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Zinc Sensing with a Pyridine-Based Lanthanide Contrast
Agent: Structural Analysis in Aqueous Solution

Harlei Martin,” Adrien Uguen,” Jean-Francois Morfin,”” Manon Isaac,”’ Agnés Pallier,”

Andrea Melchior,™ and Célia S. Bonnet*®

Zinc is an important physiological cation, and its misregulation
is implicated in various diseases. It is therefore important to be
able to image zinc by non-invasive methods such as Magnetic
Resonance Imaging (MRI). In this work, we have successfully
synthesized a novel Gd*>*-based complex specifically for Zn**
sensing by MRI. Using a combination of NMR, luminescence,
potentiometric, and relaxivity experiments, completed with DFT
calculations, we demonstrate that incorporating a short linker
between the Zn’" sensing unit and the Gd*" complex leads to
unique behavior of the system in the absence of Zn?". A

Introduction

For a long time, magnetic resonance imaging (MRI) has been
focused on acquiring anatomical and functional images. More
recently, a new field called molecular imaging has emerged,
aiming to visualise the expression or function of bioactive
molecules and acquire information at the molecular level. This
technique enables early diagnosis, as biochemical or physio-
logical changes caused by a disease are detectable prior to
morphological changes. Specific imaging probes for a given
molecular event are required to attain molecular imaging. Gd**
-based MRI contrast agents (CAs) are particularly suitable for
the design of responsive probes. For a selective MRI response
to a physiological parameter, the efficacy of the probe (called
relaxivity) must be modified specifically by the parameter being
assessed.l" Responsive CAs are designed based on changes in
one or more factors that control relaxivity, including the
number and exchange rate of water molecules coordinated to
Gd**, or the rotational correlation time of the complex.
Physiological parameters that can be monitored through MRI
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significant increase in efficacy of the system is observed upon
Zn** binding, and importantly, the complex is highly selective
for Zn*" relative to other physiological cations. A comprehen-
sive structural study reliably determines the microscopic
parameters at the origin of the Zn>" response, primarily an
increase in the number of water molecules directly coordinated
to Gd*" upon Zn?* binding. Crucially, the system maintains a
strong response to Zn?" binding in the presence of Human
Serum Albumin, highlighting its potential for biological applica-
tions.

include pH? concentration of 0, enzymatic activities,”
endogenous ions®™ and biologically relevant small molecules.”

Zinc is the second most abundant d-block metal in the
body and exists exclusively as the divalent ion (Zn**). The Zn**
ion is involved in many biological processes, including control-
ling gene transcription and metalloenzyme function,” and
therefore the concentration of this ion is tightly regulated by
cells. Disturbances in Zn*" homeostasis has been linked to
many diseases, such as diabetes,™ prostate cancer,” and
neurogenerative diseases like Alzheimer’s disease."” Hence, it is
crucial to monitor Zn** levels in vivo to gain a better under-
standing of its biological functions and to facilitate early
diagnosis of specific pathologies.

The development of MRI contrast agents for molecular
imaging, in particular Zn>* detection, requires a change in the
state of the contrast agents upon interaction with the
biomarker of interest (ie Zn’" concentration). The first Zn’"
responsive MRI contrast agent was reported in 2001, consisting
of a Gd>* DPTA bisamide complex with two DPA units available
for Zn-complexation."" In recent years, MRI contrast agents
sensitive to Zn*" ions have seen tremendous development,?
including invivo detection.™ Zn?" responsive probes are
typically composed of three main parts: a paramagnetic metal-
ion complexing unit (MRI active part), a Zn>" complexing unit,
and a linker connecting them . Each of these units has been
shown to play a key role in determining the probe’s
response."”

Herein, we report the synthesis and an in-depth potentio-
metric, structural and relaxometric study of a novel Gd**
complex based on the PyC1DPA chelator (Figure 1), providing a
thorough understanding of the supramolecular interactions
responsible for the Zn?* response. It is compared to previously
reported complexes based on similar pyridine ligands (shown in
Figure 1). Py ligand was proven to form bishydrated Gd**
complexes of high thermodynamic stability and kinetic inert-

© 2024 The Author(s). Chemistry - A European Journal published by Wiley-VCH GmbH


http://orcid.org/0000-0002-5265-1396
http://orcid.org/0000-0003-0228-8098
https://doi.org/10.1002/chem.202403861
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fchem.202403861&domain=pdf&date_stamp=2025-02-05

Chemistry
Europe

European Chemical
Societies Publishing

Research Article
doi.org/10.1002/chem.202403861

Chemistry—A European Journal

d \ -—-— =
A 4
I | L, A1 X
“ | |
I N 1 1 N I _
| N N 1 N
1 1 N 1 N N
€O, CO, CO, CQyl " o
| Pyridine pocket , INZ €O, CO,” CO; CO,
S m———— i !
Iori !
PyC1DPA \DP_A p_ocfet, Py
B N 0,6~
= COy” ‘ ‘
" VlOL 5 N o SN
N N
N
cro-co-co- HN/n N rN\)J\N/\/N
2 2 2 = R R . H 3
N CO,” CO, CO, 0,C
~ | =z ‘N
n =1PyAmC2PyCOO N

n =2 PyAmC4PyCOO PyAmC2mDPA

N p
_N 0,67\ _N
co,
N N
RS TN X TN
N

N
N N N N
CY
€O, CO, CO, COy
PyCADPA

€O, CO, CO, COy°
PyC4mDPA

Figure 1. Chemical structures of the ligands discussed in this work.

ness, and showed no in vitro or in vivo toxicity."™ It has been
demonstrated that physiological anions do not replace the two
water molecules present in the first coordination sphere of
Gd*. As a result, this ligand has been developed into Zn**
-responsive probes on the basis that a change of the hydration
number from 0 to 2 could be theoretically attained, leading to
important changes in the relaxivity upon Zn?* binding. We
have already explored several complexes of this family of
ligands showing variations in the charge of the Gd*"-binding
unit, in the Zn** binding unit and in the length of the linker
(shown in Figure 1). However, none of the corresponding Gd**
complexes responded to Zn’" through a change in the
hydration number. The first generation of complexes
(GdPyAmCxPyCOO) responded to Zn** by the formation of a
dimeric species."® To avoid such dimers detrimental for Zn?"
quantification, a second generation of ligands with a modified
Zn** binding unit, based on bis(pyridylmethyl)amine (DPA)
(PyAmC2mDPA) was synthesized and the corresponding com-
plexes studied. The relaxivity changes upon Zn** binding is
triggered by the presence of Human Serum Albumin (HSA)."”
We also investigated the effect of the charge of the Gd**
complex (GdPyC4mDPA) on this binding."” A similar increase
in relaxivity in the presence of HSA is observed when using a
DPA unit for Zn** recognition (GdPyC4DPA)."® A Gd/'"°Er*"-
PyC4mDPA cocktail allowed the quantitative detection of Zn**
using a combination of MRI and SPECT." The GdPyC4mDPA
complex was also used to prove that, in vivo, local accumulation
due to enhanced HSA affinity is responsible for the Zn**
response.!’*?

To further expand this family of ligands and obtain a change
in the hydration sphere of Gd**, we reasoned that a short linker
facilitating strong H-bonding between the “pyridine pocket”
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and the “DPA pocket” would be suitable, prompting the
synthesis of PyC1DPA.

The detailed structural characterisation of GdPyC1DPA
using potentiometry, luminescence, NMR, relaxometry experi-
ments and DFT calculations highlights the unique behaviour of
the complex in its non-hydrated and bishydrated forms at
physiological pH. The proportions of each isomer could be
determined and showed unambiguously that this behaviour is
responsible for the change in relaxivity upon Zn?* binding.
Importantly, these changes are highly selective for Zn** vs
other physiological cations, including Cu®”, which is classically
difficult to achieve. Finally, the Zn>* response is retained in the
presence of HSA.

Results and Discussion
Synthesis of the Ligand

H,PyC1DPA was synthesised in a convergent procedure
(Scheme 1). Acid catalysed esterification of commercially avail-
able 3-amino-N-benzyloxycarbonyl-L-alanine afforded the tert-
butyl ester compound, which was then reacted with picolyl
chloride hydrochloride to give compound 1. Deprotection of
the Cbz-group was carried out using hydrogenation with Pd/C
as the catalyst. The free amine was then reacted with tert-butyl
bromoacetate to give compound 2. In parallel, monoalkylation
of 2,6-di(bromomethyl)pyridine with di-tert-butyl iminodiace-
tate afforded compound 3. The reaction between 2 and 3
followed by final saponification, afforded protonated ligand
H,PyC1DPA.

Protonation Constants of the Ligands and Stability of the
Complexes

Potentiometric studies of PyC1DPA were performed to deter-
mine the species present in solution and their stability
constants. The protonation constants were assessed, as defined
in equation 1.

[HiL]
LA v

PyC1DPA displays six protonation constants (Table 1, Fig-
ure 2). The first three constants correspond to the protonation
of amine nitrogen atoms, and the others to carboxylate
functions and/or the pyridine units of the DPA. By comparison
with the protonation constants of the parent Py compound,
and those of PyC4mDPA,"” the first two protonation constants
can be attributed to the aliphatic nitrogen of the DPA unit and
to the nitrogen of the tertiary amine of the ‘pyridine pocket’ on
the opposite side of the DPA substitution. The lower proto-
nation constant of the nitrogen of DPA can be explained by the
shorter linker. The third protonation constant (5.39) can be
attributed to the protonation of the remaining nitrogen on the
pyridine core. This unexpectedly low value can be explained by
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Scheme 1. Synthesis of protonated ligand H,L. Reagents and conditions: (i) HCIO, 65 %, tert-butyl acetate, rt, 24 h, 62 %j; (ii) picolyl chloride hydrochloride,
K,CO;, CH,CN, 90°C, 18 h, 59 %; (iii) H,, Pd/C 10%, MeOH, rt, 3 h, 93%; (iv) tert-butyl bromoacetate, K,CO;, CH;CN, reflux, 4 h, 84%; (v) di-tert-butyl
iminodiacetate, K,CO;, CH;CN, 90°C, 4 h, 76 %; (vi) 2, K,CO;, CH,CN, 90°C, overnight, 52 %; (vii) HCl 4 N, 1,4-dioxane, rt, 4 h, 95%.

Table 1. Protonation constants measured in NaCl 0.15M at 298 K. The
number in bracket indicates the error on the last digit.

Log K, PyC1DPA PyC4mDPA® Py[b]
Log K, 8.81(1) 10.53(9) 8.95
Log K, 7.95 (1) 8.75(6) 7.85
Log K3 5.39 (2) 8.04(4) 3.38
Log Kus 3.90 (3) 3.79(5) 248
Log Kius 244 (3) 2.81(6)

Log K 1.8 (2) 2.40(9)

Log Ky 1.9(1)

@in KCl 0.1 M from Ref.l'”, ™ in KCI 0.1 M from Ref."*?,

the protonation of the neighbouring DPA nitrogen and the
potential for H-bonding, resulting in a stable 5-membered ring.
This attribution is supported by the complex’s stability and
protonation constant (vide infra), as well as the 'H NMR spectra
of the ligand at pH 5 and 7 (Figure S1), which show the most
significant changes in the chemical shifts of the Hs in the
vicinity of this nitrogen (TableS1, H13a and H15). The
protonation constant at 3.90 can be attributed to the proto-
nation of the pyridine of the DPA, as evidenced by the presence
of a protonation constant in this range for the complex (vide
infra) and by the 'H NMR spectra of the ligands at pH 3 and 5,
which show maximum changes in the chemical shifts of the
DPA protons (Table S1). Finally, the other protonation constants
(Log Kys and Log K¢ can be attributed to the protonation of
carboxylate functions.

Potentiometric titrations were also performed to determine
the complex stability and protonation constants, logK,, and
logK,u, (equations 2 and 3) for the lanthanide cations Gd*",
Lu** and Eu’*, as well as for Zn?* (Figure 2 and S3 in the
Supporting Information). The different species formed and their
stability constants are summarised in Table 2. For all three
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Figure 2. Potentiometric titration curves of solutions containing PyC1DPA
(2.24 mM) with 0 or 1 equivalents of ZnCl, and GdCl; and 2 equivalents of
ZnCl,, 0.15 M NaCl, 298 K.

lanthanide cations, non-protonated, monoprotonated and
diprotonated mononuclear complexes are observed, all with
very comparable stability constants. It can however be noted
that a small increase in Log K is observed from EuL to GdL as
was shown previously for other complexes of this family.”” This
increase can be explained by an increasing charge density of
the cation as observed for flexible ligand such as EDTA.?" From
GdL to LuL, log K remains constant whereas the charge density
still increases along the Ln*" series. This can be ascribed to the
rigidity of the ligand as compared to EDTA, implying that
PyC1DPA cannot wrap efficiently around the smaller lanthanide
cations. The stability constant of GdPyC1DPA is surprisingly
lower than that of the parent pyridine complex, likely due to
the proximity of the ‘DPA pocket'.

All Ln*" complexes can be monoprotonated and diproto-
nated on the DPA moiety. The first protonation constant occurs
on the aliphatic nitrogen of the DPA, while the second occurs
on the nitrogen of the pyridine from the ‘DPA pocket'

© 2024 The Author(s). Chemistry - A European Journal published by Wiley-VCH GmbH

85U8017 SUOWIWIOD BAEa.D 3|qed(dde au Aq peuenob afe sejonie VO ‘8sn Jo se|n. Joj Ariq1T8ulUO AB]IM UO (SUONIPUOD-PUe-SLLLIBY/WIOD"AB | IMAleiq 1 Bul [UO//SdNY) SUORIPUOD Pue Swie | 8y} 88S *[6Z0z/40/8T] Uo AriqiTauluo A8 |IM ‘Peled BIA BUIPN 1A BISBAIN AQ TISE0YZ0Z WUD/Z00T OT/I0p/Wo A8 1M Aseiq i pul|uo'adone-Ansiueyoy/sdny wouy pepeojumod ‘vT ‘sloz 'G9,€T2ST



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202403861

Table 2. Complex formation constants and their protonations measured in
NaCl 0.15 M at 298 K. The number in bracket indicates the error on the last
digit.

Log K, PyC1DPA PyC4mDPA®! Py®

Log Ko 16.8(1) 20.1(1) 18.60

Log Kaaui 5.86(1) 8.92(6) -

Log Keaurn 4.02(1) 3.74(4) -

Log Keauws - 2.54(6) -

Log Keaion 11.22) 10.88(5) -

Log K. 16.58(2) - -

Log Ky 5.74(2) - -

Log K 4.02(1) - -

Log Kiuion 11.1(1) - -

Log Kz, 16.66(1) - -

Log Keyn 5.75(1) - -

Log Keyi 1z 4.10(1) - -

Log Keuion 11.0(1) - -

Log Kz 15.90(1) 16.5(1) 15.84

Log Ky 6.10(2) 10.03(9) 3.81

Log Kynio 3.92(2) 4.10(4) -

Log Kznins 2.89(1) 3.20(7) -

Log Kzniha - 2.4(1) -

Log Kznion 11.44(5) 11.6(1) -

Log Kzna 7.4 9.9(1) -

Log Kznaun - 3.98(7) -

pGd* 15.7 17.3 17.4

@in KCl 0.1 M from Ref.". ®in KCI 0.1 M from Ref."*?. !9 Logarithmic
concentration of the free gadolinium ion (pLn= —log[Lnl;..), calculated
for [Ln]=10"°Mand [L]=10"" M at pH=7.4.

Surprisingly the second protonation constant is slightly higher
in the complex than in the ligand, which can be explained by
the structure of the ligand allowing the formation of unique H-
bonding networks that differ in the complex. Above pH=10,
the titration curves of the lanthanide complexes all show a
deprotonation step, indicating the formation of a monohydroxo
complex characterised by the protonation constant Koy
(equation 4).

[Mnl]
o it ?
[MinL]
Kipmuri = W LH, L JH) (3)
[ML]
Kwon = [ML(OH)][H] (4)

As two binding sites are present in PyC1DPA, the absence
of dinuclear Ln** complexes has been checked by lumines-
cence data on the EuPyC1DPA complex. The evolution of the
time-resolved luminescence spectra in a titration of PyC1DPA
with Eu** by using an excitation wavelength of 261 nm is
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shown in Figure S4 in the Supporting Information. The
luminescence emission arising from Eu’" increases with the
addition of up to one equivalent of Eu*" and then remains
constant, confirming the formation of a unique 1:1 Ln/L
species.

PyC1DPA forms mono- and dinuclear Zn>* complexes. The
stability constant for the mononuclear species is relatively high
and very similar to that of ZnPy, and therefore corresponds to
the complexation of Zn?* in the ‘pyridine pocket’. As Zn’" is
generally 5 or 6 coordinate, the decrease in the basicity of the
nitrogen from the ‘pyridine pocket’ does not affect the Zn’*
complexation constant, conversely to what is observed for Ln**
ions with higher coordination numbers. The mononuclear Zn**
complex shows three protonation constants, which are likely
occurring on the aliphatic and pyridinic nitrogen atoms of the
DPA unit, as well as on a protonatable group in the ‘pyridine
pocket, as observed for the parent compound ZnPy.'*
Concerning Zn,PyC1DPA, the stability constant is comparable
to that of ZNDPA (logK;,ppa = 7.6),%? indicating complexation at
the DPA site. The slightly lower value of 7.4 could be attributed
to the electrostatic repulsion between the two Zn** cations.
Importantly, 10g Kz.p,cippa is lower compared to log Kegpycipea bY
one order of magnitude, proving the selectivity of the ‘pyridine
pocket’ for Gd** vs. Zn?".

To assess the speciation, luminescence measurements and
relaxivity measurements were performed as a function of pH on
the EW*" and Gd*>" complexes, respectively. The results
presented in Figure 3 accurately reflect the distribution of
species in both sets of data. The luminescence of Eu*" increases
with the formation of EuPyC1DPAH, and reaches a maximum
when EuPyC1DPA is formed. The relaxivity is highest at low pH
(rr=114mM s at pH 3, 60 MHz, 25°C), and decreases with
the formation of GAPyC1DPAH and GdPyC1DPA, attaining a
value of 6.75mM "s™' at physiological pH. These changes
indicate intriguing behaviour involving a change in the
hydration number with the pH. This has prompted us to
perform a full structural characterisation of LnPyC1DPA.

Structural Study of LnPyC1DPA

To unravel the structure of LnPyC1DPA complex, a combination
of NMR data from the diamagnetic LuPyC1DPA and YPyC1DPA
complexes, luminescence measurements from the EuPyC1DPA
complex, and DFT calculations were used.

The excitation and emission spectra of the EuPyC1DPA
complex as a function of pH are presented Figure S4 and S5.
The changes in the intensity of the excitation spectra mirror
those of the emission (Figure S5 and S6) suggesting important
changes in the coordination sphere of the Ln*" around pH 5.
Luminescence lifetime measurements were also recorded in
H,O as a function of pH and the data were best fitted by
monoexponential decay up to pH5, with a lifetime of ca.
0.4 ms, and by biexponential decay above pH 5, with lifetimes
of ca. 04ms and 1.2ms (Figure 4). Luminescence lifetime
measurements performed in D,O at pH 3 and 7.4 allowed to
determine the hydration number of Eu’® using empirical
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Figure 3. (Left) Normalized luminescence area of the 616 nm band of the Eu*" in the presence of PyC1DPA as a function of pH (L., =270 nm) with the
species distribution of Eu** complexes; (Right) Relaxivity measurements of GdPyC1DPA at 60 MHz, 25 °C as a function of pH with the species distribution of
Gd** complexes. Species distribution are calculated from the data in Table 1 and 2.
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Figure 4. Luminescence lifetime measurements of EuPyC1DPA in H,0 as a
function of pH at 298 K.

equations™® (see Table S3). These results show the presence of
a bishydrated species up to pH 5, and an equilibrium between a
non-hydrated and a bishydrated species above pH 5. This pH is
consistent with the protonation constant of EuPyC1DPA
occurring on the tertiary nitrogen atom of the DPA pocket, and
consistent with relaxivity and NMR results (vide infra).

To gain a better insight into the structure of these species
and their relative concentrations, NMR studies were performed
at pD 3, 5 and 7 on the diamagnetic Y>* complex, which serves
as a good Gd*" surrogate. 1D and 2D 'H TOCSY, 'H/"*C HMBC,
HSQC were systematically recorded for a full attribution of the
complexes at different pH. The results are presented in
Figure S7 and Tables $4-S5.

At pD 3, two species in slow exchange are present in
proportions of 80:20. This is consistent with the proportions of
GdLH, and GdLH observed at this pH (see Figure 3). Normally,
such protonation processes are fast on the NMR time-scale, but
the presence of H-bonding forming a 5-membered ring in the
DPA pocket, where the deprotonation occurs, might slow down
this exchange.

At pD 5, again two different species in slow exchange on
the NMR time scale are present in proportions of 78:22.

Chem. Eur. J. 2025, 31, €202403861 (5 of 12)

Thermodynamic studies indicate that the main species present
is YLH (80%) in equilibrium with YL (ca. 15%) and YLH, (ca.
5%). The latter is probably not detectable by NMR due to its
low concentration. Since the chemical shifts of the 'H and "C
for both the major and minor species differ from those
observed for YLH at pH 3, this indicates that YLH and YL are in
fast exchange on the NMR time-scale, as expected. In the minor
species, the two pyridines of the DPA unit are in different
chemical environments, as evidenced by their distinct chemical
shifts. This is not the case for the major species, where the
pyridines of the DPA are equivalent. This suggest the presence
of an “open form” that is bis-hydrated, with two equivalent
pyridines in the DPA unit that can freely rotate. This form is in
slow exchange with a “closed form”, where one pyridine
coordinates Y** and the other can freely rotate. The coordina-
tion sphere can be completed by the aliphatic amine of the
DPA. This “closed form” is non-hydrated, as the DPA coordinates
with the cation and expels the water molecules. This attribution
is supported by diffusion coefficient measurements and DFT
calculations (vide infra).

At pD 7, three species are present in slow exchange at the
NMR time scale, in proportions of 47:35:18. At this pH, the
major species is YL, with less than 6% of YLH present. Chemical
shifts analysis shows the presence of an “open form” in 47 %
and two “closed forms” in 35 and 18%. As previously, it can
safely be assumed that the “open form” is bishydrated while
the “closed forms” are non-hydrated. The presence of two
closed forms can be explained by the presence of several
diastereoisomers as there are 3 stereogenic centres on the
complex (a CH in the S configuration, and two nitrogen atoms
coordinated to the Y**). Compared to pD 5, the percentage of
“open form” decreases while that of “closed forms” increases,
consistent with the deprotonation of the tertiary amine of the
DPA unit, which favours the “closed forms”.

The presence of “open” and “closed” forms was also
confirmed by diffusion coefficient measurements on the
corresponding LuPyC1DPA complex at pD 7, which shows
diffusion coefficients of 0.296.107° and 0.320.10™° m%s™" for the
“open” and “closed” forms, respectively (Table S6).
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The DFT analysis first confirmed that the minimum energy
structure of EuPy (Figure S8) has two coordinated water
molecules, which agrees with previous reports of this
complex.'*?!

The structure of the [Eu(PyC1DPA)(H,0),]~ complex, with
the DPA moiety coordinated to the metal ion (“closed” form)
and uncoordinated (“open” form), obtained by DFT calculations,
provides interesting insights into the main conformational
isomers of this complex. Two “closed” isomers (A and B
Figure 5) differing in the stereochemistry of the N atom next to
the chiral carbon were obtained. The main result is that the two
water molecules, initially placed near the metal ion, are expelled
from the first coordination sphere during the geometry
optimization procedure and interact via hydrogen bonds with
the ligand in the minimum energy structures. In these species,
the EU’® ion is 9-coordinated, with aminic and pyridinic
nitrogen atoms (N,, and N, ) bound to the metal, except for
one N, which remains uncoordinated. The average bond
lengths obtained for the two isomers are Eu-N,,~2.77 A, Eu-
Noy~22.69 A, and Eu—O~2.44 A. Isomer B should be prevalent
in solution, as it is 3.0 kcalmol™" lower in energy with respect to

Figure 5. Lowest energy structures of the different isomers of the [Eu-
(PyC1DPA)(H,0),] species.

Chem. Eur. J. 2025, 31, €202403861 (6 of 12)

A. Thus, an equilibrium between the two forms is likely to be
present in solution, as suggested by NMR spectra at pD 7. A
higher energy 2 ‘closed form’ was also found (D in Figure S9)
where the N,,ppa atom is not coordinated to Eu’*, suggesting
that minor percentages of other isomers could be present.

The lowest energy structure of the “open form” (isomer C,
Figure 5) is 7.0 and 4.0 kcal/mol higher in energy than B and A,
respectively. In this structure, two water molecules are
permanently bound to the metal and the N-lone pair of the
amine group is orientated to interact via hydrogen bonding
with one of them. Another structure (E, Figure S9), differing
from isomer C by the orientation of the N-lone pair of the
amine group (i.e. the N,,-C—C—N,, s dihedral angle), has
higher energy than C (4.3 kcalmol™') suggesting that the
intramolecular hydrogen bond between the DPA moiety and
the coordinated water molecule stabilizes isomer C. Overall, the
closed form with no coordinated water molecules is thermody-
namically favoured, but an equilibrium between various open
and closed isomers is very likely in solution, in accordance with
the luminescence and NMR results.

Relaxometric Response to Zn**

At physiological pH, the relaxivity of GdPyC1DPA was found to
be 6.75s'mM™" at 60 MHz and 298 K in HEPES. This is low
compared to the bishydrated GdPyC4mDPA (r,=
13.8 mM™".s7"), consistent with the fact that the measured value
reflects an average between 47% bishydrated complex and
53% non-hydrated complex (vide supra) in these conditions. We
anticipated that Zn’" coordination should favour the bishy-
drated complex, and therefore trigger a relaxivity response at
physiological pH. Indeed, upon Zn** titration at pH 7.4, 60 MHz
and 298K, the relaxivity increases up to 11.10mM's™' at
0.65 eq. of Zn’" added, and then slightly decreases to reach
10.27 mM™".s™" at 1 eq. of Zn?" (Figure 6).

The maximum is reached with the addition of 0.65 eq. of
Zn?*, which can be explained by two reasons: 1) the formation
of dimeric species around Zn?" (GdPyC1DPA),Zn, and 2) the
presence of small aggregates. The formation of Zn(DPA),

12.0 4
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[2n?*]/[GdL]

Figure 6. Zn*" titration of GdPyC1DPA at 60 MHz and 298 K in HEPES (0.1 M,
7.4 pH).
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species has previously been observed in the literature,"" and it
explains the decrease in relaxivity, corresponding to the
formation of GdPyC1DPAZn, which is smaller in size (with a
lower rotational correlation time) than (GdPyC1DPA).Zn. The
presence of the latter is evidenced by potentiometric titrations
(Figure S11 and Table S7), which show a formation constant
Log K=3.85 for this dimeric species. Moreover, the formation of
small aggregates was evidenced by concentration-dependant
relaxivity measurements at 0.65 and 1 eq. of Zn** (Figure S12).
Such small aggregates were previously observed for complexes
of this family with an ethyl linker, while no aggregates were
observed with the butyl linker." This suggests that the
presence of a short linker between the Gd** binding unit and
the Zn** complexing part favours aggregate formation.

Luminescence lifetime measurements were performed on
EuPyC1DPA in the presence of various amounts of Zn’" (see
Table 3) at 25°C. It should be noted that similar values were
obtained at 50°C. The results show the presence of non-
hydrated and bishydrated species with less than 1 eq. of Zn’",
while only bishydrated species are detected in the presence of
1eq. of Zn**, which aligns with the observed increase of
relaxivity. This is also consistent with NMR titrations (Figure S13
and S14), which show the presence of free complex in both the
“open” and “closed forms” at 0.5 eq. of Zn’" added, whereas
only the “open” form is present with 1 eq. of Zn’* added. The
'H NMR spectra of YPyCIDPA with 1eq. Zn’" show the
presence of two species in equilibrium in proportions of 75:25.
Similar proportions between these two species are observed at
0.5 eq. of Zn?*, indicating the presence of two isomers in
solution, which is consistent with the fact that 3 stereogenic
centres are present on the complex as previously seen on the
“closed form”. The full attribution is given in Tables S8-S9,
where both species show non-equivalent pyridine DPA signals,
consistent with Zn?* coordination. These species are bishy-
drated, as indicated by luminescence lifetime measurements
(Table 3), and the diffusion coefficient of the corresponding
LuPyC1DPAZn (Table S6) is consistent with that of the “open
form” of LuPyC1DPA. The DFT structure of the Zn-containing
complex is shown in Figure 7. The Eu*" ion is 9-coordinated
with two bound water molecules. On the contrary Zn*" is
penta-coordinated, as often found for bivalent metals with
tripodal ligands, such as tris(2-pyridylmethyl)amines.?*

To characterise GAPyC1DPA from a relaxometric perspec-
tive, nuclear magnetic relaxation dispersion (NMRD) profiles
were recorded in the field range 40 kHz-600 MHz at three

Table 3. Luminescence lifetimes of EuPyC1DPA at physiological pH, 25°C
in H,0 and D,0, with and without Zn?*, along with the calculated g values.

T (ms) 7, H,O 7, H,O 7 D,0 q
EuPyC1DPA 0.39(1) 1.14(3) 1.85(7) q:=19(2)
q,=0.0(2)
EuPyC1DPA +0.5 Zn*" 0.39(1) 1.16(2) 1.90(5) q,:=19(2)
q,=0.0 (2
EuPyC1DPA +0.65 Zn** 0.40(1) 1.15(2) 1.88(5) q,=18(2)
4,=0.0(2)
EuPyC1DPA +1 Zn*" 0.39(1) - 1.93(8) 1.9(2)

Chem. Eur. J. 2025, 31, €202403861 (7 of 12)

Figure 7. Minimum energy structure of the Zn’* bis-hydrated complex. For
clarity, the H atoms attached to carbons and additional non-coordinating
water molecules interacting with the complex through hydrogen bonds
have been removed (see Figure S10 for the complete structure).

different temperatures (Figure S15), both in the absence and
presence of Zn*>*. The profiles are typical of small molecular
complexes with relaxivity decreasing with temperature, indicat-
ing that the rotation is limiting the relaxivity. To determine the
microscopic parameters of the complex, these profiles are often
combined with 7O NMR spectroscopy. Indeed, variable temper-
ature 'O NMR measurements can give access to the number of
water molecules directly coordinated to Gd*" (g), and its
exchange rate with the bulk (k) through chemical shifts and
transverse relaxation rates, respectively. The reduced 'O
chemical shifts are directly proportional to the product of g
with the complex concentration. The reduced YO chemical
shifts measured at pH 5 (Figure S16), considering the presence
of bishydrated/non-hydrated complexes, confirmed the species
distribution obtained by NMR (vide supra). At pH 7, the reduced
70 chemical shifts were too small to yield reliable results,
however the reduced transverse relaxation rates obtained at
pH 5 and 7 were consistent (Figure S17), further supporting the
species distribution obtained by NMR at these two pH values.

The O-reduced transverse relaxation rates of GdPyC1DPA
first increase (up to ca. 298 K), then decrease with increasing
temperature, indicating that the complex is in the slow kinetic
region at low temperatures and in the fast exchange region at
higher temperatures. 7O transverse relaxation rates were also
measured in the presence of 1 equivalent of Zn>* (see Figure 8),
and interestingly the behaviour is quite different, indicating an
influence of Zn*" complexation on k.. This is different than
what has been previously observed with complexes in this
family bearing an ethyl or a butyl linker"® and can certainly be
ascribed to the shorter linker.

In the presence of 0.65 eq. of Zn?", a mixture of Zn** bound
and unbound complexes is present, while at 1 eq. of Zn>, only
bound species are present in two isomeric forms. These isomers
can theoretically exhibit different water exchange rates, but in
this case, the differences between the isomers do not occur
around the Ln** centre. Moreover, the 7O NMR data recorded
in the presence of Zn’" provide no evidence of different
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Figure 8. (Top) Temperature dependence of reduced "’O transverse relaxa-
tion rates of GAPyYC1DPA in the absence (@) and in the presence of Zn**
(A) at 9.4 T; (Bottom) Calculated NMRD profile of the “open form” of
GdPyC1DPA (@) and profile of GdAPyC1DPAZn (A). The lines represent the
fit to the SBM theory using the parameters of Tables 4 and S10.

exchange rates and can be fitted very well assuming a single k.,
value.

The O relaxation data and the NMRD profiles were
analysed with the Solomon-Bloembergen and Morgan (SBM)
theory to yield the microscopic parameters characterizing water
exchange and rotation (see ESI for equations). We decided to
include only relaxivity values above 4.5 MHz in the fitting
process as the electron spin relaxation, which is not well
described by the SBM theory alone, is then negligible, and the
SBM approach gives reliable information on dynamic processes
like water exchange and rotational correlation times for small
complexes >

We fitted the values in the absence and presence of 1 eq. of
Zn*" to determine the microscopic parameters of the “open

form” of GdPyC1DPA and GdPyC1DPAZn. To do so, the NMRD
profile of the “open form” of GdPyC1DPA was recalculated by
subtracting the contribution of the “closed form” (purely outer-
sphere), and adjusting its exact concentration (Figures 8 and
S18). A simultaneous fit of 7O and NMRD data was performed
for GdPyC1DPA, while separate fits were performed for
GdPyC1DPAZn to account for the aggregation process (Figure 8
and S$18-19). The parameters resulting from the best fit are
presented (Table 4 and S10).

The fit yielded k., values of 10.5x10°s™' for GdPyC1DPA

and 4.1x10°s™' for GdAPyC1DPAZn. The water exchange rate of

GdPyC1DPA is close to that of GdPyC4mDPA or GdPy
(9.3x10°s™"), as expected. In the presence of Zn?, this water
exchange rate decreases by more than 50%, which can be
explained by the close proximity of the Zn®* binding unit,
which can interact with the water molecules through hydrogen
bonding.

The rotational correlation times of GAPyC1DPA, both in the
presence and absence of Zn**, are similar and consistent with
the size of the complexes.

Altogether, this suggests that the Zn’" response is driven
by the unique structure of GdPyC1DPA at physiological pH,
where it exists as a mixture of open bishydrated and closed
non-hydrated forms.

In order to assess the potential of the complex to sense
Zn** selectively, relaxivity changes were determined in the
presence of other biologically relevant cations such as Cu?*,
Ca’", and Mg®*. The GdPyC1DPA complex did not exhibit any
change in relaxivity when one equivalent of the various cations
(Cu?*, Ca®", Mg**) were added (Figure 9). This indicates a high
selectivity of this complex for sensing Zn>* cations. Most
previously reported ligands that are designed to sense Zn®*
also sense Cu?" due to their similar recognition motifs. There-
fore, this result emphasises the exceptional ability of GdPyC1D-
PA in detecting selectively Zn** ions.

Finally, we also looked at the Zn>* response in the presence
of HSA, as other complexes from this family were shown to
respond to Zn?" in the presence of HSA."""'® GdPyC1DPA was
titrated against HSA (0-1 mM) both in the absence and
presence of Zn*" ions. It was observed that in both cases, the
relaxivity increased with increasing HSA concentration, indicat-
ing that an interaction is occurring between the complex and

the protein (Figure S20). However, due to the presence of

Table 4. Parameters obtained from the fit of the NMRD profiles and 7O data using the SBM theory.
GdPyC1DPA GdPyC1DPAZn GdPyC4mDPA® py®!
“open form”
q 2 2 2 2
ko 2% (10°s7") 10.5 (2) 4.1 (1) 9.3 9.3
AH7 (kJ mol™) 40 (1) 36 (1) 50.4 50.4
Ex (k) mol™") 25 (1) 18 (1) 21 20.2
7% (ps) 151 (3) 133 (3) 185 92
A/h (10°rad.s™) —4.0 (3) —3.6 (1) -36 -37
@ From ref. "%, ! From ref. 27,
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Figure 9. Normalized relaxivity of GdAPyC1DPA in the presence of 1
equivalent of various M** cations at 60 MHz and 298 K in HEPES (0.1 M, 7.4
pH).

several species in solution both in the absence and in the
presence of Zn** under these conditions, it is difficult to extract
an affinity constant for HSA. The NMRD profiles of GAPYC1DPA
in the presence of physiological concentrations of HSA (0.6 mM)
were recorded in the absence and presence of Zn** at 25 and
37°C (Figure S21). The characteristic humps, present in both
profiles at high field (20-80 MHz), confirms the interaction of
the complexes with HSA in the absence and presence of Zn*
and show that a sizeable response by Zn** addition in the
presence of physiological HSA is present.

Conclusions

To conclude, we have synthesized a new Gd** complex for
Zn*" sensing, with a short linker between the Gd** binding site
and the Zn?" sensing unit. Potentiometric titrations show that a
stable Gd** complex is formed, that is selective for Ln** vs Zn?"
and Ca’". The relaxivity of the GAPyC1DPA complex is highly
dependent upon pH, with a pKa value closed to that of the
aliphatic amine of the DPA. A full structural study based on
NMR and luminescence experiments, completed by DFT
calculations, shows the presence of an equilibrium in solution
between an “open form” where the Ln** complex is bishy-
drated and “closed forms” where the Ln*" complex is non-
hydrated. Two closed forms exist in solution due to the
presence of two stereogenic centres on the complex. These
closed forms are lower in energy than the open form. Upon
Zn?* binding, an increase of relaxivity of more than 60% at
physiological pH, 60 MHz, and 25°C is observed. This is
explained by the formation of a bishydrated Zn** complex. In
the presence of Zn’" a dimeric species could be evidenced by
NMR titrations. The full structural characterization of the system
enabled us to determine the microscopic parameters respon-
sible for the observed relaxivity increase, which could be related
to the increase in the hydration number of Gd** in presence of
Zn?*. Importantly, the system is highly selective for Zn** over
other physiological cations, and retains a strong response in the
presence of HSA. We evidence that supramolecular interactions

Chem. Eur. J. 2025, 31, €202403861 (9 of 12)

such as H-bonding gives rise to a unique behavior of the system
and we believe that this comprehensive structural study of
these ditopic systems will enhance our understanding and
facilitate the rationalization of the relaxometric behavior of
Gd*"-based responsive probes.

Supporting Information
Synthesis

See supporting information.

Liquid Sample Preparation

Ln(lll) solutions were prepared in MilliQ water, and their
concentrations determined by complexometric titration in
urotropine buffer (pH 5.6-5.8) with standardized EDTA and
xylenol orange as the indicator. Ligand purity was assessed by
adding excess Zn(ll), then titrating uncomplexed Zn(ll) with
EDTA. Gd(lll) complexes were prepared by mixing stoichiometric
amounts of GdCl; with each ligand in HEPES buffer (0.1 M,
pH 7.4). Free Gd(lll) was tested with xylenol orange, and Gd(lll)
concentrations were confirmed by ICP-OES and BMS when
possible.

Potentiometric Studies

Carbonate-free 0.1 molL™" NaOH and 0.1 molL™' HCl were
prepared from Fisher Chemicals concentrates. Potentiometric
titrations were performed in 0.1 molL™' aqueous NaCl under
nitrogen atmosphere and the temperature was controlled to
254+0.1°C with a circulating water bath. The p[H] (p[H]=-
log[H*], concentration in molarity) was measured in each
titration with a combined pH glass electrode (Metrohm) filled
with 3 M KCl and the titrant addition was automated by use of
a 702 SM titrino system (Metrohm). The electrode was
calibrated in hydrogen ion concentration by titration of HCI
with NaOH in 0.1 molL™" electrolyte solution.” A plot of meter
reading versus p[H] allows the determination of the electrode
standard potential (E°) and the slope factor (f). Continuous
potentiometric titrations with HCl and NaOH 0.1 molL™" were
conducted on aqueous solutions containing 5 mL of PyC1DPA
2.24 mM, in NaCl 0.1 molL™", with 2 minutes waiting between
successive points. The titrations of the metal complexes were
performed with the same ligand solutions containing 1 or 2
equivalents of metal cation, with 2 minutes waiting time
between 2 points. Experimental data were refined using the
computer program Hyperquad 2008.*" All equilibrium con-
stants are concentration quotients rather than activities and are
defined as:

_ [MmLIHh
o =
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The ionic product of water at 25°C and 0.15 molL™" ionic
strength is pK,, = 13.77.5% Fixed values were used for pK,, ligand
acidity constants and total concentrations of metal, ligand and
acid. All values and errors (one standard deviation) reported are
at least the average of three independent experiments.

Temperature-Dependent 'O NMR Measurements

The transverse 7O relaxation rates (1/T,) and the chemical shifts
were measured in aqueous solutions of GdPyC1DPA in the
temperature range 278-348 K, on a Bruker Avance 400 (94 T,
54.5 MHz) spectrometer. The temperature was calculated
according to previous calibration with ethylene glycol and
methanol.®" An acidified water solution (HCIO,, pH 3.3) was
used as external reference. Transverse relaxation times (T,) were
obtained by the Carr-Purcell-Meiboom-Gill  spin-echo
technique.®? The technique of the 7O NMR measurements on
Gd*" complexes has been described elsewhere.” The samples
were sealed in glass spheres fitted into 10 mm NMR tubes to
avoid susceptibility corrections of the chemical shifts.®*¥ To
improve the sensitivity, O-enriched water (10% H,'’O, Cortect-
Net) was added to the solutions to reach around 1% enrich-
ment. The concentrations and pH of solutions were as follows:
[GdPYC1DPA]=11.40 mM at pH=5 and 11.20 at pH 7.3, with 0O;
0.65 and 1 equivalents of Zn?*. The reduced values in the
absence of Zn were obtained by taking into account the
percentage of open form (two water molecules directly
coordinated to Gd**) and closed form (zero water molecule) at
a given pH from the NMR experiments. The O NMR data have
been treated according to the Solomon-Bloembergen-Morgan
theory of paramagnetic relaxation (see Supporting Information).
The least-squares fit of the 7O NMR data were performed using
Micromath Scientist version 2.0 (Salt Lake City, UT, USA). The
reported errors correspond to two times the standard deviation.

NMR Spectroscopy

The NMR spectra were recorded on a Bruker Avance 600
spectrometer equipped with a BBFO probe, and on a Bruker
Avance Ill HD 700 equipped with a CPTCI cryoprobe. The
spectra were recorded in D,O at 4.01 mM (YPyC1DPA), pD=
3.09; and 8.98 mM at pD 5.07 and 7.04 in the absence and in
the presence of 0.5 and 1 eq. of Zn?". 'H and *C NMR spectra
were recorded at 298 K (otherwise stated). When necessary, a
solvent suppression was achieved using an excitation sculpting
sequence. 'H, '*C, TOCSY, NOESY, HSQC and HMBC spectra were
systematically recorded. A mixing time of 70 ms, and 300 ms
were used for the TOCSY and NOESY experiments, respectively.

Diffusion Coefficient Measurements
The self-diffusion coefficients D' were measured by applying

the bipolar stimulated spin-echo sequence to protons in the
complex in D,0 solutions.”™ The proton gyromagnetic ratio is

Chem. Eur. J. 2025, 31, €202403861 (10 of 12)

denoted by v, the strength of the gradient pulse by g, the
duration of this gradient by & and the diffusion delay by A. The
self-diffusion coefficient D' was calculated by fitting of the
theoretical expression of the proton signal intensity 1(3,A,9) =
loexpl—(y,g8)%(A-8/3) D'], in which 1(5,A,g) and 1, are the
intensities in the presence and absence of the gradient pulses,
respectively. The values chosen for & and A in these measure-
ments depend on the magnitude of the diffusion coefficient
being measured. For quickly diffusing HOD molecules, the
values of 3 and A were 2 and 100 ms respectively. For the
slowly diffusing complex, they were 3 and 200 ms respectively.

In the experiments g was increased from 1.8 to 35.3 G.cm™".

Relaxometric Measurements

Proton NMRD profiles were recorded on a Stelar SMARTracer
Fast Field Cycling relaxometer (0.01-10 MHz) and a Bruker
WP80 NMR electromagnet adapted to variable field measure-
ments (20-80 MHz) and controlled by a SMARTracer PC-NMR
console. The temperature was monitored by a VTC91 temper-
ature control unit and maintained by a gas flow. The temper-
ature was determined by previous calibration with a Pt
resistance temperature probe. The longitudinal relaxation rates
(1/T,) were determined in water. The least-squares fit of the 'H
NMRD data was performed by using MicroMath Scientist
version 2.0 (Salt Lake City, UT, USA). The solutions were made in
HEPES buffer (0.1 M) at pH 7.4 and at the following concen-
trations: GAPyC1DPA: 0.97 mM, Zn** was added to obtain 0.65
and 1 equivalent. In the presence of HSA 0.6 mM, the
concentrations were as follow: [GAPyC1DPA]=0.161 mM and
[GAPYC1DPAZn]=0.195 mM. The Zn?" titrations, HSA titrations,
and concentration experiments were performed on a Bruker
Minispec at 60 MHz and 298 K, except for HSA titration at 310 K.

Luminescence Measurements

Fluorescence spectra were recorded on an Agilent Cary Eclipse
Fluorescence spectrophotometer with the following settings:
excitation at 260 or 270 nm and emission scanning between
550 and 750 nm at 298 K, or emission fixed at 616 nm and
excitation scanning from 200 to 320 nm.

Europium luminescence lifetimes were recorded on an
Agilent Cary Eclipse Fluorescence spectrophotometer by record-
ing the decay of the emission intensity at 616 nm, following an
excitation at 260 nm. Measurements were performed in H,O
and D,O solutions. The settings were as follow: gate time:
0.1 ms; delay time: 0.1 ms; flash count: 1; Total decay time:
10 ms; 100 cycles; PMT detector: 550 mV. At least three decay
curves were collected for each sample, all lifetimes were
analyzed as monoexponential decays and biexponential decays.
The reported lifetimes are an average of at least three measure-
ments.
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DFT Calculations

All molecular structures of the complexes were obtained by
DFT calculations employing the B3LYP functional® with the 6-
31+ G(d) basis set for all atoms of the ligands. For the Eu atom
the MWBS52 Stuttgart-Dresden quasi-relativistic pseudopotential
and the associated basis set for valence electrons were
employed.®” The same approach was employed to describe the
Zn* ion, when present. Solvent effect was included by employ-
ing the polarizable continuum model (PCM).”® In particular, the
possible isomers of [Eu(PyC1DPA)(H,0),]~ were studied by
optimizing their geometries in PCM water. In the case of Zn-
containing complex ([Eu(PyC1DPA)Zn(H,0),,]%), additional
water molecules were also introduced for several reasons. First
to determine the number of coordinated waters (2/3) to the
Zn’* jon, by adding an excess of water molecules. Second,
because during preliminary calculations it was found that, one
water bound to Eu was being dissociated in some cases (i.e. the
Eu remained 8-coordianted). This finding was in contrast with
the experimental observation (see above) and second shell
waters were added to include explicit hydrogen bonding
between the coordinated and second sphere waters. Indeed,
this approach led to a 9-coordinated Eu with two bound water
molecules. This observation agrees with previous works®
which pointed out how the inclusion of second shell waters has
a significant impact on improving the description of the
hydration structure and energetics of Ln** aqua ions.

In particular, the possible isomers of [Eu(PyC1DPA)(H,0),]~
were studied, while additional solvating water molecules were
introduced in the Zn-containing complex [Eu(PyC1DPA)Zn-
(H,0)q0] .
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