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Radiometals are increasingly used in nuclear medicine for both diagnostic and therapeutic purposes. The
DOTA ligand (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) is widely used as a chelating
agent for various radionuclides, including 897r, with high thermodynamic stability constants and great
in vivo stability. However, in contact with radioisotopes, chelating molecules are subjected to the effects
of radiation, which can lead to structural degradation and induce alteration of their complexing properties.
For the first time, the radiolytic stability of the Zr—DOTA complex in aqueous solution was studied and
compared to the stability of the DOTA ligand. The identification of the major degradation products allows
us to propose two different degradation schemes for the DOTA ligand and Zr—-DOTA complex. DOTA is
degraded preferentially by decarboxylation and cleavage of an acetate arm CH,—COOH, whereas in Zr—
DOTA, DOTA tends to oxidize by the addition of the OH group in its structure. In addition, the degradation
of the ligand, when involved in a Zr complex, is significantly less than when the ligand is free in solution,
indicating that the metal protects the ligand from degradation. DFT calculations were performed to sup-
plement the experimental data and give an improved understanding of the behaviour of DOTA and Zr-
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DOTA solutions after irradiation: the increase in stability upon complexation is attributed to the strength-
ening of the bonds in the presence of metal cations, which become less vulnerable to radical attack.
Bond dissociation energies and Fukui indices are shown to be useful descriptors to estimate the most vul-

rsc.li/dalton nerable sites of the ligand and to predict the protective effect of the complexation.

87r is currently being studied for PET>'? applications and

has received considerable attention in radioimmunotherapy

Introduction

Radiometals (or radionuclides) play an important role in
nuclear medicine through imaging techniques to visualize the
distribution of radionuclides in the body or through therapy
by specific irradiation of malignant cells. Whatever the appli-
cation, a pharmaceutical agent (drug) is needed to act as a
carrier molecule to deliver radionuclides to the target. Metal-
based radiopharmaceuticals represent a dynamic and rapidly
expanding field of research. SPECT (Single Photon Emission
Computed Tomography) and PET (Positron Emission
Tomography) have become increasingly popular cancer
imaging techniques. The development of clinical PET imaging
has significantly increased the efficiency of cancer diagnosis."
For such PET applications, the ideal radionuclide emits B* par-
ticles and must have a short half-life with rapid accumulation
and clearance in tissue. These radiopharmaceuticals provide
imaging within 24 hours of administration. In this context,
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applications because of its favourable decay characteristics
and half-life period (¢, = 78.4 h) making it useful for labelling
monoclonal antibodies.”® To deliver ®Zr to a given target, a
powerful chelator must be bound to the tetravalent metal ion
to prevent the release of the radionuclide into the human
body."*'® The coordination chemistry of zirconium(v)
suggests the use of a polydentate ligand with a denticity of 6-8
oxygen and nitrogen donor atoms. Several families of ligands
based on hydroxamate, hydroxypyridone, catecholamide,
hydroxyisophthalimide or carboxylate donor groups have been
investigated.®'” The desferrioxamine ligand (DFO) based on
the hydroxamate donor group is the reference compound and
is widely used in PET imaging."®'® However, with this ligand,
a slight release of ®Zr activity has been observed into the
bones of mice.”*° This instability may be related to the unsatu-
rated coordination sphere of Zr when complexed with DFO.
Summers et al. reported that the coordination sphere of Zr
complexed to DFO is likely completed by two hydroxide
ligands, Zr(DFO)(OH),."°

Polyaminocarboxylic ligands, known for their high affinity
for metal ions and strong binding ability to a wide range of

This journal is © The Royal Society of Chemistry 2023
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metal ions,>"?* represent a class of ligands that has been at
the forefront of radiopharmaceutical development for nearly
half a century.'®**72® pPandya et al. used tetraazamacrocycles
such as 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
(DOTA) (Fig. 1) as a Zr chelator.?” It was found that Zr-DOTA
exhibited improved in vitro stability and in vivo behaviour com-
pared to Zr-DFO. The molecular structure of Zr-DOTA was elu-
cidated by single-crystal X-ray diffraction analysis and it was
shown that Zr has an octodentate coordination with all four
macrocyclic nitrogen atoms and acetate arms involved in the
coordination.?”

897r decays to metastable **™Y by a combination of f* emis-
sion (23%) at low average energy (Ep ~ 396 keV) and electron
capture (77%). **™Y undergoes an internal transition, which is
accompanied by a high-energy (909 keV) gamma emission
(99%) to give stable *°Y.

In contact with radiometals, the chelator can be subjected
to radiolysis attacks, which affect its chemical structure and
lead to radiolytic decomposition. This phenomenon is of
major concern as it can lead to the release of radiometals into
the body.

Some works have reported the impact of irradiation on poly-
aminocarboxylic acid molecules such as EDTA, HEDTA or
DTPA.>®! In the presence of ionizing radiation, these ligands
in water are susceptible to indirect radiolysis and can be
attacked by reactive species such as H* and HO" radicals.**”°
Very few studies are available on DOTA radiolysis.>®?” The
alpha radiolysis of DOTA was investigated in aqueous solution
under helium ion irradiation. This led to the formation of
molecular hydrogen (H,) and carbon dioxide (CO,). It was
observed that DOTA is degraded preferentially by decarboxyl-
ation (cleavage of CO, moieties), loss of acetate arms
(CH,COOH), and condensation of two carboxylic moieties with
the elimination of a carbonic acid or glycolic acid group. In a
recent study, Avraham et al investigated the chemical reac-
tions and changes that DOTA can undergo in response to rad-
icals formed by the ionizing radiation induced by the radiome-
tal.>” The reaction of DOTA with HO", H;C" and H;CO, rad-
icals was investigated. Hydroxyl radicals were shown to react
significantly faster than methyl radicals.’” The authors have
also studied the reactivity of lanthanide-DOTA complexes with
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Fig. 1 Schematic representation of the DOTA ligand (left) and Zr—-DOTA
complex (right). For simplicity's sake, DOTA is portrayed as neutral form
regardless of the proton position.
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methyl and hydroxyl radicals. It was shown that the methyl
radical H;C" reacts more slowly with Ce™-DOTA™ and Dy™-
DOTA™ complexes than with the free DOTA ligand. Such influ-
ence of metal ions on ligand radiolytic degradation, favouring
or inhibiting certain reaction pathways, has already been
observed in research work on solvent extraction for nuclear
fuel reprocessing.’**° For instance, the effect of metal com-
plexation on the reaction kinetics of the dodecane radical
cation toward nuclear fuel extraction ligands was reported.
Uranyl complexation increases the reaction rate with some
amide type extracting ligands, while it has a negligible effect
with tri-butyl phosphate ligand.>® The complexation of ameri-
cium and europium increases the reaction rate with the hexa-n-
octylnitrilo-triacetamide ligand (HONTA).>** Kimberlin et al.
characterized the effect of lanthanide complexation on the radi-
olysis of diglycolamide, finding that metal ions protect diglycola-
mide from degradation.’® Other studies have investigated the
effect of metal complexation in aqueous solution.****™*° For
example, in the case of DTPA solution, it was observed that the
radiolytic yield of degradation was higher for uncomplexed DTPA
than for the Sm-DTPA complex.”® These results underline the
importance of considering the role of metals in radiolysis even
though the effect of metal complexation on ligand radiolysis
remains poorly understood. Recent work has shown that
quantum chemistry tools can be very useful to complement
experimental data in the study of radiolytic processes. In particu-
lar, Fukui functions and bond dissociation energies (BDEs) have
been used to explain differences in the behaviour of ligands
under irradiation.*®>'>* Fukui indices evaluate the chemical
reactivity of a particular atom towards electrophilic, nucleophilic
or radical attack, while BDEs assess bond strength. These tools
allow the identification of the weak points of the molecules and
thus the identification of the atoms susceptible to radiolysis
attacks.

The goal of this work is to study the radiolytic stability of
the DOTA ligand and Zr-DOTA complex in water to investigate
the influence of complexation on the radiolytic stability of
DOTA. Gamma irradiations were performed as the high-energy
gamma emission of the ®*™Y decay is the major concern of
897r decay chain. The degradation products of DOTA and the
Zr-DOTA complex have been identified and degradation
schemes are proposed. Finally, bond stabilities and Fukui
functions have been determined from DFT calculations in
order to evaluate the most likely sites for radical attack on the
ligand and the effect of complexation.

Experimental section

Chemicals

Solid DOTA (H,;DOTA) was purchased from Chematech (Dijon,
France) (purity > 98%, confirmed by HPLC). Solid zirconium
(iv) acetylacetonate was obtained from Sigma-Aldrich (purity
97%). Anhydride methanol from Sigma-Aldrich (purity 99.8%)
was utilized. All commercial products were used as received
without further purification. The pH of the solutions was
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measured with a pH electrode (Metrohm) calibrated against
standard buffers.

Synthesis and characterization of Zr-DOTA

The Zr-DOTA complex was synthesized at room temperature
and with a metal: ligand ratio of 1:1. 203 mg of solid DOTA
(H,DOTA) was dissolved in methanol. DOTA did not dissolve
completely after stirring. Zr(AcAc), was then slowly added to
the solution. The resulting mixture was centrifuged and the
supernatant was isolated in a separate microtube. After a few
days, a precipitate appeared, which was separated and dried.
Finally, a white powder corresponding to Zr-DOTA was
obtained which was dissolved in pure water for characteriz-
ation by mass spectrometry and NMR spectroscopy. The
spectra are presented in the ESL.}

Irradiation experiments

Aqueous solutions of DOTA and Zr-DOTA (5 x 107> mol L™")
were irradiated by gamma radiation using a GRS-D1 Gamma-
Service-Medical-GmbH irradiation system at CEA Marcoule. It
uses a calibrated "*’Cs source with a dose rate of 0.8-0.9 kGy
h™". Dosimetry was performed by the Fricke method.>®

The concentration of **Zr used for in vivo studies is approxi-
mately 1-2 x 10”7 M, which corresponds to a maximum dose
rate of 0.3 kGy h™" (without taking into account zirconium
decay).”””” Considering the position of the samples in the
gamma irradiator, the dose rate delivered to the samples is
three times higher. Under these conditions, degradation pro-
ducts are formed more rapidly than under usual in vivo con-
ditions. However, to compare the effect of complexation on
DOTA stability, all samples were irradiated under identical
experimental conditions (DOTA concentration, irradiation
dose and dose rate).

2 mL of each sample was prepared and irradiated for
12-24-36-120 hours corresponding to a dose of approximately
10-20-30-100 kGy. The doses, corresponding irradiation times
and pH of the irradiated samples are given in Table 1.

Mass spectrometry

The samples were diluted in a concentration range of 107*-
107® mol L™ in pure H,O or acidified water (H,O + 0.02%py,,
HNO;) and analyzed with a micrOTOF-Q 1I (Bruker Daltonik

Table 1 Dose rate, irradiation time, doses and pH of the samples

Dose rate Irradiation Dose

Sample (kGy h™) time (h) (kGy) pH
DOTA 0 kGy 0 0 0 3.51
DOTA 10 kGy 0.87 9h 25 8.2 3.82
DOTA 20 kGy 0.86 23 h 20 4.22
DOTA 30 kGy 0.87 38h 25 34 4.51
DOTA 100 kGy 0.87 120 h 104 —
Zr-DOTA 0 kGy 0 0 0 5.7
Zr-DOTA 10 kGy 0.80 10 h 25 8.3 3.44
Zr-DOTA 20 kGy 0.80 25h 20 3.37
Zr-DOTA 30 kGy 0.80 38h 25 31 3.39
Zr-DOTA 100 kGy 0.87 120 h 104 —
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GmbH, Bremen, Germany) electro-spray ionization (ESI) quad-
rupole time-of-flight (TOF) mass spectrometer calibrated daily
using an Agilent (G1969-85000) ESI Low Concentration Tuning
Solution. The addition of acid favours ionization of com-
pounds and avoids the formation of sodium adducts. No other
effects of the acid were observed. The samples were injected at
a flow rate of 300 puL. h™" by using a syringe pump. The experi-
mental conditions were as follows: positive ion mode, ion
spray voltage of —4500 V, IsCID 0 eV, N, as the drying and neb-
ulizing gas, 4 L min™", 0.3 bar, and 200 °C. A low mass tuning
method was used, which allowed the analysis of DOTA and Zr-
DOTA fragments. The Compass Data Analysis software (Bruker
Daltonik) was used for data processing. Species were identified
by comparing an experimental isotopic pattern with a simu-
lated one using the DataAnalysis 4.2 software. MS/MS analysis
of DOTA and major degradation products is given in the ESL{

Nuclear magnetic resonance

Analyses were performed at 25 °C with an Agilent DD2
400 MHz spectrometer equipped with a 5 mm OneNMR probe.
To avoid dilution, an external tube containing the deuterated
reference solvent (CDCl; or acetoneD6) surrounded the tube
containing the sample in pure H,O. All spectra were normal-
ized with the reference solvent used as the external standard.

The "H NMR water signal was presaturated to enhance the
signal intensity of our compounds. The OpenVnmr] 4.2 soft-
ware was used for data acquisition and the MestReNova 14.2.1
software for data processing.

Computational methods

The calculations were performed using density functional
theory (DFT) with Gaussian 16.® Optimized geometries were
confirmed to be true minima by frequency calculations (no
imaginary frequencies were found). The zero-point energies
(zPE) with the corresponding thermal correction at 298.15 K
were computed by frequency calculations and added to the
electronic energies. The 6-31G+(d,p) basis set was employed
for H, C, N and O atoms. For zirconium, core electrons were
represented by the MWB28 Stuttgart-Cologne quasi-relativistic
effective core potential (ECP) with the associated basis set for
valence electrons.”® The bond dissociation energy (BDE) is
defined as the reaction enthalpy of homolytic bond dis-
sociation according to the following reaction:

R-X >R +X (1)

The BDE of an R-X bond is calculated by using the differ-
ence in the enthalpies of each species involved in the homoly-
tic reaction.

Egpe = AfH;QS.lSK(R') + AfH;%.lsK(X.)

- Aflr'lz%,lsk(R - X)

(2)

The hybrid density functional B3P86 (Becke’s 3-parameter
exchange functional with Perdew non-local correlation

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3dt00977g

Open Access Article. Published on 30 June 2023. Downloaded on 10/23/2025 8:41:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton Transactions
energy)®”®" was chosen to compute BDEs. Previous studies
have shown good agreement with the experimental values for
compounds similar to the acetate arm of DOTA, i.e. containing
C-N, C-O or C-C bonds.®””®* It has been shown that
B3P86 has an absolute mean error of 10.8 k] mol™, while
B3LYP has an absolute mean error of 27 kJ mol™ for such
bonds. All BDE calculations were performed in the gas phase.

The Fukui function as defined by Parr and Yang®® describes
the electron density at a given position r after adding or remov-
ing electrons. It can predict the sites of a molecule which are
most likely to undergo a nucleophilic, electrophilic or radical
attack. In this work, the Fukui function R for radical attack has
been determined. It corresponds to:

R() =5 [prsa(1) = pya ()] 3)

p is the electronic density and N is the number of electrons.
pn+1(7) is the electronic density of the anion generated from
adding one electron to p,(r), density of the neutral molecule.
pn_1(r) is the electronic density of the cation generated by
removing an electron from py(r). Positive values of these func-
tions indicate which parts of the molecule are most vulnerable
to radical attack. On the opposite, negative values would indi-
cate which parts of the molecule are unlikely to be attacked by
such species.

The Fukui indices have also been generated to obtain a
quantitative description of the local reactivity.>®>> The radical
Fukui index /> for an atom « is defined as follows:

o0 = ks — ] (1)

where ¢” is the partial charge on the atom a.

Finally, the condensed dual descriptor (CDD) proposed by
Morell et al.°®®” was determined. It provides useful infor-
mation on both stabilizing and destabilizing nucleophile/elec-
trophile interactions and helps to identify the behaviour of a
specific atom within a molecule. It corresponds to a linear
combination of Fukui indices:

CDDy = 29y — qn11 — Gn-1 (5)

The absolute value of CDD indicates the probability of the
reaction with the site. The sign of CDD corresponds to the type
of attack, and negative and positive values correspond, respect-
ively, to nucleophilic and electrophilic attacks. For Fukui calcu-
lations, the geometries of DOTA and Zr-DOTA were optimized
for the neutral reference using the B3LYP functional.®®®® The
water was represented with the self-consistent reaction field
(SCRF) method using the polarizable continuum model
(IEFPCM).”® For Fukui indices and the condensed dual
descriptor, the partial charges were derived from a natural
population analysis (NBO).”*

This journal is © The Royal Society of Chemistry 2023
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Results and discussion

Radiolytic stability of the free and complexed ligands

'H NMR analysis of 5 mM DOTA and Zr-DOTA samples in
pure water was performed before and after radiolysis up to 100
kGy. "H NMR spectra for the irradiated solutions up to 30 kGy
are presented in Fig. 2 and 3. Their spectra were normalized
using an external locking solvent so that the spectra can be
compared with each other. An undeuterated residual signal
from acetoneD6 for DOTA and a tetramethylsilane (TMS)
signal in CDCIl; for Zr-DOTA were observed. The spectra of the
solution irradiated at 100 kGy were not presented because they
were hardly usable. At 100 kGy, the NMR signals of Zr-DOTA
and DOTA are strongly reduced and in the case of Zr-DOTA, a
white powder was observed in the bottom of the Pyrex flask,
indicating that some zirconium has been hydrolysed.

For the DOTA sample (pH of the solution before irradiation
= 3.51), the characteristic signals of DOTA are observed at
2.26 ppm corresponding to the cyclen protons and at
2.74 ppm corresponding to the acetate protons (Fig. 2). From
10 kGy onwards, the signals of the acetate protons are shifted,
indicating that the arms of DOTA are degraded, and some
signals appear between 1 and 3 ppm. Another signal is also
observed at 7.38 ppm. These signals can be attributed to the
formation of degradation products. A decrease in signal inten-
sity is observed upon irradiation, which was also reported by
Fiegel et al.>® They observed that the higher the concentration
of DOTA in solution, the higher the hydrogen yields and attrib-
uted the decrease in NMR signal intensity to the degradation
of DOTA through hydrogen abstraction leading to the for-
mation of molecular hydrogen H,.*® At 20 and 30 kGy, DOTA
keeps degrading. This results in a decrease in intensity and an
increasing shift of the NMR signals. On the other hand, the
signal intensity of degradation products increases slightly. At
30 kGy, the increasing number of signals is causing a broaden-
ing of the baseline from 1.5 to 3.1 ppm.

The "H NMR spectra of the irradiated solutions of Zr-DOTA
(pH of the solution before irradiation = 5.7) are shown in
Fig. 3. The pH was not equalized between the ligand and the
complex solutions to avoid the effects of acidic or basic species
on the radiolysis of the samples. Moreover, previous studies
have shown that within the pH range from 3 to 11, in the case
of gamma irradiation, the radiolytic yields of the main radioly-
sis products of water (e™,q, HO", H", H,, H,0, and HO,") barely
change.®® The characteristic signals of the complex are visible
and are assigned according to the literature.”> More details are
provided in the ESL{ Zr-DOTA shows a different behaviour
from that of the free ligand towards irradiation. As shown in
Fig. 3, the signals of the complex are not shifted and their
intensity hardly decreases. This indicates that the complex is
more resistant to irradiation than the free ligand. Nonetheless,
as for the free ligand, new signals appear upon irradiation but
they are much less numerous.

The NMR signals of the ligand and complex were integrated
between 0 and 30 kGy (see the ESI}). The average intensity of
the signals decreases by 94% for DOTA and 42% for Zr-DOTA

Dalton Trans., 2023, 52, 9952-9963 | 9955


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3dt00977g

Open Access Article. Published on 30 June 2023. Downloaded on 10/23/2025 8:41:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Dalton Transactions

I

j/o
]
J\O

z
b4

O O
—/
o O
—

& OH OH CH2
NH,
HC
— _<o - 1_,—M
8.0 7.5 7.0 6.5
. 'H (ppm)

&
g

impurities in acetoneD6 | &

\

34 32 30 28 26 24 22 20 18 16 14 12 10 08
'H (ppm)

Fig. 2 'H NMR spectra of non-irradiated and irradiated DOTA solutions. Conditions: 5 mM in pure water (pH = 3.51). AcetoneD6 is used as an exter-
nal lock solvent and residual undeuterated signal to normalize the spectra. From top to bottom: 0 kGy, 10 kGy, 20 kGy, and 30 kGy.

N,

T

(o}

<1 ]

N N " A o, e

TMS inCDCl;

13 2/4 - " - N\

4 5 88 86 84 82 80 78 76
6 1 'H (ppm) \
3 - water in CDCl;

R | ‘

10 kGy | | o
20 kGy J u JL
e @M,
30 kG » o L
45 4.0 35 3.0 25 20 15 10 0.5 0.0
'H (ppm)

Fig. 3 'H NMR spectra of non-irradiated and irradiated Zr—DOTA solutions. Conditions: 5 mM in pure water (pH = 5.7). All spectra are normalized
to the TMS present in external CDCls used as the lock solvent. From top to bottom: 0 kGy, 10 kGy, 20 kGy, and 30 kGy.

9956 | Dalton Trans., 2023, 52, 9952-9963 This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3dt00977g

Open Access Article. Published on 30 June 2023. Downloaded on 10/23/2025 8:41:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton Transactions

Table 2 Dose constants (kGy™) and —Go values (umol J7%) for irra-
diated DOTA and Zr-DOTA

Sample d (kGy™) —Go (umol J 1)
DOTA —0.125 + 0.003 0.625 + 0.015
Zr-DOTA —0.0193 + 0.003 0.096 = 0.015

at 30 kGy. Considering the exponential decrease in the DOTA
concentration with absorbed dose, which suggests pseudo-
first-order kinetics, the dose constants d and G, values can be
calculated using eqn (6) and (7) from Mincher et al.”>”* C, and
C are the initial and final concentrations (the C/C, ratio was
calculated using the NMR peak areas), p is the density of the
solution and D is the absorbed dose. The results are given in
Table 2. Notably, the values obtained for —G, (radiolytic yields
of disappearance) are much lower when the ligand is com-
plexed with zirconium.

C = Cye®? (6)
Go = dCy/p (7)

In summary, the degradation of the free ligand is much
more pronounced than when complexed with Zr, considering
the large decrease in intensity, —G, and the shift of the ligand
signals for the DOTA solutions. Most importantly, the lower
occurrence of new signals after irradiation of the complex indi-
cates that fewer degradation products are generated with Zr.
The metal seems to protect the ligand from degradation.

The solutions were then analysed by ESI-MS to identify the
degradation products. Fig. 4 shows the ESI-MS spectra of the
DOTA aqueous solutions irradiated up to 30 kGy. At 0 kGy, one
species is observed at m/z = 405 corresponding to the proto-
nated DOTA ligand. From 10 to 30 kGy, peaks corresponding to
the degradation products of DOTA are observed at m/z = 347,
317 and 361. The identifications were proposed based on the
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Fig. 4 ESI-MS spectra of degraded solutions of 5 mM DOTA diluted 10
times in acidified water (H,O + 0.02%/Vol HNOs). Positive ionization
mode.
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work of Fiegel et al.*® The major ion at m/z = 347 corresponds to
DOTA with the loss of an acetate arm -CH,COOH. This explains
the shift of the acetate arm signals observed in the NMR
spectra. The two other ions are assigned to the loss of carbon
dioxide groups, one molecule of CO, at m/z = 361 and two mole-
cules of CO, at m/z = 317. The abundance of ions gradually
decreases with the absorbed dose, causing ligand degradation
as observed by NMR. An increase of the pH is also observed
(Table 1), from 3.51 to 4.51, certainly due to the release of CO,.

From the species identified by ESI-MS, a simplified degra-
dation pathway of DOTA is proposed with the major degradation
products (Fig. 5). This is in good agreement with the previous
one proposed by Fiegel et al. However, fewer degradation pro-
ducts are detected, as the initial concentration is lower in the
present study (5 mM vs. 100 mM in the study of Fiegel et al.).

The Zr-DOTA solutions were also analysed by ESI-MS
(Fig. 6). A previous investigation has shown that ESI-MS is a
valuable tool to identify metal-DOTA complexes in solution.”®
At 0 kGy, a species is observed at m/z = 491 and corresponds to

m/z =361 m/z = 405 (DOTA)
HO, HO, HO,

m/z =317

2’/[\”/_\“/) -(C0,) z/ENmN/ij:H -2(C0,) z/ENm"/j
o o [e} [o} o
HO)\/N\_/N\J(OH HO N\_/:'i\/(OH HO)L/N\—/N\

HO OH

Fig. 5 Simplified degradation pathway for DOTA radiolysis in pure
water. The compound framed in red is the major degradation product
observed by ESI-MS.

ntens
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Fig. 6 ESI-MS spectra of degraded solutions of 5 mM Zr—-DOTA diluted
10 times in acidified water (H,O + 0.02%/Vol HNO-). Positive ionization
mode.
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the protonated complex. In contrast to the free ligand, the
abundance of degradation products is much lower. However, a
degradation product is observed at a lower mass (m/z = 433).
This compound results from the loss of a CH,COOH fragment,
as observed for the free ligand. Nevertheless, its signal inten-
sity is weak, suggesting that it is present in small amounts.
This decarboxylation has been previously observed with the
aged solution of Ce-DOTA complexes.”® It was attributed to
the intramolecular and intermolecular redox processes. A
heavier degradation product, not observed with free DOTA, is
found at m/z = 507. The mass gain is 16 and may correspond
to an addition of an oxygen atom to the complex. This can be
attributed to C-H bond breaking, due to the reaction with the
H' radical from the solution, leading to the release of H,
according to eqn (8). This could explain the small decrease in
intensity of the NMR signals observed for the complex (Fig. 3).
The dehydrogenated radical intermediate then reacts with a
free HO™ radical as described in reaction (9):

RR’ ZINCH,COOH + H" — RR' ZrN — CHCOOH + H, (8)

RR’ ZrN — CHCOOH + HO" — RR’' ZrNCH(OH)COOH  (9)

In contrast, the gamma radiolysis of diglycolamide ligands
in aqueous nitrate solution has been shown to be driven by
the hydroxyl ion which reacts rapidly with the ligands.””

Therefore, unlike the ligand, the Zr-DOTA complex tends to
oxidize under irradiation. Oxidation reactions have already
been observed under certain conditions with amide extractants
in organic diluents.””®”® In summary, Zr-DOTA degrades
differently from the free ligand. The results obtained by
ESI-MS are in agreement with those obtained by 'H NMR:
fewer degradation products are observed for the complex. An
instant decrease of the pH is observed (Table 1) for the
complex from 5.7 to 3.4. This is probably due to the release of
acetic acid and zirconium hydrolysis.

Fig. 7 shows a simplified degradation pathway for Zr-DOTA
with the main degradation products observed by ESI-MS. MS/
MS experiments were conducted on the degradation product at
m/z = 507 to obtain further structural information. However,
due to the very low abundance of the ion, it was not possible
to observe enough fragments to identify precisely the structure.
Thus, two degradation products are proposed, one by hydroxy-
lation in the acetate arms and the other in the cyclen.

To summarize the results, the degradation products
observed for DOTA and Zr-DOTA are shown in Table 3.
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Table 3 Degradation products observed for DOTA and Zr—-DOTA

m/z Chemical formula Species

DOTA

405.2 [C16H,505N,JH" DOTA

347.2 [C14H,606N,JH" Loss of CH,COOH
317.2 [C14H,50,N,JH" Loss of 2 CO,
361.2 [C15H506N,JH" Loss of CO,
Zr-DOTA complex

491.2 [ZrC16H,405N,JH" Zr-DOTA

507.1 [ZrCyH,0oN,JH" Addition of O
433.1 [ZrC,4H,606N,JH" Loss of CH,COOH

Quantum chemistry calculations

In order to evaluate the strength of the bonds in DOTA, free or
engaged with Zr, bond dissociation energies (BDEs) were eval-
uated from DFT calculations. The speciation of DOTA in water
depends on the pH of the solution. From the previously deter-
mined protonation constants and identified protonation
sites,®*®> it is considered that the predominant species in
aqueous solution at pH 3-4 has four protons attached to two
trans nitrogen atoms of the ring and to two carboxylate groups
as shown in Fig. 8. Calculations were performed for this
species, which will be referred to as H,DOTA hereafter.

Our experimental results and previous work®® show that
cyclen bonds of DOTA are not subjected to radiolysis, while
the acetate arms can be broken. Therefore, BDEs were calcu-
lated only for the bonds belonging to the acetate arms. The
BDEs corresponding to the N-C, C-C, C-O and C-H bonds
depicted in Fig. 8 were computed for H,DOTA and Zr-DOTA.
The results are summarized in Table 4. The C-H BDE values
are not discussed at first, as they are involved in degradation
mechanisms as proved by previous authors for polyaminocar-
boxylic acids.>®¢

Fig. 8 Bonds studied for H4DOTA and Zr-DOTA.

Table 4 Computed bond dissociation energies (BDEs in kJ mol™) for
acetate arms of H4;DOTA and Zr-DOTA

m/z=433 m/z = 491 (Zr-DOTA) m/z =507
Oyo OH -
0] ho H,DOTA
XS O
el O'i; R-X bond Uncharged arm Charged arm Zr-DOTA
o
C-C 300 762 741
Fig. 7 Simplified degradation pathway for Zr—DOTA radiolysis in water. N_C 257 669 720
Compounds framed in red are the major degradation products observed C-O 500 1078 1068
by ESI-MS. C-H 266 426 314
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According to the calculated values for H,DOTA, the lower
value and therefore the weakest bond for any arms of H,DOTA,
with protonated and unprotonated nitrogen, corresponds to
the N-C bond. Breaking this bond induces the loss of an
acetate arm, CH,COOH. This is consistent with the experi-
mental data that give DOTA with a loss of CH,COOH as the
major degradation product. When comparing H,DOTA and Zr-
DOTA, the weakest bonds are found in H,DOTA with BDE
values ranging from 300 to 500 kJ mol ™" for the C-C, C-N and
C-0O bonds of uncharged arms. In Zr-DOTA, these values are
significantly higher and vary from 720 to 1068 k] mol™". This
difference indicates that the bond stabilities of the acetate
arms are greatly enhanced when the ligand is complexed with
zirconium. This increase in stability upon complexation is also
consistent with what has been observed experimentally. It
should be mentioned that the BDE values of the charged arms
of H,DOTA are similar to those computed for Zr-DOTA (from
669 to 1078 kJ mol™). This shows that the BDEs, and hence
the bond stability, are strongly influenced by the presence of a
cation (either Zr** or H") attached to the ligand.

The calculated bond distances given in Table 5 indicate
that there is no correlation between bond distances and BDE
variations. For instance, the N-C bond distance is shorter in
H,DOTA for the uncharged arm than that in Zr-DOTA: 1.473 A
vs. 1.485 A, while the BDE is lower (257 and 720 kJ mol™*
respectively).

The BDE value depends on the relative stability between the
R-X molecule and the formed radicals R* and X" (eqn (2)). In
the case of the HN'-C bond of H,DOTA, the cleavage of the
bond leads to RR'HN"" and CH,COO"~ charged radicals. This
bond is calculated to be more stable than the neutral N-C
bond (669 vs. 257 k] mol™). Previous studies have shown
similar results for N-H bonds.**"®*> For example, Kaur et al.
have found a BDE for protonated NH; of 514 kJ mol™" whereas
for the neutral form they found a BDE of 433 k] mol™.
According to our calculations, the protonation of RR'N" stabil-
izes the radical product by 1032 kJ mol™" whereas the deproto-
nation of CH,COOH’ destabilizes the radical product by
1444 kJ mol™'. This results in a decrease of the N-C BDE
between the charged and the uncharged arm of 412 kJ mol™".
These results indicate that the destabilization of CH,COO"™ is
responsible for the bond stabilization.

Finally, the lower BDE is found in Zr-DOTA for the C-H
bonds in the acetate arms. This result corroborates the experi-
mental degradation pathway observed for Zr-DOTA, ie. oxi-

Table 5 Bond distances (A) of acetate arms for optimized structures by
DFT of H4DOTA and Zr—-DOTA

H,DOTA
R-X bond Uncharged arm Charged arm Zr-DOTA
C-C 1.536 1.554 1.528
N-C 1.473 1.502 1.485
C-O0 1.306 1.278 1.309
C-H 1.095 1.092 1.093

This journal is © The Royal Society of Chemistry 2023
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dation to form Zr-DOTA[O] by replacing H for HO" due to the
rupture of a C-H bond. This phenomenon is not observed for
H,4DOTA because the cleavage of the C-H bond is immediately
followed by the rupture of C-C bonds or N-C bonds through
multiple reactions and rearrangement.>*>°

The Fukui function, Fukui indices and absolute values of
the condensed dual descriptor were determined for H,DOTA
and Zr-DOTA. The Fukui function describes the electron
density after the addition or removal of the electron. It can
predict the sites of a molecule that are most likely to undergo
nucleophilic, electrophilic or radical attack. The Fukui indices
determined for individual atoms give access to local reactivity
(see the Computational methods section). Fig. 9 shows the
values of the radical Fukui functions mapped onto the electron
density isosurface for HyDOTA and Zr-DOTA. The higher the
value, the more vulnerable the site is to radical attack (red dots).

For the ligand (H,DOTA) and the complex (Zr-DOTA), the
higher values of the radical Fukui function are located on the
carboxylate groups around the oxygen atoms. As expected, the
smaller values are found on the carbon cyclen (blue in Fig. 9).
Furthermore, for HyDOTA, the values of the radical Fukui func-
tion are higher for the unprotonated nitrogen atom (red dots)
than for the protonated nitrogen atoms. For Zr-DOTA, no red
dots are observed on nitrogen atoms. Other Fukui function
values are also smaller on Zr-DOTA than those on DOTA, as
shown by the predominant blue parts and fewer red dots in
Fig. 9 (bottom view).

Afterwards, we calculated the radical Fukui indices (f°) and
absolute values of the condensed dual descriptor (|CDD|) for
each atom to quantify the most reactive sites of the ligand and
the complex. The {° and CDD values of the carbon atoms of
H,DOTA and Zr-DOTA are shown in Table 6. For clarity, only
carbon and nitrogen Fukui indices are given. The complete list
of the calculated values is given in the ESL¥

For Zr-DOTA, the lowest f° value is found for the cyclen
carbon atoms (Cca,, cyclen)) With a slightly negative average
value of —0.004 indicating that they are not sensitive to radical
attack. On the other hand, the highest values are obtained for
carboxylate carbon atoms C(coo-), which can be assimilated to
the release of CO, due to the cleavage of the C-C bond. The
values of the nitrogen and C(cy,, rn arm) atoms are positive and
suggest that the N-C bond is also prone to radical attack. The
CDD values give the same indications, with high values for
acetate carbon and nitrogen atoms and low values for cyclen
carbon atoms. This also suggests that the oxidation of the
complex, observed experimentally, occurs preferentially on the
carboxylate arm rather than on the cyclen.

In the case of H,DOTA, the highest values of {° are obtained
for C(coon), N and C(cu,, n arm) (0.079, 0.049 and 0.012e), simi-
larly to Zr-DOTA, and correspond to the atoms belonging to
the acetate arms. Interestingly, these f° values correspond to
the acetate arms with unprotonated nitrogen. When the nitro-
gen is protonated, the values are much lower for the same
atoms. The same trend is observed for the CDD values. As for
Zr-DOTA, the smallest f° values are determined for the cyclen
carbon atoms and they are the only negative ones (—0.004e).
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Zr-DOTA

Top view

Bottom view

Fig. 9 Radical Fukui function (R) calculated for H4DOTA and Zr—DOTA. The colour scale shows the values of the Fukui function in e~ A=3: low
values in blue and high values in red. The top view represents the view with the carboxylates in the foreground, while the bottom view shows the
cyclen in the front. The positions of the protonated nitrogens for H,DOTA are displayed.

Table 6 Radical Fukui indices (f°) and absolute values of the condensed

dual descriptor (CDD) in e for carbons of H4DOTA and Zr—-DOTA

Atoms C(coon) C(coor) C(cH,, N arm) C(cH,, RN arm)” Cicn,, cyclen)” N Nrny*
H,DOTA 0.079 0.003 0.012 0.002 —0.004 0.049 0.003
|CDD| 0.16 0.006 0.042 0.005 0.013 0.085 0.001
Zr-DOTA — 0.011 — 0.002 —0.005 — 0.001
|CDD| — 0.017 — 0.01 0.004 — 0.023
“R=H" or Zr"". ? Average values of f* and |CDD| for CH, of the cyclen.
Finally, if we compare the free ligand and Zr-DOTA, we find  Conclusion

that the values obtained for the complex are much lower than
those for the free ligand. The highest value for Zr-DOTA is
0.011e, while it reaches 0.079¢ for the free ligand.

According to the Fukui indices, Zr-DOTA is more resistant
towards radical attack than free DOTA and they have both
weaknesses in acetate arms and not in cyclen. Moreover, the
Fukui indices f° and CDD values of the nitrogen atoms are
lowered by the presence of H" or Zr*". This is all consistent
with our BDE calculations and ESI-MS results showing that
degradation is preferentially located on the DOTA arms for
both molecules (the free ligand and ligand involved in the
complex). In addition, this confirms that the binding of nitro-
gen to a cation (H" or Zr*") protects it from radical attack.
Using Fukui descriptors, we can also conclude that Zr-DOTA is
less prone to degradation than free DOTA.

9960 | Dalton Trans., 2023, 52, 9952-9963

In this work, we have investigated the radiolytic stability under
gamma rays of the DOTA ligand and the Zr-DOTA complex in
pure water. DFT calculations supplemented the experimental
data and gave an improved understanding of the behaviour of
the DOTA and Zr-DOTA solutions after irradiation.

The major degradation products have been identified and
the degradation products of the free ligand appear to differ
from those of the complex. The free ligand is degraded prefer-
entially by decarboxylation and cleavage of an acetate arm
CH,-COOH, whereas the complex tends to oxidize to form Zr-
DOTA[O]. Moreover, the degradation of the DOTA ligand, when
complexed with Zr, is significantly less than when the ligand
is free in solution, indicating that the metal protects the
ligand from degradation. DFT calculations suggest that this

This journal is © The Royal Society of Chemistry 2023
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increase in stability is due to the strengthening of the bonds
in the presence of metal cations, which become less vulnerable
to radical attack. Such a protective effect of the complexation
can be expected for any cation if all the acetate arms of the
ligands are involved in the cation complexation.

To evaluate the protective effect due to the complexation,
further studies should be performed to quantify the DOTA con-
centration after irradiation. In this work, we investigated the
effect of gamma radiation on the DOTA stability. To be more
representative of the radiopharmaceutical solutions of °Zr,
this study could be extended to the investigation of the degra-
dation of DOTA in the presence of **Zr (being p* and gamma
emitters). Due to the difference in the linear energy transfer
between beta and gamma rays, the same degradation products
are likely to be observed with a slight difference in their distri-
bution. Also, as DOTA is considered as a good chelator for
many radiometals, including o emitters for targeted radiother-
apy, it might be interesting to extend this study to the radio-
lytic stability of DOTA in the presence of a radionuclides such
as 2**Ac.®® Alpha emitters have a high linear energy transfer
and deposit it within a short range. Moreover, for therapeutic
applications, long-lived radionuclides are preferred (a half-life
period up to 10 days). Consequently, in the presence of alpha
emitters, the radiolytic stability of DOTA could be different.

The influence of a peptide carrier, bonded to DOTA, should
also be studied (radiolytic and thermodynamic stabilities) as it
is a subject of interest nowadays.®”~%°
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