjugates

compound theoretical mass experimental mass

H3TPAN-triazole-Bn-
Pip-Nle-CycMSHhex
(7)

1917.9080 [M + H]+ 1917.9048 [M + H]+

H3TPAN-triazole-Bn-
Aoc-Pip-Nle-
CycMSHhex (9)

1030.1045 [M + 2H]2+ 1030.0176 [M + 2H]2+

Table 3. Characterization Data for [La(TPAN-Triazole-Bn-
Pip-Nle-CycMSHhex)]

compound

theoretical
mass

[M + H]+
experimental
mass [M + H]+ Ki (nmol/L)

[La(TPAN-triazole-Bn-
Pip-Nle-CycMSHhex)]
(10)

2053.7882 2053.7943 0.84 ± 0.03
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while marginal improvements and greater consistency in RCCs
were achieved using 20% MeCN as a miscible organic co-
solvent, which likely improved the overall solubility of the
unlabeled precursors and corresponding [225Ac]Ac3+-labeled
radiotracers, thereby reducing losses through surface adsorption.
The stability of [225Ac][Ac(TPAN-triazole-Bn-Aoc-Pip-Nle-
CycMSHhex)] (190 kBq/nmol) in human serum was assessed
as for prior studies of the native chelator, with no evidence of
transmetallation of bound radioactivity over the course of 7 days
(>97% RCP), Figure S61.
LogD7.4 Measurements. The logD7.4 values for the 111In-

and 225Ac- radiolabeled bioconjugates were determined from the
measurement of the partition coefficient between n-octanol and
PBS (0.01 M, pH 7.4), Table 4. All four radiolabeled peptides

were found to be moderately lipophilic in comparison to similar
radiotracers utilizing the same Pip-Nle-CycMSHhex peptide
sequence,14,29 and those incorporating the additional Aoc
covalent linker are more lipophilic than the equivalent truncated
derivatives. Notably, interchanging [111In]In3+ and [225Ac]Ac3+
did not significantly impact the overall lipophilicity for either
bioconjugate, which may indicate a similar in vivo pharmaco-
kinetic profile using this theranostic pair.
In Vivo SPECT/CT Studies. With the goal of developing

111In as a suitable imaging companion to 225Ac, in vivo SPECT/
CT studies were performed using [111In][In(TPAN-triazole-Bn-
Aoc-Pip-Nle-CycMSHhex)], given the high molar activity
achievable for this radiotracer under mild conditions.
Furthermore, this analogue incorporated the same covalent
linker and targeting vector as in previous studies with
[111In][In(picoopa-Bn-Aoc-Pip-Nle-CycMSHhex)]− and there-
fore allowed direct comparison of two related radiotracers with
differing overall charge. The nonradioactive gold standard

[In(TPAN-triazole-Bn-Aoc-Pip-Nle-CycMSHhex)] was pre-
pared prior to studies with the 111In-radiolabeled tracer to
allow optimization of the necessary radio-HPLC purification
conditions and confirmation of complexation via HR-ESI-MS,
Table 5.

Quantitative dynamic SPECT/CT scans were acquired over
24 h in male C57BL/6J mice bearing B16-F10 melanoma
tumors after intravenous administration of [111In][In(TPAN-
triazole-Bn-Aoc-Pip-Nle-CycMSHhex)] (∼2.36 MBq/mouse, n
= 3), Figure 7. Mean standardized uptake values (SUVs) were
extracted from the quantified SPECT/CT images for regions of
interest (ROIs) in the tumor, heart (blood pool), liver, spleen,
and kidneys, and are expressed as time−activity curves for the
radiotracer, Figure 8.
The radiotracer localized in the liver (SUVmean = 6.93 ± 0.54

g/mL; 15min), kidneys (SUVmean = 4.11± 0.62 g/mL; 15min),
and spleen (SUVmean = 5.93 ± 0.40 g/mL; 15 min) beginning
immediately following IV administration and is retained in these
organs, clearing slowly over time through the hepatic and renal
elimination pathways as indicated by activity in the urine and
feces. The fast initial accumulation and retention of [111In][In-
(TPAN-triazole-Bn-Aoc-Pip-Nle-CycMSHhex)] in the spleen is
likely responsible for the uptake observed in bone marrow at
later time points, which is visible in the knee, hip, and shoulder
joints at 24 h p.i. in the SPECT/CT scans. Transportation and
metabolism through splenic lymphocyte and macrophage-
mediated pathways have been shown to influence the
pharmacokinetics of drug molecules,32−34 wherein the size and
lipophilicity of a given drug are strongly correlated with liver and
spleen uptake.35 In the case of [111In][In(TPAN-triazole-Bn-
Aoc-Pip-Nle-CycMSHhex)], the lipophilicity (logD7.4 = −1.53)
strongly influences the pharmacokinetic profile, leading to high
accumulation in these nontarget organs, and consequently low
bioavailability and thus low tumor uptake, as reflected in the
time−activity curves of this radiotracer. Uptake in the tumor is

Figure 6. Concentration-dependent radiolabeling of H3TPAN-triazole-Bn-Pip-Nle-CycMSHhex (7) and H3TPAN-triazole-Bn-Aoc-Pip-Nle-
CycMSHhex (9) with: (A) [225Ac]Ac3+ (45 kBq) in NH4OAc (0.5 M, pH 7.0), VT = 100 μL and (B) [111In]In3+ (850 kBq) in NH4OAc (0.5 M,
pH 5.5), VT = 100 μL.

Table 4. LogD7.4
a Measurements for [111In]In3+ and

[225Ac]Ac3+-Radiolabeled Bioconjugates

compound LogD7.4
[111In][In(TPAN-triazole-Bn-Pip-Nle-CycMSHhex)] −1.83 ± 0.03
[225Ac][Ac(TPAN-triazole-Bn-Pip-Nle-CycMSHhex)] −1.99 ± 0.02
[111In][In(TPAN-triazole-Bn-Aoc-Pip-Nle-CycMSHhex)] −1.53 ± 0.00
[225Ac][Ac(TPAN-triazole-Bn-Aoc-Pip-Nle-CycMSHhex)] −1.58 ± 0.09

aLog D7.4 defined as log10 [(n-octanol phase)/(buffer phase)].
Conducted using PBS (0.01 M, pH 7.4) as buffer phase, Voct =
VPBS = 700 μL; n = 3.

Table 5. Characterization Data for [nat/111In][In(TPAN-
Triazole-Bn-Aoc-Pip-Nle-CycMSHhex)]

compound

theoretical
mass

[M + H]+

experimental
mass

[M + H]+
RCP
(%)

molar activity
(MBq/nmol)

[nat/111In][In(TPAN-
triazole-Bn-Aoc-Pip-
Nle-CycMSHhex)]

2170.9006 2170.9076 >97 263

Bioconjugate Chemistry pubs.acs.org/bc Article

https://doi.org/10.1021/acs.bioconjchem.2c00465
Bioconjugate Chem. XXXX, XXX, XXX−XXX

H

https://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.2c00465/suppl_file/bc2c00465_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.2c00465?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.2c00465?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.2c00465?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.2c00465?fig=fig6&ref=pdf
pubs.acs.org/bc?ref=pdf
https://doi.org/10.1021/acs.bioconjchem.2c00465?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


visualized in the SPECT/CT scans beginning at 3.5 h p.i.,

reaching a maximum at 24 h p.i., and is inversely correlated with

clearance from the blood pool, as indicated in the time−activity
curves.

Biodistribution studies of [111In][In(TPAN-triazole-Bn-Aoc-
Pip-Nle-CycMSHhex)] were performed after acquisition of the
final SPECT/CT scans at 24 h p.i., Figure 9. Full biodistribution
results are provided in the Supporting Information, Tables S4
and S5. The quantitative SPECT/CT scans allowed direct in

Figure 7. Sagittal (top) and transverse (bottom) viewpoints of maximum intensity projections (MIPs) from full-body SPECT/CT scans at 0−24 h
post-administration of [111In][In(TPAN-triazole-Bn-Aoc-Pip-Nle-CycMSHhex)] (∼2.36 MBq) in male C57BL/6J mice bearing B16-F10 tumors
(right shoulder).

Figure 8.Representative standardized uptake time−activity curves of [111In][In(TPAN-triazole-Bn-Aoc-Pip-Nle-CycMSHhex)] (∼2.36MBq) inmale
C57BL/6J mice bearing B16-F10 tumors: (A) heart (blood pool) and tumor; (B) spleen, kidneys, and liver.

Figure 9. Biodistribution studies of [111In][In(TPAN-triazole-Bn-Aoc-Pip-Nle-CycMSHhex)] (∼2.36MBq) and [111In][In(picoopa-Bn-Aoc-Pip-Nle-
CycMSHhex)]− (∼1.73 MBq) in male C57BL/6J mice (n = 3) bearing B16-F10 tumors after 24 h post-administration; (A) %ID/g, (B) %ID/organ.
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vivo measurement of the activity concentration (%ID/g) of the
radiotracer in ROIs and showed good correlation with the ex
vivo biodistribution results, Table 6.

The lipophilicity of the 111In-radiolabeled tracer is clearly
reflected in the biodistribution results, with high uptake
recorded in the spleen (21.7 ± 3.8%ID/g), kidneys (16.8 ±
1.5%ID/g), and liver (24.6 ± 2.4%ID/g), and relatively low
uptake in the tumor (3.4 ± 0.7%ID/g). It should be noted that
“free” [111In]In3+ is known to be rapidly bound by transferrin in
vivo and transported to the liver and spleen;36 however, in this
instance, uptake in these organs is associated with the low
solubility of the radiotracer under physiological conditions
rather than due to release of bound activity. The 111In-labeled
tracer precipitates rapidly in aqueous media, leading to
significant losses in injectable activity, particularly after
formulation for IV administration (PBS, pH 7.4). This is mainly
a result of aggregation of the Aoc-Pip-Nle-CycMSHhex peptide
over time, which would be further accelerated under
physiological conditions, thus leading to high uptake and
retention of the radiotracer by organs receiving a large blood
volume (i.e., spleen, liver, kidneys).
Comparatively, [111In][In(TPAN-triazole-Bn-Aoc-Pip-Nle-

CycMSHhex)] shows a moderate improvement in the biodis-
tribution profile over [111In][In(picoopa-Bn-Aoc-Pip-Nle-Cy-
cMSHhex)]− with lower uptake in the spleen and liver; however,
the in vivo behavior of both radiotracers is clearly dominated by
the physiochemical properties of linker and targeting vector;
therefore, further studies with an alternative targeting system
may be necessary to give a true assessment of which chelate gives
superior performance.
Conclusions. H3TPAN-triazole-Bn-NH2 shows several

advantages over our recently reported chelator H4picoopa,
being synthetically more accessible, possessing a less sterically
hindered coordination environment, and being equally compat-
ible for [225Ac]Ac3+ and [111In]In3+ chelation. Preliminary
studies of the bioconjugates show encouraging results; the
comparable logD7.4 values measured for the [225Ac]Ac3+ and
[111In]In3+ labeled bioconjugates may imply co-localization of
both pharmaceuticals in vivo, an advantage over H4picoopa.
Preclinical in vivo studies in tumor-bearing mice gave modest
uptake in melanoma tumors; this was largely due to the
physiochemical properties of the linker and targeting vector
selected, rather than an inherent flaw of this new bifunctional
chelator. In the case of the 111In SPECT/CT studies, although
only modest tumor targeting was achieved, the radiotracer itself
showed good overall stability in vivo, consistent with the serum
stability studies. A major limitation in our studies was the
combination of this new chelator with the Aoc-Pip-Nle-
CycMSHhex targeting vector, which resulted in a moderately

lipophilic bioconjugate with a high propensity toward
aggregation in aqueous solution. Ultimately, these properties
limit the biological effectiveness of this new bioconjugate, and
future pairing of H3TPAN-triazole-Bn-NH2 with more hydro-
philic targeting vectors will be used to investigate its full
potential. However, overall our results highlight H3TPAN-
triazole-Bn-NH2 as a very promising bifunctional chelator for
225Ac-/111In-based theranostics, and further evaluation with
more suitable targeting vector combinations is warranted.

■ EXPERIMENTAL SECTION
Materials and Methods. All solvents and reagents were

purchased from commercial suppliers (Sigma-Aldrich, AK
Scientific, Alfa Aesar) and were used directly without further
purification. Analytical thin-layer chromatography (TLC)
sheets were purchased from Merck (TLC Silica gel 60 F254,
aluminum sheet). DeionizedH2O (18.2MΩ cm−1 at 25 °C)was
obtained from a PURELAB Ultra water purification system,
ELGA LabWater. Flash column chromatography was performed
using Siliaflash F60 silica gel (60 Å, 40−63 μm particle size,
230−400 mesh) from Silicycle, Inc. Automated column
chromatography was performed using a Teledyne Isco (Lincoln,
NE) Combiflash Rf automated purification system equipped
with RediSep Rf Gold HP pre-packed reusable silica and neutral
alumina column cartridges. Low-resolution mass spectrometry
(LR-MS) was performed using a Waters 2965 ZQ spectrometer
with an electrospray/chemical ionization source (ESI/CI).
High-resolution mass spectrometry (HR-MS) was performed
using a Waters Micromass LCT TOF instrument. Elemental
analyses (CHN) were carried out using a Thermoflash 2000
elemental analyzer. 1H and 13C NMR spectra were recorded at
ambient temperature using Bruker AV300 and AV400
spectrometers; all spectra are reported on the δ scale referenced
to residual solvent peaks. Analytical and semipreparative high-
performance liquid chromatography (HPLC) was carried out
using a Waters 600 system equipped with a Waters 2487 dual-
wavelength absorbance detector monitoring at 254 and 210 nm,
and a Phenomenex Synergi 250 mm × 21.2 mm 4 μm hydro-RP
80 Å column (10 ml/min). All HPLC methods employed a
H2O/MeCN biphasic solvent system buffered with 0.1% TFA.
[111In]InCl3 (t1/2 = 2.83 d) (purchased from BWX Technolo-
gies) was produced by proton irradiation (Advanced Cyclotron
Systems, Model TR30) via the 111Cd(p,n)111In reaction and
provided as a 0.05 M HCl solution. [225Ac]Ac(NO3)3 (t1/2 =
10.0 d) was provided in dry form by Canadian Nuclear
Laboratories (CNL)(Chalk River, ON) and further purified
with DGA−B column (Eichrom. Technologies, Inc.). Radio-
chemical separations were achieved using 37% wt. HCl
(99.999% trace-metal basis) and 70% HNO3 (purified by
redistillation, 99.999% trace-metal basis). Radiolabeling of
compounds was assessed via instant thin-layer chromatography
(iTLC) using silicic acid (SA) impregnated paper TLC plates
sourced fromAgilent technologies. TLC imaging was performed
using an AR-2000 imaging scanner equipped with P-10 gas, and
subsequent analysis of radiochemical conversions (RCCs) was
carried out using WinScan V3_14 software. Quantification of
111In radioactivity was achieved using a Capintec CRC-15R dose
calibrator (Capintec, Ramsey, NJ). 225Ac radioactivity was
quantified using a high-purity germanium (HPGe) detector
(Mirion Technologies (Canberra), Inc.) with Genie 2000
software after attainment of secular equilibrium with daughters
221Fr (t1/2 = 4.8 min, 218 keV, 11.4% abundance) and 213Bi (t1/2

Table 6. Comparison of the Activity Concentration of
[111In][In(TPAN-Triazole-Bn-Aoc-Pip-Nle-CycMSHhex)]
Measured via Quantitative SPECT Imaging vs Ex Vivo
Biodistribution Studies in Male C57BL/6J Mice (n = 3)
Bearing B16-F10 Tumors at 24 h Post-Administration

SPECT BioD

organ SUVmean (g/mL) %ID (g) %ID (g)

spleen 5.13 ± 1.03 20.9 ± 3.9 21.7 ± 3.8
kidneys 3.66 ± 0.32 15.0 ± 1.7 16.8 ± 1.5
liver 5.89 ± 0.70 24.1 ± 2.8 24.6 ± 2.4
tumor 0.85 ± 0.13 3.6 ± 0.5 3.4 ± 0.7
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= 45.6 min, 440 keV, 25.9% abundance). All work with
radionuclides at TRIUMF was undertaken in shielded fume
hoods to minimize dose to experimenters (and special
precautions were used to prevent contamination) under nuclear
energy worker (NEW) status earned by attending TRIUMF’s
Advanced Radiation Protection course and passing the final
exam. The preparation of the methyl (6-bromomethyl)
picolinate electrophile (S2) has been reported on numerous
occasions elsewhere37 and is included in the Supporting
Information. The synthesis of the bifunctional azide linker,
tert-butyl (4-(2-azidoethyl)phenyl)-carbamate (S4), has been
reported previously and is also provided in the Supporting
Information. NMR spectra and structural assignments for
synthesized compounds are given in the Supporting Informa-
tion.
Synthesis and Characterization. Tris-PA-NOON (1). A

solution of methyl 6-(bromomethyl)picolinate (S2) (930 mg,
4.03 mmol, 3.0 equiv) in dry MeCN (150 mL) was added
dropwise to a suspension of 1,8-diamino-3,6-dioxaoctane
(NOON) (199 mg, 1.34 mmol) and K2CO3 (560 mg, 4.03
mmol, 3.0 equiv) in dry MeCN (150 mL) at RT over 6 h. The
reaction mixture was allowed to stir at RT for 48 h, then filtered
through celite, and evaporated in vacuo. The resulting residue
was redissolved in CH2Cl2 (50 mL) and washed with deionized
water (50 mL). The aqueous phase was extracted with CH2Cl2
(2 × 50 mL), and the combined organic phase evaporated in
vacuo. The crude residue was purified via silica gel chromatog-
raphy (CombiFlash Rf automated purification system; 40 g HP
silica RediSep Gold cartridge; A: CHCl3, B: MeOH; 100% A to
10%B; product elution: 6.0%MeOH) to give the title product as
a pale amber oil (356 mg, 46%). Rf = 0.05 (CH2Cl2/MeOH,
95:5, Si-Al TLC). 1H NMR (300 MHz, CDCl3, 298 K, Figure
10) 7.92−7.89 (3H, m, 2− and 15−CH), 7.81−7.69 (5H, m, 3
−, 13 − and 14 − CH), 7.52 (1H, d, J = 7.1 Hz, 13 − CH), 3.95
(4H, s, 5 − CH2), 3.94 (2H, s, 12 − CH2), 3.91 (9H, s, 1 − and
16−CH3), 3.57−3.45 (8H, m, 7−, 8−, 9−, 10−CH2), 2.78−
2.74 (4H, m, 6− and 11−CH2), 2.19 (1H, br s, 17−NH). 13C
{1H}NMR (75MHz, CDCl3, 298 K, Figure 10) 165.72 (2× 2−
C), 165.62 (21 − C), 160.77 (16 − C), 160.58 (2 × 7 − C),
147.36 (20−C), 147.16 (2× 3−C), 137.47 (18−C), 13.43 (2
× 5−C), 126.13 (2× 6−C), 125.55 (19−C), 123.63 (2× 6−
C), 123.55 (17−C), 70.75 (11−C), 70.45 (12−C), 70.42 (10
−C), 69.63 (13−C), 60.82 (2× 8−C), 55.16 (15−C), 53.91
(9−C), 52.93 (2× 1−C and 22−C), 48.93 (14−C). LR-ESI-
MS (MeOH) 596.22 [C30H37N5O8+H]+, 630.19 [C30H37N5O8
+ Cl]−.

Me3TPAN-CH2CCH (2). Propargyl bromide (80% w/v) (85
μL, 0.764 mmol, 1.2 equiv) was added to a solution of tris-PA-
NOON (1) (379 mg, 0.636 mmol) and K2CO3 (352 mg, 2.55

mmol, 4.0 equiv) in dry MeCN (10 mL). The reaction mixture
was heated to 60 °C and stirred for 5 h. Upon completion, the
inorganic salts were separated by vacuum filtration and the
filtrate evaporated in vacuo. The crude residue was purified via
silica gel chromatography (CombiFlash Rf automated purifica-
tion system; 24 g HP silica RediSep Gold cartridge; A: CH2Cl2,
B: MeOH; 100% A to 10% B; product elution: 3.0% MeOH).
The title compound was attained as an off-white solid (380 mg,
95%). Rf = 0.30 (CH2Cl2/MeOH, 95:5, Si-Al TLC). 1H NMR
(300 MHz, CDCl3, 298 K, Figure 11) 7.90 (3H, d, 3J = 7.1 Hz, 2

− and 16 − CH), 7.79−7.68 (6H, m, 3 −, 4 −, 14 − and 15 −
CH), 3.95 (4H, s, 5 − CH2), 3.91 (11H, s, 13 − CH2, and 1 −
and 17 − CH3), 3.55−3.49 (4H, m, 8 − and 11 − CH2), 3.45
(4H, br s, 9 − and 10 − CH2), 3.40 (2H, d, 4J = 1.5 Hz, 6 −
CH2), 2.77−2.71 (4H, m, 7 − and 12 − CH2), 2.15 (1H, t, 4J =
1.5 Hz, 18 − CH). LR-ESI-MS (MeOH) 656.3 [C33H39N5O8 +
Na]+, 672.3 [C33H39N5O8 + K]+.

Me3TPAN-Triazole-Bn-NHBoc (3).Me3TPAN-CH2CCH (2)
(179 mg, 0.282 mmol) and tert-butyl (4-(2-azidoethyl)phenyl)-
carbamate (S4) were suspended in MeOH/H2O (2:1; 5 mL) in
a 5 mL microwave vessel. CuSO4.5H2O (7.2 mg, 0.028 mmol,
0.1 equiv) and sodium L-ascorbate (11.5 mg, 0.056 mmol, 0.2
equiv) were sequentially added, and the reaction mixture
degassed with Ar for 10 min. The microwave vessel was sealed,
and the reaction mixture was heated at 90 °C for 1 h. Upon
completion, the dark brown solution was diluted with EDTA
solution (0.2 M, pH 10, 50 mL) and stirred vigorously for 15
min. The aqueous solution was extracted with CH2Cl2 (3 × 50
mL), and the combined organic phase was washed with EDTA
solution (50 mL) and de-ionized H2O (50 mL). The organic
phase was evaporated in vacuo, and the crude residue was
purified via flash column chromatography on basic alumina
(CombiFlash Rf automated purification system; 24 g RediSep Rf

Figure 10. Numbering scheme for the 1H (red) and 13C (blue) NMR assignments of tris-PA-NOON (1).

Figure 11. Numbering scheme for the 1H NMR assignments of
Me3TPAN-CH2CCH (2).
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basic alumina cartridge; A: CH2Cl2, B: MeOH; 100% A to 10%
B; product elution: 2.5%MeOH). The title product was attained
as a white solid (215mg, 85%).Rf = 0.20 (CH2Cl2/MeOH, 95:5,
Si-Al TLC). 1H NMR (300 MHz, CDCl3, 298 K, Figure 12)
7.91−7.87 (3H, m, 2− and 16−CH), 7.73−7.70 (6H, m, 3−, 4
−, 14− and 15−CH), 7.28 (2H, d, 3J = 8.3 Hz, 22−CH), 7.11
(2H, m, 18−CH, and 23−NH), 6.87 (2H, d, 3J = 8.3 Hz, 21−
CH), 4.46 (2H, t, 3J = 6.8 Hz, 19 − CH2), 3.91 (4H, s, 13 −
CH2), 3.90 (9H, s, 1 − and 17 − CH3), 3.76 (2H, s, 5 − CH2),
3.68 (2H, s, 6 − CH2), 3.53 (4H, m, 8 − and 11 − CH2), 3.44
(4H, s, 9 − and 10 − CH2), 3.06 (2H, t, 3J = 6.8 Hz, 20− CH2),
2.73 (2H, t, 3J = 5.5 Hz, 12−CH2), 2.56 (2H, t, 3J = 5.3 Hz, 7−
CH2), 1.36 (9H, s, 24 − C(CH3)3). 13C {1H} NMR (75 MHz,
CDCl3, 298 K, Figure 12) 165.97 (21−C), 165.93 (2× 2−C),
160.82 (2 × 7 − C), 160.60 (16 − C), 152.99 (32 − C), 147.27
(20−C), 147.04 (2× 3−C), 143.36 (24−C), 137.82 (2× 5−
C and 18 − C), 131.38 (28 − C), 129.28 (2 × 29 − C), 126.65
(2× 6−C), 126.27 (17−C), 123.84 (25−C), 123.73 (2× 4−
C), 123.65 (19 − C), 118.95 (2 × 30 − C), 80.20 (33 − C),
70.44 (10− and 13−C), 69.49 (11− and 12−C), 60.75 (2× 8
− C), 60.08 (15 − C), 53.85 (9 − C), 53.04 (2 × 1 − C), 52.91
(22 − C), 52.33 (14 − C), 51.84 (26 − C), 49.11 (23 − C),
36.18 (27 − C), 28.40 (34 − C). LR-ESI-MS (MeOH) 918.6
[C46H57N9O10 + Na]+.

H3TPAN-Triazole-Bn-NH2 (4). Me3TPAN-triazole-Bn-
NHBoc (3) (126 mg, 0.141 mmol) was dissolved in 4 M HCl
(5 mL), and the reaction mixture was heated at 50 °C overnight.
Upon completion, the volatiles were removed in vacuo and the
crude residue was purified via RP-HPLC (A: H2O (0.1% TFA),
B: MeCN; 100% A to 40% B, 30 min gradient, 10 mL/min., tR =
19.5 min). Appropriate fractions were combined and co-
evaporated with 1 M HCl (3 × 2 mL) to attain the title
compound as a white HCl salt. 1H NMR (300 MHz, D2O, 298
K, Figure 13) 7.92 (1H, s, 16 − CH), 7.86−7.79 (2H, m, 1 −
CH), 7.77−7.70 (4H, m, 3 −, 12 − and 14 − CH), 7.45−7.42
(3H, m, 2− and 13− CH), 7.10 (2H, d, 3J = 8.2 Hz, 20 − CH),
7.03 (2H, d, 3J = 8.2 Hz, 19 − CH), 4.61 (4H, s, 4 − CH2), 4.50
(2H, t, 3J = 6.6 Hz, 18 − CH2), 4.42 (2H, s, 11 − CH2), 4.41

(2H, s, 15−CH2), 3.85 (2H, t, 3J = 4.3 Hz, 6−CH2), 3.75 (2H,
t, 3J = 4.4 Hz, 9−CH2), 3.59 (2H, t, 3J = 4.3 Hz, 5−CH2), 3.52
(4H, br s, 7− and 8−CH2), 3.31 (2H, t, 3J = 4.4 Hz, 10−CH2),
3.01 (2H, t, 3J = 6.6 Hz, 17 − CH2). 13C {1H} NMR (75 MHz,
D2O, 298 K, Figure 13) 167.0 (20 − C), 166.7 (2 × 1 − C),
149.7 (15 − C and 2 × 6 − C), 146.3 (2 × 2 − C), 146.2 (19 −
C), 140.1 (16 − C), 140.0 (2 × 5 − C), 138.5 (29 − C), 135.7
(22 − C), 130.4 (2 × 27 − C), 128.6 (17 − C), 128.5 (2 × 4 −
C), 128.1 (23−C), 127.9 (26−C), 125.4 (18−C and 2 × 3−
C), 123.3 (2× 28−C), 69.8 (10−C), 69.7 (11−C), 64.5 (9−
C), 64.2 (12 − C), 58.6 (2 × 7 − C), 56.5 (14 − C), 56.0 (8 −
C), 53.8 (13−C), 51.4 (24−C), 48.6 (21−C), 35.2 (25−C).
LR-ESI-MS (H2O) 754.43 [C38H43N9O8 + H]+. HR-ESI-MS
(H2O) calcd. for [C38H43N9O8 + H]+: 754.3235; found [M +
H]+: 754.3307.

Figure 12. Numbering scheme for the 1H (red) and 13C (blue) NMR assignments of Me3TPAN-triazole-Bn-NHBoc (3).

Figure 13. Numbering scheme for the 1H (red) and 13C (blue) NMR
assignments of H3TPAN-triazole-Bn-NH2 (4).
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Metal Complexation. La(TPAN-Triazole-Bn-NH2). La-
(NO3)3·6H2O (2.0 mg, 4.45 μmol) was added to a solution of
H3TPAN-Bn-NH2·4HCl (4) (4.0 mg, 4.45 μmol) in D2O (350
μL), and the pH was adjusted to neutral with NaOD solution
(0.1 M). The resulting solution was filtered and characterized
directly without further purification. LR-ESI-MS (H2O) 890.4
[C38H40LaN9O8 + H]+. HR-ESI-MS (H2O) calcd. for
[C38H40LaN9O8 + H]+: 890.2071; found [M + H]+: 890.2132.

In(TPAN-triazole-Bn-NH2). In(ClO4)3·8H2O (3.2 mg, 5.73
μmol) was added to a solution of H3TPAN-Bn-NH2·4HCl (4)
(5.2 mg, 5.73 μmol) in D2O (350 μL), and the pH was adjusted
to neutral with NaOD solution (0.1 M). d3-MeCN was added to
the turbid solution until complete dissolution of the In complex,
after which the solution was filtered and characterized directly
without further purification. LR-ESI-MS (H2O) 866.3
[C38H40InN9O8 + H]+. HR-ESI-MS (H2O) calcd. for
[C38H40InN9O8 + H]+: 866.2040; found [M + H]+: 866.2115.
Computational Chemistry. Density functional theory

(DFT) calculations for the metal complexes of H3TPAN-
triazole-Et with In3+ and La3+ metal ions were performed using
the Gaussian 16 (revision B.01) software package.22 Geometry
optimizations and vibrational frequency calculations were
carried out employing the generalized gradient approximation
(GGA) using the hybrid Perdew−Burke−Ernzerhof exchange-
correlation functional (PBE0).38 Large-core quasi-relativistic
effective core potentials (LC-ECP) and the related (7s6p5d)/
[5s4p3d]-GTO valence basis sets were used for metal atom
calculations, while light atoms (C, N, H, O) were treated up to
DEF2-TZVP levels of theory.39−41 Empirical dispersion was
included in the DFT calculations. The starting geometries for
the metal complexes were adapted from the Cartesian
coordinates determined from molecular mechanics (MM)
refinements performed using Avogadro (version 1.2.0). No
symmetry constraints were imposed during the optimizations.
All calculations were performed in aqueous solution using the
PCM solvation model employing the integrated equation
formalism variant (IEF-PCM) as incorporated in Gaussian 16
to evaluate the effect of water solvation on the molecular
geometries.42 Vibrational frequency analysis was used to assess
whether optimized structures were true stationary points rather
than saddle points on the potential energy surfaces. Optimized
structures, energy parameters, and cartesian coordinates for
In(TPAN-triazole-Et) and Ac(TPAN-triazole-Et) are provided
in Supporting Information Tables S2 and S3.
Radiochemistry Studies. Stock solutions of different

chelating ligands (10−3 M) were prepared in ultrapure deionized
H2O and diluted appropriately to give serial dilution series
(10−4−10−9 M) suitable for radiolabeling studies. Concen-
tration-dependent radiolabeling studies were performed by the
addition of aliquots of [111In]InCl3 (800 kBq), or [225Ac]Ac-
(NO3)3 (40 kBq) to reaction mixtures consisting of H3TPAN-
triazole-Bn-NH2 (10 μL, 10−2−10−7 M) in NH4OAc buffer (90
μL, 0.5 M) at pH 5.0, 5.5, 6.0 and 7.0, respectively. All
radiolabeling studies were performed at ambient temperature
and monitored at 15 min, 30 min, and 1 h time intervals.
Radiochemical conversions (RCCs) were determined via instant
thin-layer chromatography (iTLC) using silicic acid (SA)
impregnated paper TLC plates and EDTA (50 mM, pH 7.0)
as eluant. The RCC of [225Ac]Ac3+ - radiolabeled compound was
determined after >6 h delay between chromatographic
separation and scanning of radio-TLCs to allow decay of free
221Fr and 213Bi, and attainment of secular equilibrium between
225Ac and all daughter progeny.

Human serum stability studies were performed by addition of
serum (100 μL) to solutions of previously prepared [225Ac]-
[Ac(TPAN-triazole-Bn-NH2)] (100 kBq/nmol) or [111In][In-
(TPAN-triazole-Bn-NH2)] (50.5 MBq/nmol); VT = 200 μL,
followed by incubation at 37 °C. The radiochemical integrity
was monitored by iTLC over 7 days. All measurements were
performed in triplicate. The same protocol was applied for
serum stability studies of the radiolabeled bifunctional ligand
and bioconjugates.
Bioconjugate Studies. Synthesis and Characterization.

H3TPAN-Triazole-Bn-NCS (5). Thiophosgene in CHCl3 (0.39
mL, 1.0 M) was added to a solution H3TPAN-triazole-Bn-NH2.
6 HCl (4) (10.1 mg, 10.3 μmol) in deionized H2O (2 mL). The
biphasic mixture was stirred vigorously at RT for 5 h, protected
from light. The mixture was transferred to a centrifuge tube and
allowed to separate. The aqueous phase was removed, and the
remaining organic phase was washed with deionized H2O (2× 2
mL). The combined aqueous extracts were reduced to ∼2 mL
and purified via semipreparative HPLC (A: H2O (0.1% TFA),
B: MeCN; 95% A to 60% B, 45 min gradient, 10 mL/min., TR =
33.0 min). Appropriate fractions were combined and lyophilized
to give the title product as a white solid (25 mg, 85%). 1H NMR
(400 MHz, D2O + d3−MeCN + NEt3 (∼ 90:10:1), 298 K,
Figure 14) 8.18 (1H, d, 3J = 7.6 Hz, 14 − CH), 8.15 (1H, t, 3J =

7.6Hz, 13−CH), 8.08 (2H, d, 3J = 7.6Hz, 1−CH), 8.03 (2H, t,
3J = 7.6 Hz, 2− CH), 7.99 (1H, s, 16− CH), 7.67 (3H, app d, 3
− and 12− CH), 7.12 (2H, d, 3J = 8.4 Hz, 19 − CH), 7.06 (2H,
d, 3J = 8.4 Hz, 20 − CH), 4.82 (4H, s, 4 − CH2), 4.80 (2H, t, 17
− CH2), 4.60 (2H, s, 11 − CH2), 4.43 (2H, s, 15 − CH2), 4.05
(2H, t, 3J = 4.4 Hz, 6−CH2), 3.91 (2H, t, 3J = 4.5 Hz, 9−CH2),
3.79 (2H, 3J = 4.4 Hz, 5−CH2), 3.72−3.66 (4H, m, 7− and 8−
CH2), 3.41 (2H, t, 3J = 4.5 Hz, 10 − CH2), 3.27 (2H, t, 3J = 6.3
Hz, 18 − CH2). LR-ESI-MS (H2O) 796.38 [C39H42N9O8S +
H]+. HR-ESI-MS (H2O) calcd. for [C39H42N9O8S + H]+:
796.2882; found [M + H]+: 796.2871.

H3TPAN-Triazole-Bn-Pip-Nle-CycMSHhex (7). H3TPAN-Bn-
NCS (5) (8.8 mg, 11.0 μmol) and H2N-Pip-Nle-CycMSHhex
(6) (12.0 mg, 11.0 μmol) were dissolved in anhydrous DMF
(0.5 mL) and Na2CO3 (11.7 mg, 110 μmol) added. The pale
yellow solution was stirred vigorously overnight at RT, while
protected from light. Upon completion, the insoluble salts were
separated via centrifuge and the supernatant was removed. The
insoluble salts were further washed by resuspension in dry DMF
(0.5 mL) and separation by centrifuge. The crude peptide
conjugate was precipitated by the addition of diethyl ether (10
mL) to the combined supernatant and stored at 0 °C for 1 h. The
ether phase was separated by centrifuge, and the pellet dried
under a stream of nitrogen to remove residual traces of diethyl
ether. The crude material was then redissolved in H2O/MeCN

Figure 14. Numbering scheme for the 1H NMR assignments of
H3TPAN-triazole-Bn-NCS (5).
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(1:1) and purified via semipreparative HPLC (A: H2O (0.1%
TFA), B: MeCN; 100% A to 45% B; 60 min gradient, TR ∼ 41
min). Purified H3TPAN-triazole-Bn-Pip-Nle-CycMSHhex was
lyophilized to attain a fine white powder (12 mg). ESI-MS
(H2O/MeCN) 1917.8 [M +H]+, 958.9 [M + 2H]2+, 1917.2 [M
−H]−. HR-ESI-MS (H2O/MeCN) calcd. for [C94H120N26O17S
+ H]+: 1917.9080; found [M + H]+: 1917.9048.

[La(TPAN-Triazole-Bn-Pip-Nle-CycMSHhex]. La(NO3)3·
6H2O (1.0 mg, 2.23 μmol) was added to a solution of
H3TPAN-triazole-Bn-Pip-Nle-CycMSHhex (7) (4 mg, 2.01
μmol) in H2O/MeCN (1:1, 500 μL), and the pH was adjusted
to 6.0 using 1 M NaOH solution. The solution was allowed to
stir for 30 min at RT, after which time the corresponding La3+-
labeled peptide conjugate was purified via semipreparative
HPLC (A: H2O (0.1% TFA), B: MeCN; 95% A to 50% B, 50
min gradient, 10 mL/min., TR = 29.0 min). Appropriate
fractions were pooled and lyophilized to give the product as a
white fluffy solid. ESI-MS (H2O/MeCN) 2053.7 [M + H]+,
1026.9 [M+ 2H]2+, 2051.9 [M−H]−, 1025.4 [M− 2H]2−. HR-
ESI-MS (H2O/MeCN) calcd. for [C94H117LaN26O17S + H]+:
2053.7882; found [M + H]+: 2053.7943.

H3TPAN-Triazole-Bn-Aoc-Pip-Nle-CycMSHhex (9) .
H3TPAN-Bn-NCS (5) (2.1 mg, 2.64 μmol) and H2N-Aoc-
Pip-Nle-CycMSHhex (8) (3.3 mg, 2.64 μmol) were dissolved in
anhydrous DMF (250 μL) and DIPEA (10 μL, 26.4 μmol)
added. Overnight the reaction mixture was stirred at RT, then
transferred to a centrifuge tube, and the crude bioconjugate was
precipitated in diethyl ether (10 mL). The suspension was
cooled for 1 h at 0 °C, and then the crude material was separated
by centrifuge. The pellet was redissolved in H2O/MeCN and
purified via semipreparative RP-HPLC (A: H2O (0.1%TFA), B:
MeCN; 95% A to 60% B, 50 min gradient, 10 mL/min., TR =
26.0 min). Appropriate fractions were combined and lyophilized
to give the product as a white aerated powder (5 mg). LR-ESI-
MS (H2O/MeCN)(+VE) 2058.9 [M + H]+, 1030.5 [M +
2H]2+, 687.4 [M + 3H]3+, 515.9 [M + 4H]4+. LR-ESI-MS
(H2O/MeCN)(-VE) 2056.9 [M − H]−, 1028.5 [M − 2H]2−.
HR-ESI-MS (H2O/MeCN)(+VE) calcd. for [C102H135N27O18S
+ 2H]2+: 1030.1045; found [M + 2H]2+: 1030.0176.

[In(TPAN-Bn-Aoc-Pip-Nle-CycMSHhex)]. An aqueous solu-
tion of In(NO3)3.H2O (100 μL, 3.5 mg/mL, 1.1 μmol) was
added to a solution of H3TPAN-Bn-Aoc-Pip-Nle-CycMSHhex
(9) (1.6 mg, 1.1 μmol) dissolved in MeCN/H2O (1:1)(200
μL), and the pH was adjusted to ∼5 using NaOH (0.1 M, 50
μL). The turbid solution was stirred for 2 h at RT, then diluted
with deionized H2O (0.1% TFA) and purified via semi-
preparative RP-HPLC (A: H2O (0.1%TFA), B: MeCN; 95%
A to 60% B, 45 min gradient, 10 mL/min., tR = 25 min). LR-ESI-
MS (H2O/MeCN) 2170.6 [M +H]+, 1086.3 [M + 2H]2+, 724.6
[M + 3H]3+. HR-ESI-MS (H2O/MeCN) calcd. for
[C102H132InN27O18S + H]+: 2170.9006; found [M + H]+:
2170.9076.

In Vitro Cell Binding Assays. B16-F10 tumor cells, anMC1R-
positive murine melanoma cell line from C57BL/6J mice, were
cultured as previously reported by Zhang et al.29 In vitro
competitive binding assays were performed in the B16-F10 cell
line using an analogous approach to previously reported
methods.29 Briefly, the nonradioactive [natLa][La(TPAN-
triazole-Bn-Pip-Nle-CycMSHhex] bioconjugate and 125I-[Nle4,
D-Phe7]-α-MSH (PerkinElmer) were added to 24-well plates
seeded with B16-F10 cells. Competitive binding of 125I-[Nle4, D-
Phe7]-α-MSH to MC1R was performed in the presence of
increasing concentrations of the La3+-labeled bioconjugate over

a concentration range of 0.5 pM to 5 μM. Plates were incubated
at 25 °Cwith gentle agitation for 1 h, after which the media were
removed, and the cells were washed with cold PBS (×2) and
harvested by addition of Trypsin. Radioactivity was measured
using a WIZARD 2480 γ counter (PerkinElmer) to determine
receptor binding affinity.

Log D7.4 Measurements. Aliquots of each radiolabeled
bioconjugate (10 μL) were added to a biphasic mixture of n-
octanol (700 μL) and PBS (700 μL, pH 7.4). The mixture was
vortexed for 2 min at RT and then separated via centrifuge (10
min, 3000 rpm). Aliquots of n-octanol (100 μL) and PBS (100
μL) were collected, and the activity in each portion was
determined via γ spectroscopy. The LogD7.4 is defined as: log10
[(n-octanol phase)/(buffer phase)].
Radiotracer Preparation. Radiolabeling of H3TPAN-

triazole-Bn-Aoc-Pip-Nle-CycMSHhex (1 nmol, 10 μL, 10−4 M)
with [111In]InCl3 (263 MBq, 35 μL, 0.05 M HCl) was
performed in a mixture of NH4OAc buffer (0.5 M, 60 μL, pH
5.5) and MeCN (30 μL) at RT. The reaction solution was
allowed to stand for 15 min at RT, and quantitative RCC was
confirmed via iTLC using SA-paper plates and EDTA (50 mM,
pH 5.5) as eluent. The radiolabeling solution was diluted with
deionized H2O (0.1% TFA)/MeCN (2:1)(130 μL) and
injected into a semipreparative HPLC system. [111In][In-
(TPAN-triazole-Bn-Aoc-Pip-Nle-CycMSHhex)] was separated
from unlabeled precursor using HPLC [method: 20−30%
MeCN (0−20 min), 20−30% MeCN (20−30 min), 30−100%
MeCN (30−35 min); 1 mL/min] whereby the radiolabeled
product elutes with a retention time of TR = 26.27 min, while
unlabeled precursor elutes with a retention time of TR = 24.5−
25.6 min. Collected fractions containing purified [111In][In-
(TPAN-triazole-Bn-Aoc-Pip-Nle-CycMSHhex)](∼2 mL) were
pooled and diluted with deionized H2O (4 mL) to give a
solution suitable for Sep-Pak purification (<10% MeCN v/v).
The diluted stock solution was batch loaded on a Sep-Pak C18
Plus Light cartridge (Waters) previously equilibrated with
EtOH (4 mL) and then deionized H2O (10 mL). The loaded
cartridge was washed with de-ionized H2O (1 mL) and eluted
with EtOH/0.9% NaCl saline (9:1, 1 mL). The elution fraction
was reduced in volume (∼100 μL) by passage of N2 gas over 30
min, and the final product was reconstituted in PBS/EtOH
solution (9:1, pH 7.4; VT = 420 μL). Quality control was
performed using radio-HPLC and iTLC, and isolated product of
>95% radiochemical purity was used for further studies. Radio-
HPLC traces for the purified tracer are provided in Figure S62.
Preclinical Studies. Tumor Implantation. The tumor

implantation was performed under the protocol approved by
the Animal Care Committee (ACC) of the University of British
Columbia (A20−0132). Male C57BL/6J mice were anesthe-
tized by inhalation with 2% isoflurane in 2.0 L/min of oxygen,
and 2 × 106 B16-F10 cells were implanted subcutaneously on
the right back at the level of the forelimbs. In vivo imaging and
biodistribution studies were performed after tumor growth
reached a diameter of ca. 8−10 mm (8−10 days post-
implantation).

In Vivo SPECT/CT Studies. Animal studies were performed in
accordance with the Canadian Council on Animal Care
(CCAC) using the protocol approved by the Animal Care
Committee (ACC) of the University of British Columbia (A20-
0132). Three C57BL/6J male mice bearing B16-F10 tumors
were anesthetized with 5% isoflurane in an induction chamber
and restrained in a tail vein restrainer (Braintree Scientific) while
under a continuous stream of 1−1.5% isoflurane. The mice were
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administered with [111In][In(TPAN-triazole-Bn-Aoc-Pip-Nle-
CycMSHhex)] (∼2.36MBq) in PBS (150 μL) via lateral tail vein.
Animal subjects were maintained at constant body temperature
using a blanket on a heated bed, maintained under a continuous
stream of 1.5−2% isoflurane, and the respiration rate was
monitored throughout the duration of each scan. Immediately
after injection, whole-body dynamic SPECT/CT scans were
acquired over the first 60 min using a multimodal VECTor/CT
system (MILabs, the Netherlands) equipped with an extra
ultrahigh sensitivity (X-UHS) 2 mm pinhole collimator. The
mouse whole-body region was centered with a 14 mm axial field
of view, and dynamic imaging consisting of two frames of 20 min
was acquired over the first 60min, after which static SPECT/CT
scans were recorded at 4, 6, and 24 h post-injection using single
frames of 30 min acquisitions. An energy window centered on
the 171 keV photopeak of 111In was used, with a spectral width of
25%. To permit quantitative analysis, the SPECT images were
reconstructed using pixel-based ordered-subset expectation
maximization (POSEM) reconstruction algorithm using a
voxel size of 0.4 mm3, 16 subsets with six iterations. SPECT
images were decay-corrected and attenuation factors were
applied based on CT acquisitions at each time point.43 A
calibration factor relating (counts/voxel) to radioactivity
concentration was previously determined by measurement of a
known source of 111In. Spherical volumes of interest (VOIs)
were drawn using AMIDE (v. 1.0.4) software to determine the
pharmacokinetic profile of the tracer in target organs of interest.
Average standardized uptake values (SUVs) were subsequently
extracted from the SPECT data. Gaussian filtering and image
rendering were carried post-reconstruction for data visualization
purposes. The standardized uptake value was defined according
to the equation: SUV (g/mL) = radioactivity concentration
(MBq/mL)/[administered dose (MBq)/body weight (g)].

Ex Vivo Biodistribution Studies. After acquisition of the final
SPECT/CT scan at 24 h post-injection, the mice were sacrificed
via CO2 asphyxiation under 2% isoflurane anesthesia, followed
by cardiac puncture to remove blood. Organs of interest were
harvested and weighed prior to measurement of radioactivity
using a calibrated γ counter (Packard Cobra II Auto-γ counter,
PerkinElmer, Waltham, MA) with a 1 min acquisition time per
sample. All radioactivity measurements were decay-corrected to
the time of injection, and the injected dose per gram of tissue (%
ID/g) was calculated based onmeasured organ weights, with the
exception of blood, bone, and muscle, which were scaled in
accordance with literature values.44
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