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Binding Azaphilic Copper Radioisotopes with All-Nitrogen

Macrocycles for Cancer Theranostics

Sara Franchi,® Mattia Asti,® Néra V. May,c Silvia Pozzo,? Sofia Gama,? Erika Ferrari,® Laura Pigani,®
Christian Jentschel,f Christin Neuber,! Fabrizio Mancin,2 Sven Stadlbauer,’ Klaus Kopka,f&hi
Constantin Mamat,f Helmut Micke,! Valerio Di Marco,? Marianna Tosatok!*

Copper radioisotopes constitute a true theranostic family, enabling cancer imaging and therapy with chemically identical
metal-based radiopharmaceuticals. Developing chelators that provide copper complexes combining high thermodynamic
stability, kinetic inertness, and redox robustness remains a key challenge. Herein, we investigated a cyclen-based chelator
with aminoethyl side chains (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetrakis(2-ethylamine), DO4N) and its TACN analogue
NO3N).
thermodynamic stability comparable to or exceeding that of their carboxylate counterparts (DOTA and NOTA), with DO4N

(1,4,7-triazacyclononane-1,4,7-tris(2-ethylamine), Both chelators rapidly form Cu? complexes with high
displaying superior stability. Cu** complexes adopt an elongated octahedral (DO4N) or distorted square pyramidal (NO3N)
geometry in solution. All macrocyclic amines coordinate the metal, while only one or two side chains participate, leaving
additional -NH, groups available for conjugation to biological vectors. Both ligands are also able to stabilize Cu* upon
reduction. Radiolabeling with [®*Cu]Cu?* demonstrated superior incorporation by both DO4N and NO3N compared to
NODAGA under mild conditions, with DO4N achieving the highest labeling efficiency. Both [¢*Cu]Cu?* complexes remained
fully intact in human serum over 24 h. In vivo PET imaging with [5*Cu]Cu-DO4N showed sufficient stability for imaging, with
renal clearance dominating early biodistribution. The results indicate that these all-nitrogen macrocycles are highly

promising scaffolds for next-generation copper-based theranostic radiopharmaceuticals.

Introduction

Metal-based  targeted radiopharmaceuticals represent
powerful molecular tools in precision medicine, enabling the
noninvasive visualization and treatment of cancer and other
diseases at the molecular level.! In these agents, metallic
radionuclides are conjugated to a biologically active targeting
vector, such as a small molecule, peptide, antibody, or protein,
through a bifunctional chelator able to firmly bind the
radiometal, to ensure the selective delivery of radioactivity to
the desired biological target while preventing nonspecific off-
target accumulation.? The chelator thus plays a central role in
dictating the in vivo stability, pharmacokinetics, and overall
biological performance of the radiopharmaceutical by
warranting high thermodynamic stability and kinetic inertness
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in vivo, while ideally allowing rapid radiometal incorporation
under mild pH and temperature.?

Owing to their favorable nuclear decay properties that enable
both imaging and therapy, copper radioisotopes have attracted
increasing attention for theranostic applications. The medium-
energy B~ and y emitter copper-67 (¢7Cu, ti;2 = 61.83 h) is
suitable for B~ therapy and treatment monitoring, whereas
copper-60 (°°Cu, t1/2 = 23.7 min), copper-61 (61Cu, t1 =3.339 h),
and copper-62 (°2Cu, t1/2 = 9.67 min) emit positrons (*) and are
suitable for positron emission tomography (PET) imaging.3 The
dual B*-B~ emitter copper-64 (°4Cu, ti2 = 12.70 h) combining
both modalities can be employed in PET procedures as well.3#
However, the promise of  copper-based
radiopharmaceuticals is often compromised by in vivo
radiometal release.

clinical

Copper exists in two biologically relevant oxidation states, Cu?*
and Cu*, which exhibit distinct coordination preferences.*> Cu?*
is a borderline-hard Lewis acid favoring nitrogen and oxygen
donors, while Cu*, being a soft cation, prefers sulfur and
phosphorus ligands.>® Although radiopharmaceuticals typically
employ Cu?* complexes, in vivo reduction to Cu* can occur (E° =
+0.15 V at 25°C, vs the normal hydrogen electrode — NHE),
caused by endogenous reductants such as glutathione,
nicotinamide adenine phosphate (NADPH),
ascorbic acid, and hypoxic tumor environments (E° = -0.40 V vs
NHE).”® This process promotes transchelation to Cu*-binding
biomolecules, leading to loss of radioactivity from the targeting

dinucleotide

vector.#1011 Therefore, designing complexing agents capable of
either preventing Cu?* reduction or maintaining strong binding
across both oxidation states is crucial for advancing next-
generation copper-based theranostics.!?

Over the years, a variety of chelators have been explored for the
complexation of copper radioisotopes in the attempt to reach
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an optimal combination of simple synthesis, rapid radiolabeling,
and in vivo stability. Polyazamacrocycles functionalized with
carboxylate, phosphonate, pyridine, picolinic acid, or
combinations  thereof, dominate copper chelation
strategies.*71314 1,4,7,10-Tetraazacyclododecane (cyclen) and
1,4,8,11-tetraazacyclotetradecane (cyclam) derivatives, such as
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
(DOTA, Figure 1) and 1,4,811-tetraazacyclotetradecane-
1,4,8,11-tetraacetic acid (TETA), form Cu?* complexes with high
thermodynamic stability but often require harsh radiolabeling
conditions and exhibit suboptimal in vivo stability.1>6
Nonetheless, their commercial availability has enabled
translation to the clinic, most notably in [®*Cu]Cu-DOTA-TATE
(Detectnet™), approved by the US Food and Drug
Administration (FDA) in 2020 for PET imaging of somatostatin
receptor-positive neuroendocrine tumors.'’ Derivatives of the
1,4,7-triazacyclononane (TACN) scaffold, such as 1,4,7-
triazacyclononane-1,4,7-triacetic acid (NOTA, Figure 1) and ((7-
(1-carboxy)-4-carboxybutyl)-1,4,7-triazacyclononane)-1,4-
diacetic acid (NODAGA), provide faster radiolabeling under mild
conditions maintaining excellent in vivo inertness, and are now
widely established in copper radiopharmaceutical design.'81°
Despite these successes, there remains a need for next-
generation chelators that can further improve coordination
strength and redox stability. While most copper chelators rely
on oxygen- or aromatic nitrogen-containing pendant arms,
primary amine-rich systems remain scarcely explored, despite
the strong affinity of copper for nitrogen donors. Actually, one
of the most effective scaffolds for copper complexation so far is
the hexaazamacrobicyclic sarcophagine (SAR), an all-nitrogen
donor cage able to form extraordinarily stable copper
complexes with good in vivo stability.20-22

Building on early work by Tei et al. on aminoethyl- and
aminopropyl-functionalized TACN derivatives?3, we turned our

attention to all-nitrogen-containing macrocyclic chelators.as.an
underexplored opportunity to enhance Rppelotordilvatia
Specifically, we focused herein on the cyclen-based chelator
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetrakis(2-
ethylamine) (DO4N, Figure 1) and its TACN-based analogue,
1,4,7-triazacyclononane-1,4,7-tris(2-ethylamine) (NO3N, Figure
1) as novel ligands to complex copper radioisotopes. These
compounds, characterized by primary amine-rich pendant
arms, were envisioned to provide an ideal environment for
stabilizing copper in both oxidation states through strong
nitrogen coordination.

This study offers a comprehensive investigation of the chemical,
radiochemical and biological behavior of the two all-nitrogen
chelators DO4N and NO3N. DO4N was already introduced in the
literature by Dai et al., who used it as a synthetic intermediate,?*
but its purification, characterization, as well as any applications
have remained unreported so far. Therefore, for DO4N, we
describe the synthesis, acid-base properties, and the kinetic,
thermodynamic, and structural aspects of its Cu?* and Cu*
In parallel, NO3N was revisited to extend the
understanding of its coordination chemistry beyond the aspects
previously reported by Tei et al.?® To elucidate structure-
property relationships, both chelators were systematically
compared to their carboxylate counterparts, DOTA and NOTA.
A multidisciplinary approach combining electrochemical
(potentiometry, cyclic voltammetry), spectroscopic (UV-Vis,
NMR, EPR), and X-ray diffraction analyses with radiochemical
studies, including [®*Cu]Cu?* radiolabeling, in vitro stability
assays, and Jin vivo PET imaging, enabled a detailed
understanding of how donor composition and macrocyclic
architecture govern copper complex stability and in vivo
behavior.

complexes.
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Figure 1. Structures of carboxylate-containing cyclen- and TACN-based polyazamacrocycles, DOTA and NOTA, and all-nitrogen polyazamacrocycles investigated in

this work, DO4N and NO3N.
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Results and discussion
Synthesis of All-Nitrogen Macrocycles

The precursor of the aminoethyl side arm was synthesized by
protecting 2-chloroethylamine (1) with tert-butyloxycarbonyl
(Boc) group (Figure 2). The protected side chain (tert-butyl-N-
(2-chloroethyl)carbamate, 3) was subsequently employed to
fully functionalize the secondary amines of cyclen (4) and TACN
(7) macrocycles via nucleophilic substitution, obtaining DO4N-
Boc (5) and NO3N-Boc (8), respectively. Final deprotection with
HCI yielded the hydrochloride salts of the target chelators,
DO4N-8 HCl (6, 54% overall yield) and NO3N-6 HCI (9, 55%
overall yield). The identity and purity of all intermediates and
final compounds were confirmed by multinuclear NMR
spectroscopy (*H, 13C{*H}, bidimensional) and high-resolution
mass spectrometry (HR-MS) (Figures S1 - S15). lonic
chromatography was employed to determine the content of HCI
by measuring the quantity of CI~ in a known amount of each
product through a calibration curve.

Notably, attempts to synthesize DO4N through alkylation with
a haloacetamide or a haloacetonitrile followed by reduction to
the primary amine, as reported by Tei et al. for NO3N,%3:2> were
not successful due to incomplete reduction. A similar synthesis
of DO4N as that described herein was performed by Dai et al.,
who reported “very low yields” and thus adopted a different
strategy, which however gave a 21% vyield.?* Moreover, our
synthetic pathway to obtain NO3N required shorter reaction
times and lower temperatures compared to the synthesis by Tei
et al.?>, with a higher yield (55% vs 45%, respectively).

Acid-Base Properties of All-Nitrogen Macrocycles

The acidity constants (pK.) of DO4N were determined in
aqueous solution by pH-potentiometry and complemented by
pH-dependent 'H NMR titrations (Figures S16 - S17). The pK,
values of DO4N, alongside the literature values for NO3N for
comparison purposes,?? are listed in Table 1. The corresponding
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distribution diagrams are shown in Figure S18, highlighting that

under physiological conditions both ligands predominantly exist
in their tri-protonated form, HsL3* (L denotes the deprotonated,
neutral form of either DO4N or NO3N, as shown in Figure 1).
Only six of the eight possible acidity constants for DO4N were
identified (Table 1), likely because the first two are << 2 due to
strong electrostatic repulsion in highly protonated HglL® and
HsL7* species. The assighment of each pK, of DO4N to either a
tertiary amine within the macrocyclic ring or a primary amine
on the pendant arms was inferred from H NMR, based on
which signals showed the largest chemical shift changes as a
function of pH (Figure S17). The first two pK, correspond to the
macrocyclic amines, while the remaining four are associated
with the arm -NHs*/-NH; groups. This deprotonation pattern
(firstly the ring amines, then those on the side arms) closely
mirrors that of NO3N, with both chelators displaying nearly
identical acidity constant values, differing by maximum 0.5
logarithmic units (Table 1).

The analysis of the *H NMR spectra further reveals that DO4N
maintains a Dan symmetry across the examined pH range (1.7-
12.4) and that the equilibria between all the differently
protonated forms of DO4N are fast compared to the NMR time
scale, producing a single set of averaged signals.

Speciation and Thermodynamic Stability of Cu?* Complexes
with All-Nitrogen Macrocycles

Before assessing the thermodynamic stability of the Cu?*
complexes of DO4N and NO3N, their formation kinetics were
qualitatively explored by UV-Vis spectroscopy, since
thermodynamic measurements require the system to be at
equilibrium. The rate of both Cu?*-DO4N and Cu?*-NO3N
formation is strongly pH- reagent
dependent, being faster when either of these two experimental
parameters is increased. Additional details are given in the SI.

and concentration-
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Figure 2. Synthesis of DO4N (6) and NO3N (9).
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Table 1. Acidity constants (pK,) of DO4N determined by pH-potentiometry at /= 0.15 M
NaCl and T = 25°C. Data for NO3N were taken from the literature?® and are reported for
comparison.

Equilibrium ?@ DO4N NO3N®

Hel® = HsL>* + H* 1.8+0.1 Ring n.d. Ring
HsL>* = Hyl% + H* 2.6+0.1 Ring 2.43 Ring
HaL% = H3l3* + H* 5.69 £0.09 Arm 5.16 Ring
Hsl3* = HoL2 + H* 8.67 £0.02 Arm 8.72 Arm
H,L?* = HL* + H* 9.92 +£0.03 Arm 9.52 Arm
HL* = L+ H* 11.23 £ 0.05 Arm 10.77 Arm

a L denotes the ligand in its completely deprotonated (neutral) form as
shown in Figure 1.

b =0.1 M NMe4Cl, T =25°C, data taken from ref. 23.

n.d.: not determined under the adopted experimental conditions.

A combination of complementary techniques was employed to
elucidate the speciation and determine the stability constants
of Cu?*-DO4N, due to the complexity of this metal-chelator
system. Acid-base pH-potentiometry was used to investigate
the pH range above 3, where the formation kinetics are
sufficiently fast (see Sl). This analysis revealed the presence of
differently protonated complexes along with quantitative
binding of Cu?*. Conversely, the slow kinetics observed below

Journal Name

pH 3 precluded the use of pH-potentiometry in this, pH.ange.
To overcome this limitation, the speci@@b6ri0aP3pHPoLIB08was
therefore studied by variable-pH UV-Vis titrations, including
highly acidic conditions, and UV-Vis competition experiments
with cyclen. Representative spectra are reported in Figures $25
- §26. In particular, the competition experiments enabled the
calculation of the overall stability constants (log8) of Cu?*-DO4N
complexes, using the known value for [Cu(cyclen)]?* from the
literature?® and the pK; of both chelators (Table 1 for DO4N, ref.
27 for cyclen).

Four distinct complexes were identified, all exhibiting a 1:1 Cu?*-
to-DOA4N stoichiometry and differing by a single proton, ranging
from [Cu(H2DO4N)]** to [Cu(DO4N)(OH)]*. This is the most
probable speciation obtained by testing several models during
titration fitting, which was supported by complementary
techniques (e.g., UV-Vis and EPR, vide infra). The stability
constants of Cu?*-DO4N are collected in Table 2 while the
corresponding distribution diagram is shown in Figure 3A and
compared with the data reported in the literature for Cu?*-
NO3N (Table 2, Figure 3B).23 Based on these results, the
predominant forms under physiological conditions are
[Cu(DO4N)]?* and [Cu(HNO3N)]3*.

Table 2. Stability constants (log8) of Cu?*-DO4N determined by pH-potentiometry (unless otherwise stated) at / = 0.15 M NaCl and T = 25°C. Data for NO3N, DOTA, and NOTA were
taken from the literature?>28 and are reported for comparison. The corresponding pCu?* values were computed at C, = 10~ M, Cc, = 10°® M, pH = 7.4, by taking pK, values from either

Table 1 or literature data.?>?8 Formation of Cu?* hydroxides resulted negligible under these conditions.

Equilibrium 2 DO4N NO3N® DOTA © NOTA ¢
Cu?* + 2 H* + L" & [CuH,L]@-+ 38.2+0.2¢ 34.9 30.15 -
Cu?* + H* + L"= [CuHL]G-+ 33.17 £ 0.04 31.5 26.6 24.37
Cu?* + L"= [CulL]@ 27.07 £0.07 22.0 223 21.63
Cu?* + L"+ H,0 = [CuL(OH)]-m* + H* 18.5+0.1 - - -
pCu?* 20.4 18.3 16.5 18.3

a L" denotes the ligand in its completely deprotonated form (i.e., L for DO4N and NO3N, L%~ for DOTA, L3~ for NOTA).

b =0.1 M NMe4Cl, T=25°C, data taken from ref. 23,
¢/=0.1 M NMegNOs/Cl, T = 25°C, data taken from ref. 28,
d /=1 M NaClOg4, T = 25°C, data taken from ref. 28,

€ Determined by UV-Vis competition with cyclen.

A) 1.0

[CuLp’

02 |

00

3+
o [CubL] IRl

[CuLp*

Figure 3. Distribution diagram of (A) Cu?*-DO4N and (B) Cu?*-NO3N (Cc, = C. = 1073 M). Data for Cu>*-NO3N were taken from the literature.(23)

Formation of Cu?* hydroxides resulted negligible under these conditions.
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Highly charged species, such as [Cu(H,DO4N)]** and
[Cu(HDO4N)]3*, have also been previously observed for NO3N.23
This can be rationalized by considering the protonation of
uncoordinated aminoethyl side arms, which extend away from
the metal center and reduce electrostatic repulsion with Cu?*.
The presence of the hydroxy complex, [Cu(DO4N)(OH)]*,
suggests that water can also be involved in Cu?* coordination
sphere. This behavior was also noted for the aminopropyl-
functionalized TACN derivative by Tei et al.23

Mass spectrometry further supported the 1:1 Cu?*-to-DO4N
stoichiometry (Figure S27), since only signals arising from
[CuCI(DO4N)]* could be detected (m/z: 442.2334 and 444.2310
- found; 442.24 and 444.23 - calc. for [C16H40CICuNg]*).

The overall thermodynamic stability of the Cu?* complexes with
the all-nitrogen chelators (DO4N and NO3N) was compared to
that of the corresponding carboxylic acid analogues (DOTA and
NOTA) by calculating the pCu?* value (Table 2), i.e. pCu?* =
-log[Cu?*]free at equilibrium under specific conditions. All the
considered chelators form highly stable Cu?* complexes. NOTA
and NO3N exhibit equal overall stability, while DOTA binds Cu?*
100-fold less strongly. Notably, the Cu?* complexes of DO4N are
markedly more stable than both their DOTA counterparts and
the TACN derivatives, exceeding by 4 and 2 orders of magnitude
the stability of the DOTA and NOTA/NO3N derivatives,
respectively. This remarkable enhancement in thermodynamic
stability reveals that replacing carboxylic pendants with amines
on a cyclen scaffold significantly favors the complexation of
Cu?*, as postulated based on the known affinity of this metal to
nitrogen donors.> From a biological perspective, the high pCuZ*

Inorganic Chemistry:Frontiers
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of DO4N suggests that, at least thermodynamically, these
complexes would be exceptionally resistant to dissociation
under physiological conditions, minimizing the risk of copper
release in vivo.

Structure of Cu?* Complexes with All-Nitrogen Macrocycles in
Aqueous Environment

The structural properties of the Cu?* complexes with DO4N and
NO3N in aqueous solution were explored by EPR and UV-Vis
spectroscopies.

Variable-pH EPR spectra were acquired both at room
temperature and in frozen state at 77 K (Figure 4). In both cases,
the spectra were relatively broad, and no superhyperfine
splitting due to the coordinated nitrogen atoms was detected,
even in frozen solution. Spectra of the single species composing
each Cu?*-chelator system were computed during the fitting
process and are shown in Figure S28 (77 K) and Figure S29 (RT).
For Cu?*-DO4N, two main spectral changes were observed at
both room and low temperature. Both alterations are relatively
modest, suggesting that they correspond to deprotonation
events rather than to a complete modification of the
coordination environment. The first spectral variation (pH ~ 4.5-
5) is attributed to the equilibrium between [Cu(H,DO4N)]** and
[Cu(HDO4N)]3*, consistently with the species distribution curves
(Figure 3A). No marked spectral changes were detected around
pH 6-7, where the deprotonation of [Cu(HDO4N)]3* to form
[Cu(DO4N)]%* is expected, suggesting that [Cu(DO4N)]?** does
not differ significantly in structure from [Cu(HDO4N)]3*. This

A) B)

H 10.80 . s i A
Kok LR e S PHB AN

W N ——— ' R Tm—
._pf_{i.%_...,_....«-——""‘*-&.m o pH7.70 &
A iae oo s

pH 748 e
it pH 6.74

pH6.17 e P

pH 5.44

2800 3000 3200 3400 3600 3800
Magnetic Field (G)

)

2800 3000 3200 3400 3600 3800
Magnetic Field (G}

pH 10.80
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2300 2700 3100 3500 3900
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Figure 4. Room-temperature EPR spectra of (A) Cu**-DO4N and (B) Cu**-NO3N (H,0, 9.54 GHz, T = 298 K, / = 0.15 M NaCl, C, = 2.2:103 M, Cc, = 2.0-1073 M). Frozen-solution EPR
spectra of (C) Cu**-DO4N and (D) Cu?*-NO3N (80% H,0 + 20% CH30H, 9.54 GHz, T=77 K, I =0.15 M NaCl, C, = 2.2:1073 M, Cc, = 2.0-1073 M). Both experimental (black dashed line) and

simulated (colored solid line) spectra are shown.
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could be possible if the deprotonation of [Cu(HDO4N)]3*
involves one non-coordinating side chain without modifying the
coordination environment around the Cu?* ion. The second
spectral variation (pH ~ 9) corresponds to the formation of
[Cu(DO4N)(OH)]* in alkaline solution.

EPR parameters (Table 3) indicate an axial g-tensor symmetry
for all species, consistent with either an elongated octahedral
(due to Jahn-Teller distortion) or a square pyramidal
coordination environment around the Cu?* ion. Since the EPR
parameters are similar across the different species, this
suggests that they share a comparable coordination geometry
and donor set. We thus hypothesize that in all the DO4N
complexes Cu?* is likely coordinated in a six-coordinate mode,
with four equatorial ring nitrogen atoms, one apical side chain,
and an apical H,0/OH- ([4N]NaxOax) (Figure S32A). The
differences among the four complexes are related to the
protonation state of either the apical groups or the remaining
side chains.

The electronic spectra of Cu?*-DO4N at acidic pH (pH < 4.5) are
dominated by a strong absorption band in the UV region with a
maximum at Amax 314-316 nm (molar extinction coefficient emax
~ 3.2-3.4-10% L'mol~t.cm™® depending on pH, as determined
from Lambert-Beer’s law, Figure 5A). This band is attributed to
N-to-Cu ligand-to-metal charge transfer (LMCT) transitions,
consistent with previous observations for other Cu?*-cyclen
derivatives.?’ In the same pH range, a weaker band at A4.4 ~ 693
nm (€4.4 ~ 3.6-3.7-102 L-mol~t-cm™) is observed, arising from d-
d orbital transitions of the Cu?* ion, imparting a bright light blue
color to the solution (Figure S30A,B). As the pH increases and
deprotonated Cu?*-DO4N complexes form, both absorption
bands blue-shift by around 40 nm (Figure 5A). At neutral-to-
basic pH, the N-to-Cu LMCT band appears at Amax =271 nm (Emax
~ 3.4-103 L'-mol~t:cm™1). The absence of asymmetry in the band
of [Cu(DO4N)]?** compared to [Cu(DOTA)]>~ (Figure S31 and
Table S1) suggests a lower degree of distortion of the
octahedral environment.?®3° Moreover, the d-d transition shifts

to Adg-a ~ 654 nm with a very low molar extinction cgeffigient (g4
d ~ 70 L'molt.cm™), resulting in a faiRfly 1eAMSPEEOSBINTIOA
(Figure S30C). This change is attributed to deprotonation of the
axial donor groups, which modifies the electronic environment
around Cu?*.

Notably, the position of the d-d band of Cu?*-DO4N complexes
is comparable to those previously reported for cyclen, DOTA
and 1,7-bis[2-(methylsulfanyl)ethyl]-4,10-diacetic acid-
1,4,7,10-tetraazacyclododecane (DO2A2S) ([4N]H204x,
[3N,O]Nax, [2N,20]2Na.y, respectively), further supporting an
octahedral coordination mode with a mix of N and O donors in
the coordination sphere (Table S1).2”

The solution structure of Cu?-NO3N was investigated to
complement the characterization of this system. EPR spectra
(Figure 4) confirmed the presence of the complexes previously
detected by Tei et al.?> A protonated species, [Cu(H2NO3N)]**,
was identified in strongly acidic solutions, both at RT and in
frozen samples. Around neutrality (6 < pH < 8), the predominant
complex, [Cu(HNO3N)]3*, is characterized by a highly rhombic
geometry. This suggests the equatorial coordination of two ring
and two side-chain amino groups and the axial coordination of
the third ring nitrogen in a distorted square pyramid, where the
Cu?* ion is slightly above the equatorial plane (Figure S32B), in
agreement with the solid-state structure proposed by Tei et al.?3
The isotropic (RT) spectrum of [Cu(HNO3N)]3* was also well
described by fitting the rotational correlation time using

the anisotropic parameters, confirming that the geometry
detected at 77 K is identical to that present at room
temperature. At higher pH a third complex, [CuNO3N]%, was
detected in frozen solution with an increase in g, that indicates
a weakening of the ligand field in the equatorial plane (Table 4).
This spectral change can be interpreted as a strengthening of
the Cu-Nax bond, which occurs when the last side-chain amino
group bound to this ring nitrogen is deprotonated. Thus, we
suggest that deprotonation does not cause geometric
rearrangement compared to [Cu(HNO3N)]3*

Table 3. Isotropic (RT) and anisotropic (77 K) EPR parameters obtained for the species identified in Cu2*-DO4N system. Errors are + 0.001 for g and + 1-10* cm™! for A values.

Species Isotropic parameters Anisotropic parameters Calculated
9o Ao? gL 91 AL® Ayt go,calc ®
Cu*ag) 2.196 35 2.081 2.423 15 126 2.195
[CuCl]* 2.068 2.380 17 139 2.172
[Cu(H,DO4N)]* 2.112 64 2.050 2.221 18 167 2.107
[Cu(HDO4N)]**/[Cu(DO4N)]?* 2.115 61 2.049 2.235 19 176 2.111
[Cu(DO4N)(OH)]* 2.115 57 2.050 2.239 19 171 2.113

2 A values are reported in 1074 cm™ units.
b Calculated as the average of g and gy,.
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Figure 5. UV-Vis spectra of (A) Cu?*-DO4N and (B) Cu**-NO3N at selected pH values (Ccy = CL = 107* M, T = 25°C). Spectra
were acquired also at C, = 1073 M to accurately calculate the molar extinction coefficients of d-d bands (see text).

Table 4. Isotropic (RT) and anisotropic (77 K) EPR parameters obtained for the species in Cu?*-NO3N system. Errors are + 0.001 for g and + 1-:10* cm™* for A values.

independent of pH in the acidic-to-neutral range (pH < 7.4),
indicating that [Cu(H2NO3N)]** and [Cu(HNO3N)13* likely have a
similar coordination environment (Figure 5B). The LMCT
transition (Amax ~ 276-280 nm, €max ~ 2.0-3.0-103 L-mol-t-cm™)
closely matches those previously reported for Cu?* complexes
with TACN derivatives such as TACN-n-Bu and NO3S,3! and is
slightly red-shifted respect to those of Cu?*-TACN and Cu?*-
NOTA (Figure S33), supporting its attribution to N-to-Cu
transitions.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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By contrast, the d-d transition appears at an unusually low
wavelength (Ag.qa ~ 567-573 nm, £4.4 ~ 1.0-1.3:10%2 L-mol-t-cm™),
imparting a peculiar lilac color to Cu?*-NO3N solutions (Figure
S30D-F). This feature was observed also for other Cu?*
complexes like [Cu(ethylenediamine),(H20)]l2 and
[Cu(CN)4(HCN)] by Glasner and Asher, who conjectured that
violet color might be typical of penta-coordinated Cu?*

(ec)

species.32 This hypothesis appears valid also for Cu?*-NO3N,
consistent with the distorted square pyramidal geometry
deduced from EPR. This coordination explains why both EPR and
UV-Vis spectra and parameters of [Cu(HNO3N)]** markedly
differ from those of the octahedral complexes such as

[Cu(TACN)(H20)s]?*, [Cu(HNOTA)], [Cu(NOTA)], and
[Cu(NO3S)]?* (Table S1 and Figure $33).3031,33

Solid-State Structure of Cu2*-DO4N

Crystals of Cu?-DO4N suitable for single-crystal X-ray

diffraction were obtained from a water/ethanol solution. The
summary of data collection and refinement parameters for

This journal is © The Royal Society of Chemistry 20xx

Speci Isotropic parameters Anisotropic parameters Calculated

ecies

p glJ AO 2 gx gy gz Ax a Ay 2 Az 2 gO,caIc b
Cu?*(ag) 2.194 36 2.084 2.084 2.421 6 6 127 2.196
[Cu(H,NO3N)]** 2.102 72 2.040 2.040 2.213 17 17 173 2.098
[Cu(HNO3N)]3* 2.096 75 2.033 2.061 2.194 5 49 176 2.096
[Cu(NO3N)]?* 2.059 2.059 2.243 10 10 154 2.120
2 A values are reported in 10 cm™ units.
b Calculated as the average of gx, gy and g..

The UV-Vis spectrum of Cu?*-NO3N solutions is largely [Cu(H2DO4N)CI]Cl; + solvent (10) are collected in Table S2 and

the ORTEP representation of the complex is shown in Figure 6.
In the crystal structure, Cu?* is coordinated equatorially by the
four nitrogen atoms of the macrocyclic ring and axially by one
chloride counter ion. The ligand adopts two types of disordered
conformations with 0.50/0.50 occupancy, and, due to
symmetry, two side chains further split into two positions with
0.25/0.25 occupancy, resulting in high uncertainty in the atomic
positions. From one conformer to the other, the macrocyclic
ligand rotates by ~ 15° around the axial Cu-Cl bond, and the five-
member Cu-N-C-C-N chelate rings flip from the 6666 (molecule
1) to the AMAA (molecule 2) conformation and vice versa. The
complex is cut by a symmetry plane, so half of the complex is
located in the asymmetrical unit (Figure S34).

Since the ligand exhibits complete disorder and assignment of
the peripheral atoms remains ambiguous, the structural
analysis is herein limited to the connectivity of the complex,
whereas additional considerations are available in the SI.
Consequently, the derived bond lengths and angles are subject
to significant uncertainty and should be interpreted with
caution. A similar profile with one disordered pendant arm was
highlighted also for [Cu(NO3N)]?*.22 While the solid-state
structure shows a preference for coordination of an apical
chloride, solution data indicate coordination of a nitrogen
donor from a side chain along with a water molecule (vide
supra). Differences between solid-state and solution behavior
are common and well documented in the literature.?7:3034
Notably, comparison of the spectroscopic parameters of Cu?*-
DOA4N with those of Cu?*-cyclen and Cu?*-DOT-n-Bu (DOT-n-Bu

is 1,4,7,10-tetra-n-butyl-1,4,7,10-tetraazacyclododecane)?’

J. Name., 2013, 00, 1-3 | 7
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Molecule 1 ©

Molecule 2

Figure 6. ORTEP representation of the two conformations (molecule 1 and molecule 2,
chemical occupancy ratio 0.50/0.50) of the complex in the crystal [Cu(H,DO4N)CI]Cl; +
solvent. Two side chains are further split into two positions (0.25/0.25 occupancy) along
a symmetry plane. Displacement parameters are drawn at 50% probability level.

indicates that, if only the macrocyclic nitrogens were involved
in both complexes, similar parameters would be expected. The
observed differences, together with radiochemical and
biological data (vide infra), provide strong evidence for the
active involvement of the side chains in solution, underscoring
their crucial role in stabilizing the metal center. biological data
(vide infra), provide strong evidence for the active involvement
of the side chains in solution, underscoring their crucial role in
stabilizing the metal center.

Cu* Binding with All-Nitrogen Macrocycles

Cyclic voltammetry (CV) was used to investigate the redox
behavior of Cu-DO4N and Cu-NO3N. As shown in Figure 7, both
systems exhibited two well-defined peaks assigned to the
Cu?*/Cu* redox couple at physiological pH. The voltametric
response did not change with time or multiple
reduction/oxidation cycles, indicating that no Cu upon
reduction.

Peak current increased with scan rate as expected, while both
complexes showed quasi-reversible behavior (AE, > 60 mV). For
Cu-DO4N, AE, remained nearly constant (141-151 mV)
regardless of the scan rate, suggesting relatively slow but
consistent electron transfer kinetics. In contrast, Cu-NO3N
showed a pronounced dependence of AE, on scan rate (e.g, AE,
=94 mV at 5 mV/s and AE, = 181 mV at 200 mV/s), which
indicates a slower electron transfer process likely coupled to
structural reorganization following reduction. The voltametric
results demonstrate that both ligands can stabilize Cu in both
oxidation states, and that the pre-formed Cu?* complexes
remain intact upon reduction on the time scale of CV
experiments.

after
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The reduction potentials (E1/2) at physiological pH{Ei/z,cuoom =
-0.21 V vs NHE and E1/2,Cu-N03N = +027D@|V]$OMH@)D§%O%56é
positive than the standard reduction potential of common
biological reductants (E° = -0.40 V vs NHE), implying that in vivo
reduction of the Cu?* complexes is thermodynamically feasible
and more favored for Cu?*-NO3N than for Cu?*-DO4N (since
E1/2,Cu-NO3N >> El/Z,Cu-DO4N)- HOWEVEF, the CV data show that both
DO4AN and NO3N efficiently stabilize Cu*, preventing
demetallation upon reduction. Similar properties were
previously found for sulfur-rich macrocyclic chelators and
sarcophagine derivatives, where the presence of sulfur and/or
nitrogen donors stabilized the Cu* complexes,?7:31.3>37 whereas
irreversibility of CV patterns due to the release of Cu* from
carboxylate-bearing chelators like TETA and DOTA is well-
known,11.16

[64Cu]Cu?* Radiolabeling of All-Nitrogen Macrocycles

Concentration-, pH-, and temperature-dependent radiolabeling
of DO4N, NO3N and NODAGA (reference) with [64Cu]Cu?* were
conducted (Figure 8). Representative radio-TLC plates and a
radio-HPLC chromatogram of DO4N and NO3N radiolabeling
reactions are reported in Figures S37 - S38.

The radiolabeling performance of NODAGA was unaffected by
pH or temperature, achieving quantitative [5*Cu]Cu?*
radiochemical incorporation (RCl) at ¢, = 10> M. In contrast,
DO4N and NO3N displayed markedly superior radiolabeling
efficiencies.

At pH 4.5, NO3N achieved quantitative [®*Cu]Cu?* labeling
(>95%) at C. = 10> M and maintained high incorporation
(> 82%) even at C, = 107%-10"7 M at room temperature. Heating
further enhanced radiolabeling efficiency, lowering the
threshold for quantitative incorporation to ¢, = 107 M (Figure
8). DO4N outperformed both NO3N and NODAGA, enabling
quantitative binding of [%*Cu]Cu?* at extremely low
concentrations (down to C. = 108 M), with no significant
temperature dependence (Figure 8). Such a low concentration
of chelator indicates an outstanding radiolabeling ability as the
DO4N-to-[**Cu]Cu?* molar ratio corresponds to 3-5/1 under
optimal conditions, whereas NODAGA required a 3-5-103/1
ratio at best to reach full incorporation. These results highlight
the exceptional radiolabeling ability of DO4N and NO3N. At pH
7, NO3N achieved quantitative labeling at C. > 10° M and DO4N
at C. 2 1077 M, at both room and high temperature (Figure 8).

B
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Figure 7. Cyclic voltammograms of copper complexes with (A) DO4N and (B) NO3N (Ccy = 1.0-103 M, C. = 1.2:1073 M, T=25°C, / = 0.15 M NaNOs in H,0, pH 7.4).
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Figure 8. Concentration-dependent (C, = 107%-1071° M) radiochemical incorporation of [¢*Cu]Cu?* by DO4N, NO3N, and NODAGA at (A) pH 4.5 and T = 25°C, (B) pH 4.5 and T = 90°C,

(C) pH 7 and T = 25°C, (D) pH 7 and T =90°C (t = 10 min; 2-3 MBq %Cu, Cc, = 2-3:107° M).

Thus, both chelators significantly outperformed NODAGA, with
DO4N again demonstrating a higher efficiency than NO3N by
one order of magnitude. The slightly diminished radiolabeling
performance at pH 7 compared to pH 4.5 could be justified by
the possible formation of competitive species, such as Cu?*
hydroxides and phosphates, since phosphate buffered saline
(PBS) was used as buffer. Overall, both chelators enable highly
efficent [64Cu]Cu2+ radiolabeling under mild conditions,
making them suitable for conjugation to a wide range of
biomolecules

Human Serum Stability of [¢*Cu]Cu?* Complexes with All-
Nitrogen Macrocycles

The in vitro stability of [®*Cu]Cu-DO4N and [®*Cu]Cu-NO3N was
assessed by incubating the complexes in human serum (1/1
V/V) alongside [®*Cu]Cu-NODAGA as reference. No detectable
release of [®#*Cu]Cu?* was observed over time, with all
complexes remaining quantitatively intact for up to 24 h (Figure
$39), a time corresponding to around two half-lives of ®*Cu.
These findings underscore the remarkable kinetic inertness of
these complexes and support further investigation of their in
vivo stability.

Stability of [(*Cu]Cu-DOA4N in Healthy Mice

Considering the encouraging in vitro results of DO4N and its
superior performance within all the investigated aspects in
comparison to NO3N and NODAGA, we considered DO4N as the

This journal is © The Royal Society of Chemistry 20xx

Please do not a

most promising candidate for future clinical applications and
evaluated the in vivo stability of its [®*Cu]Cu?* complex in
healthy mice using time-dependent PET imaging.
Representative scans at various time points are shown in Figure
9. Following intravenous injection of [®*Cu]Cu-DO4N, PET
images revealed rapid accumulation of radioactivity in the
kidneys and bladder at early time points (t < 60 min), consistent
with renal clearance, as expected for highly hydrophilic small
molecules. At later times (t = 2 h post-injection), kidney uptake
decreased significantly, while liver accumulation became
visible. This may reflect a gradual release of [**Cu]Cu?*, which is
known to localize into the liver®1>3840 or, alternatively,
metabolism of the complex with hepatic accumulation of its
degradation products.

Even assuming the worst-case scenario, in which the complex
undergoes dissociation at longer time points, the stability of
[f4Cu]Cu-DO4N over the first 1-2 h appears sufficient for
imaging applications, which are typically performed within 1 h
post-injection (p.i.). Importantly, this study assessed the in vivo
behavior of the free complex; when DO4N will be conjugated to
a tumor-targeting vector, its biodistribution and metabolic fate
are expected to change. In such scenarios, the fast tumor
uptake of the vector would likely outcompete metabolic
clearance, allowing safe and effective deposition of the
radioactivity at the tumor site. Therefore, the observed stability
of [64Cu]Cu-DO4N supports its potential utility as a chelator for
radiopharmaceutical applications.
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Figure 9. Representative time-dependent (0-24 h) PET imaging of [®*Cu]Cu-DO4N in a healthy male NMRI nude mouse (~ 15 MBq [®*Cu]Cu-DO4N in 0.2 mL of
0.9% NaCl injected via tail vein catheter). K = kidney, B = bladder, L = liver.
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Experimental
General

All reagents and solvents were purchased from commercial
suppliers (Sigma-Aldrich, Chematech, Merck, Emsure, Carlo
Erba) and used without further purification. CuCl;:2 H;O0
(= 99.99% trace metal basis, Aldrich) was used as the source of
natural Cu?*. Ultrapure water (18.2 MQ:cm) was obtained
through a Purelab Chorus (Veolia) system.

Thin layer chromatography (TLC) was performed either on
aluminum plates coated with silica gel 60 Fzsa (Merck) or on
plastic plates coated with neutral aluminum oxide 60 Fs4
(Merck). The stationary phase for flash column chromatography
was either silica gel (high-purity grade, 60 A, 230-400 mesh, 40-
63 pm, Merck) or aluminum oxide 90 active neutral (activity
stage |, 0.063-0.200 mm, 70-230 mesh ASTM, Merck).

NMR spectra were recorded with either a Bruker Avance Il HD
400 (400 MHz), a Bruker Avance IIl 500 (500 MHz), or a Bruker
Avance NEO 600 (600 MHz) spectrometer. Chemical shift (8) is
expressed in parts per million (ppm), scalar coupling constants
(/) are given in Hz, and multiplicity is abbreviated as follows:
singlet (s), triplet (t), multiplet (m), broad (br). *H and *3C NMR
spectra were calibrated relative to the residual proton solvent
peak and to the 13C solvent peak in the case of deuterated
solvents, and relative to 3-(trimethylsilyl)propionic acid sodium
salt (TSP, & = 0 ppm) in the case of H,0/D,0 mixed solvent.

For the quantification of ClI-, ionic chromatography was
performed with a Dionex ICS-5000* DP chromatographer
equipped with a Dionex ICS-5000* DC conductivity detector
(Thermo Scientific). The column (Dionex lonPac AS11-HC, 2 x
250 mm) was thermostated at 30°C and the eluent was 85% H,0
+ 15% 0.1 M NaOH (0.3 mL/min). Electrochemical regeneration
was performed with a 75 mA current in a Dionex ADRS 600
(2 mm) suppressor (Thermo Scientific).

10 | J. Name., 2012, 00, 1-3
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Synthesis

Tert-butyl-N-(2-chloroethyl)carbamate (3)

2-Chloroethylamine hydrochloride (1) (1.00 g, 8.62 mmol, 1 eq)
was dissolved in anhydrous chloroform (20 mL). Di-tert-butyl
dicarbonate (2) (1.88 g, 8.62 mmol, 1 eq) and triethylamine
(4.8 mL, 34.44 mmol, 4 eq) were added under magnetic stirring
and N; flow. The mixture was stirred at RT under a N
atmosphere overnight (o/n). A saturated NaCl aqueous solution
(30 mL) was added, and the mixture was extracted with
chloroform (3 x 50 mL). The organic phase was dried with
Na,S0,, filtered and evaporated under reduced pressure. The
crude was purified by flash column chromatography (silica gel,
petroleum ether/ethyl acetate 90/10) to obtain 3 (800 mg,
4.45 mmol, 51% vyield) as a colorless oil. 'TH NMR (CDCls,
500 MHz, 25°C): 1.44 (9 H, s, CHs), 3.45 (2 H, m, CH2NH), 3.58
(2 H,t,J=5.6 Hz, CH,Cl), 4.97 (1 H, brs, NH). 33C{*H} NMR (CDCls,
126 MHz, 25°C): 28.5 (CHs), 42.6 (CH2NH), 44.4 (CHCI), 79.9
(quaternary C), 155.8 (C=0).

DO4N-Boc (5)

Cyclen (4) (100 mg, 0.58 mmol, 1 eq), 3 (625 mg, 3.48 mmol,
6 eq) and K>CO3 (400.8 mg, 2.90 mmol, 5 eq) were suspended in
anhydrous CH3CN (5 mL). The mixture was stirred at 60°C under
a N, atmosphere for 8 d. K,COsz was removed by centrifugation
and the supernatant was evaporated under reduced pressure.
The crude was purified by flash column chromatography
(neutral alumina, CH,Cl,/CHs0H, gradient from 100/0 to 98/2)
to obtain 5 (234 mg, 0.31 mmol, 54% yield) as a white solid. 'H
NMR (CDCls, 500 MHz, 25°C): 1.37 (36 H, s, CH3), 2.41 (8 H, m,
NCH2CH2NH), 2.54 (16 H, s, ring NCH,), 3.12 (8 H, m, CH2NH),
5.88 (4 H, br s, NH). 13C{*H} NMR (CDCls, 126 MHz, 25°C): 28.5
(CHs), 38.5 (CH2NH), 54.1 (ring NCH2), 54.5 (NCH-CH2NH), 78.9
(quaternary C), 155.9 (C=0). ESI-MS: m/z [M+H]*: 746 (found);
745.56 (caIc. for [C35H73N308]+).

DOA4N (6)

12 M HCI (312 pL, 3.74 mmol, 12 eq) and CH3OH (6 mL) were
added to 5 (234 mg, 0.31 mmol, 1 eq). The mixture was stirred
at RT for 5 h, then the solvent was removed under reduced

This journal is © The Royal Society of Chemistry 20xx
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pressure to quantitatively obtain DO4N-8 HCI (6) (141.4 mg) as
a white solid. H NMR (D20, 500 MHz, 25°C, pH ~ 7): 2.90 (16 H,
s, ring NCH3), 2.95 (8 H, t, J = 7.2 Hz, NCH,CH,NH,), 3.16 (8 H, t,
J = 7.2 Hz, NCH2CH2NH,). 13C{'H} NMR (D20, 126 MHz, 25°C, pH
~7): 35.2 (NCH,CH2NH,), 49.5 (ring NCH,), 51.2 (NCH2CH,NH).
HR-ESI-MS: m/z [M+H]*: 345.3448 (found); 345.35 (calc. for
[C16Ha1Ns]*).

NO3N-Boc (8)

TACN (7) (91 mg, 0.70 mmol, 1 eq), 3 (547.9 mg, 3.0 mmol, 4 eq)
and K,COs; (483.7 mg, 3.5 mmol, 5 eq) were suspended in
anhydrous CH3CN (5 mL). The mixture was stirred at 60°C under
a N, atmosphere overnight. K;COs was removed by filtration,
and the organic layer was evaporated under reduced pressure.
The crude was purified by flash column chromatography
(neutral alumina, CH,Cl,/CH3OH, gradient from 100/0 to 90/10)
to obtain 8 (264 mg, 0.47 mmol, 67% yield) as a light-yellow oil.
1H NMR (CDCls, 400 MHz, 25°C): 1.43 (27 H, s, CH3), 2.63 (6 H,
brs, NCH,CH,NH), 2.69 (12 H, s, ring NCH>), 3.18 (6 H, s, CH2NH),
5.57 (3 H, br s, NH). 3C{H} NMR (CDCls, 101 MHz, 25°C): 28.6
(CH3), 29.8 (CH2NH), 39.0 (ring NCH,), 56.9 (NCH.CH,NH), 57.86
(quaternary C), 156.17 (C=0). ESI-MS: m/z [M+H]*: 559.53
(found); 559.42 (calc. for [C27Hs5NgO6]*).

NO3N (9)

12 M HCI (110 pL, 1.32 mmol, 12 eq) and CHsOH (2 mL) were
added to 8 (60 mg, 0.11 mmol, 1 eq). The mixture was stirred at
RT overnight, then the solvent was removed under reduced
pressure to obtain NO3N-6 HCI (9) (42 mg, 0.09 mmol, 82%
yield) as a yellow-white solid. 'H NMR (D,0, 400 MHz, 25°C):
3.44-3.46 (24 H, m, NCH>). 13C{!H} NMR (D20, 101 MHz, 25°C):
34.3 (NCH2CH;NH3), 49.6 (ring NCH,), 52.5 (NCH>CH2NH>). ESI-
MS: m/z [M+H]*: 259.3 and 260.3 (found); 259.26 and 260.26
(calc. for [C12H31N6]*).

Potentiometry

Variable-pH potentiometric titrations of DO4N (Cpoan ~ 1073 M)
and Cu?*-DO4N (Cposan = Ccy ~ 1073 M) were carried out as
described in our previous works.**2 To avoid sluggish kinetics,
titrations of Cu?*-DO4N started at pH ~ 3. The thermodynamic
data were elaborated with HyperQuad and PITMAP as
described in previous publications.***> The equilibrium
constants for Cu?* hydroxides were taken from the literature*®
and were considered in all thermodynamic calculations.

NMR Spectroscopy

Variable-pH *H NMR titrations of DO4N (Cposan ~ 1073 M) were
carried out as described in our previous works.*! The
thermodynamic data were elaborated with the software
OriginPro 2024 as described in previous publications.*1-47

UV-Vis Spectroscopy

UV-Vis spectra were acquired in the wavelength range 200-
800 nm with a Cary 60 spectrophotometer (Agilent) equipped
with 1 cm optical path length quartz cuvettes.

This journal is © The Royal Society of Chemistry 20xx
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Kinetics of Cu?* Complexes Formation View Article Online
To a solution containing the ligand (Ci, fina 2L G# 0F X R5BEARP o
NO3N) in appropriate buffers (pH 0 by 1 M HCI, pH 1 by 0.1 M
HCI, pH 2 by 0.01 M HCI, pH 3 by 103 M HCI, pH 4 by 0.01 M
acetic acid/acetate buffer, pH 7.4 by 0.01 M 4-(2-Hydroxyethyl)-
1-piperazineethanesulfonic acid — HEPES buffer), CuCl, (Ccy, final
= 10 M) was added. The electronic spectra were recorded
immediately upon Cu?* addition and monitored for up to~ 20 h
at T = 25°C. To ensure equilibrium was reached, the spectra of
all samples were also re-acquired after heating at T = 65°C until
no further changes were observed.

Thermodynamic Stability of Cu2*-DO4N

(i) pH-dependent UV-Vis titrations. Variable-pH UV-Vis spectra
of Cu?*-DO4N were obtained as described in our previous
WOrkS.27’31’35

(ii) Competitive titrations with cyclen. Batch solutions containing
a fixed concentration of CuCl, and DO4N (Ccy = Cooan = 2:1074 M)
were prepared. To these solutions of pre-formed Cu?*-DO4N
complex, increasing amounts of cyclen (Ceycien = 0-2.4:107% M by
2-107° M intervals) were added. The reactions were carried out
in 0.1 M HEPES (pH 7.34). UV-Vis spectra were acquired after
overnight heating at T = 65°C, and this procedure was repeated
a few times until no appreciable spectral changes could be
detected, indicating equilibrium. Data were elaborated with
PITMAP software.*>

EPR Spectroscopy

Batch EPR titrations of Cu?* complexes were performed in the
pH range 2-12. Solutions containing CuCl; (Ccy = 2.0 mM) and
the ligand (either DO4N or NO3N, C. = 2.2 mM) were prepared
in ultrapure water (/ = 0.15 M NacCl). NaOH and HCI solutions
were used to adjust the pH. For room-temperature spectra,
capillaries were filled with the samples. For frozen-solution
spectra, the samples (200 uL) were transferred into EPR tubes
and CH3OH (50 pL) was added to avoid crystallization of water
upon freezing. The tubes were inserted into a dewar containing
liquid nitrogen (77 K). Continuous wave EPR (CW-EPR) spectra
were recorded with a Bruker EleXsys E500 spectrometer
(9.54 GHz microwave frequency, 13 mW microwave power, 5 G
modulation amplitude, 100 kHz modulation frequency).

The spectra were analyzed with the “epr” program.*® Room-
temperature spectra were corrected by subtracting the
background spectrum of pure water and were simulated using
the isotropic parameters go, Ao copper hyperfine coupling (/cy =
3/2) and four linewidth parameters. Frozen-solution spectra
were simulated using either axial (g, g/, AL, Ay/) or rhombic
(gx gy, gz Ax, Ay, A;) g-tensor and copper hyperfine tensor.
Linewidths were fitted with orientation-dependent linewidth
parameters (a, 8, y) through oy, =a+ 6\, +YM?2, where M,
denotes the magnetic quantum number of Cu?* ion. Since
natural CuCl; was used for the measurements, the spectra were
calculated by the summation of 63Cu and %°Cu spectra weighed
by the respective natural abundance.
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Single-Crystal X-Ray Diffraction

Light blue single crystals of [Cu(H,DO4N)CI]Cl;3 + solvent (10)
were obtained by slow evaporation of a water/ethanol solution
containing a 1/1 mixture of DO4N and CuCl; at pH ~ 6. A suitable
crystal was selected, mounted on a loop and transferred to the
goniometer. X-ray diffraction data were collected at 100 + 1 K
on a Bruker D8 VENTURE diffractometer using MoK, radiation.
Within Olex2 software,*® the structure was solved with the
olex2.solve structure solution program®° using Charge Flipping
and refined with the olex2.refine refinement package®® using
Gauss-Newton minimization. Refinement of non-hydrogen
atoms was carried out with anisotropic temperature factors,
while hydrogen atoms were placed into geometric positions.
They were included in structure factor calculations but were not
refined. The isotropic displacement parameters of the hydrogen
atoms were approximated from the U(eq) value of the atom
they were bonded to.

The complex was refined over two disordered positions with a
chemical occupancy ratio of 0.50/0.50 and two side chains were
further split into two positions with occupancy of 0.25 for each
conformer. Some ethanol solvent molecules could not be
localized and were considered using the solvent mask function
of Olex2.%° A solvent mask was calculated and 280 electrons
were found in a volume of 606 A3 voids per unit cell. This is
consistent with the presence of 10 ethanol and 2 water
molecules which accounts for 280 electrons per unit cell.

The graphical representation and the edition of CIF files were
carried out with Mercury®® and enCIFer®? software.
Crystallographic data were deposited with the Cambridge
Crystallographic Data Centre (CCDC Deposition Number
2468463).

Cyclic Voltammetry

Cyclic voltammetry (CV) measurements were performed using
an Autolab PGSTAT-30 (Eco Chemie, trecht, The Netherlands)
potentiostat, under the control of GPES software. A three-
electrode cell composed of glassy carbon (GC) (Metrohm) as the
working electrode, Pt wire as the counter-electrode, and
Ag/AgCl/KCl 3 M (Amel) as the reference electrode was used.
The GC electrode was cleaned by mechanical abrasion with
0.05 um alumina powder and washed in ethanol/water solution
before use. All CVs were performed at ambient temperature in
aqueous 0.15 M NaNOs at Cc, = 1.0-103 M, C.=1.2:103M (L=
DO4N or NO3N) and pH 7.4, with scan rates ranging from 5 to
200 mV/s. In the potential range explored (-0.7-0 V for DO4N,
-0.1-0.5 V for NO3N), the solvent with the supporting
electrolyte and the free ligands were found to be
electroinactive.

Radiochemistry

Caution! ¢4Cu emits ionizing radiation. It should be handled only
by trained personnel in properly equipped facilities.

[64Cu]Cu?* Production and Separation

64Cu was cyclotron-produced at Helmholtz-Zentrum Dresden-
Rossendorf (Germany) through the *Ni(p,n)®*Cu reaction and
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was isolated as [#*Cu]CuCl; in ~ 0.05 M HCl accordipg to.already
pub“shed procedures_53154 DOI: 10.1039/D6QI00856A

[64Cu]Cu?* Radiolabeling

Stock solutions (1072 M) and serial dilutions (1073-10~° M) of the
chelators (DO4N, NO3N, and NODAGA as a reference) were
prepared in metal-free ultrapure water.
radiolabeling were prepared by mixing an appropriate buffer
(80 uL of either 0.1 M sodium acetate — final pH 4.5, or PBS 1x —
final pH 7), ligand stock solution (10 pL, final concentration C. =
1074-10719 M) and [®*Cu]Cu?* (10 uL, 2-3 MBq, corresponding to
final Ccy ™~ 2-3:107° M). A negative control (free [64Cu]Cu?*) was
performed by substituting the ligand with an equal volume
(10 pL) of H20. The reaction mixture was incubated at either RT
or 90°C. RCl was determined after 10 min by radio-TLC, which
was carried out over aluminum plates coated with silica gel 60
RP-18 Fas4s (Merck) using a 0.1 M aqueous solution of sodium
citrate as eluent. Under these conditions, [6*Cu]Cu-DO4N and
[f4Cu]Cu-NO3N are retained at the base (Rf=0), [®*Cu]Cu-
NODAGA moves with R ~ 0.7, while free [64Cu]Cu?* moves with
the eluent front (Rf =
Amersham Typhoon 5 equipped with phosphor imaging plates
(GE Healthcare) and RCl was determined with the program AIDA
5.10. To confirm the TLC data, selected samples were checked
also by radio-HPLC (Hewlett Packard Series 1200) equipped with
a Ramona radioactivity detector (Raytest) and a ZORBAX 300SB-
C18 column (250 x 4.6 mm, 5 um particle size, Agilent). The
eluent was a mixture of H,O (0.1% trifluoroacetic acid (TFA),
eluent A) and CHsCN (0.1% TFA, eluent B) with the following
gradient (A/B): 3 min 95/5, 20 min from 95/5 to 5/95, 5 min
5/95, 3 from 5/95 to 95/5, 9 min 95/5, at a constant flow rate
of 1 mL/min.

Solutions for

1). Radio-TLC were analyzed with an

In Vitro Stability of [®*Cu]Cu?* Complexes

For stability assay, a pre-formed [#4Cu]Cu?* complex (50 pL) was
diluted with human serum (50 uL) and its integrity was checked
by radio-TLC after 10, 30 min, 1, 18, 24 h at T = 37°C, as
described above. A negative control was performed by diluting
free [**Cu]Cu?* in human serum, using the same conditions as
for the complexes. Any [64Cu]Cu?* transchelated with serum
proteins migrated with solvent front (Rf ~ 1), while intact
radiometal complex remained at the baseline (Rf ~ 0). The
percentage of intact complex was determined by integrating
the areas under the curves corresponding to the free and intact
species.

Animal Experiments

Animal experiments were performed at Helmholtz-Zentrum
Dresden-Rossendorf (Germany) according to the guidelines of
the German Regulations for Animal Welfare. The protocols
were approved by the local Ethical Committee for Animal
Experiments (DD24.1-5131/449/49).

Radiolabeling was carried out similarly to the procedure
described above by mixing buffer (170 uL of 0.5 M NaOAc, pH
6), DO4N stock solution (20 pL, final concentration Cpoan =
107> M), and [®4Cu]Cu?* in ~ 0.05 M HCI (10 uL, ~ 200 MBq ®*Cu)

This journal is © The Royal Society of Chemistry 20xx
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at 90°C. The final reaction volume was 200 pL.

Small animal PET was performed as described in a published
procedure>® using a nanoScan PET/CT scanner (Mediso Medical
Imaging Systems, Budapest, Hungary). In brief, male NMRI nude
mice (Rj:NMRI-Foxn1"/nY  Janvier) were anesthetized (10%
desflurane in 0.5 L/min oxygen/air, 1/4 V/V) and received ~ 15
MBq [®4Cu]Cu-DO4N (in 0.2 mL of 0.9% NaCl) via tail vein
catheter. Positron emission data were acquired continuously
for the dedicated time points (dynamic PET scan 0-120 min p.i.,
static PET scan at 4 and 24 h p.i.). PET data were reconstructed
using Mediso Tera-Tomo™ 3D iterative reconstruction. Images
were post-processed and analyzed using ROVER (ABX) and
displayed as maximum intensity projections (MIPs) at the
indicated time points and scaling.

Conclusions

Copper radioisotopes, including 61/64/67Cy, represent a unique
true theranostic family, offering a spectrum of radionuclides
suitable for the combination of PET imaging, 8~ therapy, and
SPECT follow-up using chemically identical
radiopharmaceuticals. Despite decades of research on copper
coordination chemistry, the search for chelators that optimally
balance thermodynamic stability, kinetic inertness, and
bioconjugation potential continues to be a central challenge in
the development of next-generation radiopharmaceuticals.
Capitalizing on the well-known binding affinity of copper for
nitrogen donors, we investigated a cyclen-based chelator
functionalized with aminoethyl side chains (DO4N) alongside its
TACN-derived analogue (NO3N). Both chelators formed Cu?*
complexes with high thermodynamic stability, comparable to or
exceeding that of conventional analogues endowed with
carboxylic pendants (DOTA and NOTA). In particular, DO4N
demonstrated to form the most stable Cu?* complexes.
Complexation kinetics were strongly pH-dependent, proceeding
rapidly within minutes at mildly acidic to neutral pH and slowing
down at more acidic pH due to proton competition. Structural
analyses in solution and in the solid state revealed that all
tertiary macrocyclic amines coordinate the metal, while only
one or two primary amines of the side chains participate in
binding. Cu?* is encapsulated in an elongated octahedral
(DOA4N) or distorted square pyramidal (NO3N) geometry. Cyclic
voltammetry experiments demonstrated the ability of both
ligands to stabilize Cu* upon reduction, underscoring their
exceptional redox robustness.

Radiolabeling studies with [64Cu]Cu?* showed that DO4N and
NO3N outperform NODAGA under all tested conditions,
achieving quantitative incorporation even under mild,
biologically compatible conditions. Both [#*Cu]Cu?* complexes
remained fully intact in human serum, confirming their
exceptional kinetic inertness. /In vivo PET imaging with [®4Cu]Cu-
DO4N in healthy mice demonstrated adequate short-term
stability for imaging applications, with clearance
dominating early biodistribution.

Beyond stability, the structural features of these chelators
present a distinct biological advantage: the uncoordinated
primary amines can be exploited for conjugation to biologically

renal
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active targeting vectors enabling selective delivery, af.copRer
radioisotopes to cancer cells while preseRihgthetalEréntiam
This combination of rapid and mild radiolabeling, high stability
and inertness, redox resistance, and modular conjugation
potential positions establish DO4N and NO3N as highly
promising platforms for theranostic radiopharmaceutical
development. Future studies in tumor-bearing animal models
will focus on bioconjugates derived from these chelators to
evaluate targeted radiotherapy and imaging efficacy with
copper radioisotopes.
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