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Lanthanide complexes bearing a bioinspired CuII

binding site with picomolar affinity: synthesis,
structural, relaxometric and luminescence studies

Katharina Zimmeter,a Bertrand Vileno, a Agnès Pallier,b Carlos Platas-Iglesias, c

Peter Faller, a,d Célia S. Bonnet*b and Angélique Sour *a

In the pursuit of CuII-responsive MRI contrast agents with enhanced CuII affinity, we report the synthesis

and characterization of two LnIII-DO3A-C3AmpicGH complexes (LnIII = GdIII, EuIII), featuring a tetraden-

tate CuII-binding moiety, along with the corresponding mononuclear CuII-C3AmpicGH complex. The

chelator coordinates CuII through two amide groups, a pyridine and an imidazole ring. The use of a

propyl-amide linker between the LnIII- and CuII-binding moieties allowed an increased separation

between the two metal centers. As a result, both LnIII–CuII-DO3A-C3AmpicGH and CuII-C3AmpicGH

complexes exhibit the same CuII-affinity (log K = 11–12 at pH 7.4) and good selectivity over competing

physiological metal ions, particularly ZnII (up to at least 500 equivalents). While the GdIII complex dis-

played no relaxivity changes upon CuII binding, the EuIII analogue showed a luminescence turn-off

response. Spectroscopic analyses as well as density functional theory (DFT) calculations provide insights

into the coordination environments of both metal ions, notably confirming the absence of amide coordi-

nation to the LnIII center, even in absence of CuII.

1. Introduction

Copper is an essential trace metal ion, required for various
physiological processes in the human body, such as electron
transfer and redox catalysis.1,2 An imbalance in copper ions—
whether an excess or a deficiency—has been linked to various
diseases, highlighting the critical importance of precisely regu-
lating copper homeostasis in the body. In the extracellular
medium, Cu ions are mainly in the oxidized CuII state and are
never found as “free ions”, but are always bound to a carrier,
which can be a protein, peptide or small molecule. Depending
on the nature of the complex, this binding is either kinetically
inert, such as Cu bound to the ferroxidase ceruloplasmin in the
blood,3 or more labile, forming the “exchangeable copper
(Cuexc) pool”. Cuexc is mainly bound to human serum albumin
(HSA) in the blood, with an conditional association constant of
logKa = 13 at pH 7.4.4,5 The exchangeable Cu pool is also
present in extracellular fluids of the brain, particularly in the
case of certain diseases. CuII can be bound to amyloid beta (Aβ)

peptides with picomolar affinities (logKa = 10 at pH 7.4 for
Aβ1–16) in the case of Alzheimer’s disease (AD).6–8 In the case of
Parkinson’s disease, Cu is considered to bind to the protein
alpha synuclein (α-Syn), although this interaction is still dis-
cussed. In test tubes, experiments revealed two distinct CuII

sites in α-Syn with nM and µM affinities respectively (site 1:
α-Syn1–17: Ka = 0.94 × 10−9, site 2: α-Syn46–50: Ka = 1.5 × 10−6).9–11

It has been shown that the quantification of exchangeable
copper in the blood has clinical significance for the diagnosis
of Wilson’s disease and a type of AD.12–14 Monitoring this CuII

pool could also bring important information for a better
understanding of the Cu metabolism. Consequently, the devel-
opment of Cu-responsive sensors associated to imaging mod-
alities has attracted significant attention. In the literature,
CuII-responsive sensors reported so far rely on luminescence-
based techniques, mostly involving quenching of the emission
intensity upon interaction with paramagnetic CuII ions. In con-
trast, only a few examples are reported with the use of mag-
netic resonance imaging (MRI) as a detection method.15,16

MRI is a powerful technique that provides images with no
depth limitation, high spatial resolution and allows real-time
monitoring of dynamic processes. Contrast agents (CAs) based
on gadolinium(III) complexes are commonly used to enhance
image contrast. Upon interaction of the GdIII ion with sur-
rounding water molecules, the relaxation rate of water protons
is increased, resulting in an improved contrast. Relaxivity
values define the efficiency of a CA to increase the relaxation
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rate (r1 for the longitudinal relaxation rate) of surrounding
water protons.17–19 Cation-responsive CAs can be rationally
engineered through the incorporation of an ion-binding site,
and the change in relaxivity upon cation binding should be
significantly pronounced to enable the detection of cations at
low concentrations. This is generally achieved through a
change in the number of GdIII-bound water molecules q and/
or through a modification of the rotational correlation time τR
of the complex upon cation interaction.16,20–24

Besides the relaxivity change upon metal binding, the CA
should present an affinity tuned to that of the physiological
Cuexc pool and its surrounding biochemical environment. This
affinity should be sufficient to enable competitive extraction of
CuII from its carrier, but not too strong to avoid CuII depletion.
Typically, the CA should be able to retrieve CuII bound to HSA
in the blood, or bound to Aβ- or α-Syn in the brain. Moreover,
the CA should also show good selectivity for CuII over other
metal ions, notably over zinc, more abundant in the body and
more readily available.25–27 Finally, the kinetics of CuII capture
and release should ideally match the temporal window of MRI
acquisition, although achieving precise control over this para-
meter remains a challenge.

Fulfilling all these requirements is a real challenge, and
since the first example of CuII-responsive CA was reported
nearly twenty years ago,28 none of the complexes developed
fulfill all the criteria. It should be however noted that one GdIII

complex based on a τR change through an interaction with
human serum albumin (HSA) was successfully used to detect
CuII in the liver,29 although the selectivity vs. ZnII is not ideal.

In order to attain high relaxivity changes, a change in the
hydration number of GdIII from 0 to 2 is highly desirable. We
have previously developed a series of Gd-DO3A-based com-
plexes linked to a pyridine-based switching arm, bearing a CuII

binding site bioinspired by the N-terminal CuII binding motif
of HSA (ATCUN).30,31 An unprecedented relaxivity increase of
ca. 400% could be achieved with the compound Gd-DO3A-
pyrGH (Fig. 1).30 Importantly, due to its bioinspired nature,
this system is highly selective for CuII over ZnII. Unfortunately,
the CuII affinity of the bioinspired binding site is drastically
reduced when it is tethered to the GdIII complex, with an
apparent binding constant (at pH 7.4) dropping from log Kapp

= 16 for the free binding site to log Kapp = 5.6 in the conjugated
system.30,32 This is explained by the distortion of the CuII

coordination sphere due to the proximity of the bulky GdDO3A
moiety, along with possible electrostatic repulsion between
CuII and GdIII ions and by the energy cost to switch the pyri-
dine moiety from GdIII to CuII.

Therefore, one route to increase the affinity of the GdIII-
based sensor for CuII is to increase the distance between the
GdIII and CuII complexing moieties. Alkyl-amide groups have
already been successfully used for ZnII and CaII detection, trig-
gering an increase in the hydration number of the LnIII upon
cation binding.33–35 It has been shown that the length of the
linker, ethyl or propyl, plays a crucial role in the hydration
number of the LnIII ion, being 1 and 0, respectively.35,36 For
the propyl linker, the overall charge of the complex,37,38 as well
as the steric hindrance of the group linked to the amide func-
tion are also important.39

This has prompted us to design GdIII-DO3A-C3AmpicH
(Scheme 1) containing a Gd-DO3A subunit (DO3A: 1,4,7,10-tet-
raazacyclododecane-1,4,7-triacetate), a bioinspired CuII

binding site, and a propyl amide function between the two.
The bioinspired CuII binding site C3AmpicH is derived from
previously studied ligands which are inspired by the ATCUN
site of HSA, and which show ideal CuII affinity and selectivity
versus ZnII.4,26,40 Here, we describe the synthesis of the com-
pounds C3AmpicH and LnIII-DO3A-C3AmpicH, and we evalu-
ate their properties by spectroscopy, relaxivity, and DFT calcu-
lations, both in the absence and in the presence of CuII.

2. Results and discussion
2.1 Design and synthesis of DO3A-C3AmpicH and C3AmpicH

The ditopic ligand was obtained using a combination of solu-
tion and solid phase synthesis (SPS), as shown in Scheme 2.
The DO3A subunit was linked to a protected 3-bromopropyl-
amine chain 1 to give the protected compound 2. Deprotection
of the amine under basic conditions afforded compound 3,
which was then coupled with the monoactivated pyridine-2,6-
dicarboxylic acid. The resulting compound 4 was then linked
to a trityl (Trt)-protected histidine (His) residue on a Rink

Fig. 1 (A) Relaxivity (r1, 60 MHz, 25 °C) of GdIII-DO3A-C3AmpicH upon addition of CuCl2. Conditions: 1.68 mM GdIII-DO3A-C3AmpicH, 100 mM
HEPES buffer pH 7.4. (B) Luminescence of EuIII-DO3A-C3AmpicH upon addition of CuCl2. Conditions: 60 µM EuIII-DO3A-C3AmpicH, 25 mM HEPES
pH 7.4, addition of CuCl2, λexc = 277 nm. (C) Decrease of the luminescence observed at 615 nm upon addition of CuCl2.
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amide resin and the ligand H3DO3A-C3AmpicH was obtained
after deprotection and cleavage from the resin.

The CuII-binding ligand C3AmpicH was obtained by SPS on
a Rink amide resin (section 1 of the SI). The His(Trt) residue
was first attached to the resin, followed by the coupling of the
monoactivated pyridine-2,6-dicarboxylic acid. The second car-
boxylic group was activated directly on the resin and coupled
to propylamine and the ligand C3AmpicH was obtained after
cleavage from the resin and removal of the trityl protecting
group.

The final ligands were purified by preparative HPLC and
characterized by 1D and 2D NMR and HR-ESI-MS (section 1 of
the SI).

2.2 Relaxivity and luminescence responses of GdIII/EuIII-
DO3A-C3AmpicH to CuII

The detection of CuII by GdIII-DO3A-C3AmpicH has been
explored by relaxivity (r1) measurements in HEPES buffer (pH
7.4) at 60 MHz. As evidenced in Fig. 1A, no relaxivity change
upon CuII coordination is observed. This can be explained by
the absence of amide coordination to GdIII even in absence of
CuII, which is in line with the high relaxivity values, and the
DFT calculations (vide infra).

The EuIII analogue EuIII-DO3A-C3AmpicH was also used to
follow CuII binding by luminescence (Fig. 1B and C). It is well-
known that a pyridine can sensitize EuIII luminescence41,42

and indeed, despite the distance between the EuIII ion and the
pyridine moiety, it is also the case here. In the absence of CuII,
the characteristic pattern of EuIII luminescence with emission
maxima at 588 nm, 615 nm, 687 nm and 695 nm was
observed. Upon addition of CuII, a linear luminescence
decrease was observed and the complete quenching was
obtained at a molar ratio of 1 : 1 (Cu : ligand). This turn-off
luminescence response evidences CuII coordination to the
LnIII complex. The sharp inflection point observed at 1 equiv.
of added CuII indicates a strong binding.

In order to understand this behavior, we investigated the
CuII coordination mode, as well as the LnIII coordination
sphere, both in the absence and presence of CuII, using elec-
tron paramagnetic resonance (EPR), luminescence and relaxiv-
ity measurements complemented by DFT calculations.

2.3 LnIII-coordination mode in the complexes LnIII-
DO3A-C3AmpicH

First, the structure of LnIII-DO3A-C3AmpicH was investigated.
Luminescence lifetime measurements were performed on

Scheme 1 Chemical structure of the previously studied sensor Ln-DO3A-pyrGH, the new complexes Ln-DO3A-C3AmpicH (with Ln = GdIII, EuIII)
and the CuII-binding ligand C3AmpicH.

Scheme 2 Synthesis of H3DO3A-C3AmpicH. Conditions: (i) 1.1 eq. ethyl trifluoroacetate, 1.1 eq. TEA, DCM, rt, 20 h; (ii) 0.83 eq. DO3AtBu, 2.5 eq.
K2CO3, acetonitrile, 70 °C, 24 h; (iii) 2 eq. aqueous NaOH (0.3 M), EtOH, rt, 5 h; (iv) 4 eq. pyridine-2,6 dicarboxylic acid, 2 eq. DIC, 2 eq. Oxyma Pure,
DMF, rt, 3 days; (v) (1) twice: 3 eq. compound 4, 1 eq. His(Trt)-resin, 2.6 eq. HATU, 6 eq. DIEA, DMF, 2 × 24 h. (2) TFA/TIS/H2O (95/2.5/2.5) 3 × 30 min.
The grey sphere symbolises the Rink Amide resin.
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EuIII-DO3A-C3AmpicH in H2O and D2O to assess the hydration
state of the LnIII ion (Table S1 and Fig. S15). In H2O, the
luminescence decays were best fitted by bi-exponential decay
pointing to the presence of at least two species in solution
with q = 0.1 and 1.7. The apparent predominance of the low-
hydration species is however amplified, as the luminescence
signal is weighted by the quantum yield of each species. The
value of 1.7 is close to that of Eu-DO3A (q = 1.9) where the
existence of an equilibrium strongly shifted towards the bis-
hydrated species has been evidenced using temperature-
dependent UV-Vis spectrophotometry.43 We certainly have the
same phenomenon for EuIII-DO3A-C3AmpicH, which would be
consistent with the relaxivity values observed (vide infra), and
DFT calculations (vide infra).

The NMR spectra of the corresponding diamagnetic YIII

complex (Fig. S16) supports: (1) the presence of two species in
solution in slow equilibrium at the NMR time scale in a ratio
85 : 15; and (2) the lack of coordination of the amide group to
YIII as only broad signals for the macrocycle are observed, a
fluxional behavior that is characteristic of complexes with flex-
ible DO3A-type ligands. Altogether, this shows that there are
several species in solution and the main species is bis-
hydrated with no amide coordination.

This is also supported by DFT calculations (Fig. 2), which
were used to model the mono-hydrated structure of the
complex with the amide group coordinated to the metal ion.
Subsequently, we explored the potential energy surface by
increasing the Gd–Oamide distance, which generated a second
energy minimum. Compared to the monohydrated LnIII struc-
ture with amide coordination, a difference of free energy of
+7.9 kJ mol−1 is found. Inspection of the calculated structures
shows that the angle formed between the planes of the pyridyl
and amide groups increases from 33° to 43° upon amide
coordination. Typically, aromatic secondary amides are bent
out of the plane of aromatic unit by ∼30°, and thus amide

coordination appears to be hindered by the presence of the
pyridyl-amide group in the vicinity of the DO3A unit.44

Moreover, the inspection of the enthalpy and entropy contri-
butions obtained with DFT shows that at 298 K the coordi-
nation of the amide group is disfavoured by an important
entropy contribution of −TΔS = 12.8 kJ mol−1, which compen-
sates the negative enthalpy contribution associated to amide
coordination (ΔH = −4.9 kJ mol−1). Thus, amide coordination
appears to be prevented by the loss of conformational entropy
if it binds to the Ln ion.

This is surprising, as it contrasts with previous observations
for a LnIII-DO3A complex bearing a propylamide arm linked to
a pyridine, which was found to be non-hydrated.36 This is also
in contrast with many propylamide systems developed so far
that are either mono or non-hydrated. In our case, the amide
is part of an extended aromatic system with a second amide
substituted to the pyridine, which probably leads to increased
steric hindrance, as reflected in the increase upon amide
coordination of the dihedral angle involving the secondary
amide and the plane of the pyridyl ring; loss of electronic
effects, and rigidity. It shows that the steric hindrance, which
remains difficult to evaluate, is important.

The nuclear magnetic resonance dispersion (NMRD) pro-
files of the corresponding GdIII complex were recorded at pH
7.3 (in HEPES buffer) between 40 kHz and 400 MHz at 25 °C
and 37 °C (Fig. 2). As expected for small molecular complexes,
the relaxivity decreases with increasing temperature. At 25 °C,
60 MHz, the relaxivity is quite high (r1 = 9.26 mM−1 s−1),
which is consistent with a DO3A-type GdIII complex bearing
two water molecules in the first coordination sphere.

The NMRD profiles were fitted to the Solomon
Bloembergen and Morgan theory to gain access to the micro-
scopic parameters of the complex that affect the observed
relaxivity (see SI for equations and details). The values of the
water exchange rate, its activation energy and the hydration

Fig. 2 (A) DFT structure of the monohydrated EuIII-DO3A-C3AmpicH systems showing that amide coordination requires a significant bent of the
pyridyl and amide groups, reflected by a O–C–C–N dihedral angle of 44°. The model includes six explicit second-sphere water molecules and a co-
ordinated water molecule. Average bond distances: Gd–NAmine = 2.781 Å; Gd–OCarboxylate = 2.400 Å; Gd–OAmide = 2.427 Å and Gd–OWater = 2.548 Å.
(B) Corresponding minimum energy structure obtained upon enlarging the Gd–OAmide bond, providing average bond distances of: Gd–NAmine =
2.698 Å; Gd–OCarboxylate = 2.357 Å; Gd–OWater = 2.481 Å.
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number (q = 1.9) were set to those of GdDO3A43 due to the
similar coordination sphere. Fig. 3 shows the experimental
data and the best-fit curves, the parameters of which are
reported in Table S2. The rotational correlation time was deter-
mined to be 122 ps, which is consistent with the size of the
complex. We also checked that the decrease of the hydration
number from 1.9 to 1.7 did not affect significantly the
rotational correlation time.

2.4 CuII-coordination mode in the complexes EuIII–CuII-
DO3A-C3AmpicH and CuII-C3AmpicH

The CuII coordination sphere was determined in both Cu-
C3AmpicH and Eu–Cu-DO3A-C3AmpicH complexes. The CuII

titrations were performed in HEPES buffer at pH 7.4 and fol-
lowed by UV-visible spectroscopy (Fig. S17 and S19). Upon CuII

addition, a broad d–d absorption band appeared, centered at
595 and 600 nm for Eu–Cu-DO3A-C3AmpicH and
Cu-C3AmpicH, respectively. This indicates the formation of a

1 : 1 Cu : ligand complex, which is in accordance with lumine-
scence titrations (Fig. 1B).

It is noteworthy that the d–d bands are more red-shifted
than expected for the coordination to two amidates and two
aromatic sp2 nitrogen atoms.45 Thus, we investigated the pH
dependence of the CuII-coordination sphere of EuIII–CuII-
DO3A-C3AmpicH and CuII-C3AmpicH by UV-Vis absorption
spectroscopy and EPR. A hypsochromic shift of the absorption
maximum of the d–d band was observed for both CuII-com-
plexes from 630 nm (at pH below 6) to 580 nm (at pH above
pH 8) (Fig. 4A and S20, S21). This shift can be attributed to a
change in the coordination of CuII due to the deprotonation of
the terminal amide when increasing the pH. Such pH-depen-
dent behavior has previously been reported in the literature.46

At pH below 6, the CuII ion is linked to the oxygen of the term-
inal amide, then upon increasing the pH, the amidate is
gradually formed and the CuII ion binds to the nitrogen of the
amidate. At pH 7.4, both coordination modes are simul-
taneously present in solution, in line with a broad d–d band
around 600 nm.

To strengthen this hypothesis, low-temperature (100 K) EPR
characterization of these complexes was performed at pH 7.0
and 9.4 (Fig. 4B and Table 1). EPR spectra evidenced the pres-
ence of two different coordination modes at pH 7.0 and 9.4, in
line with a change from a neutral O to a negatively charged
N. At this low temperature one coordination mode only is seen
at each pH. At pH 7.0, the EPR spectrum suggests a CuII-
coordination sphere composed of three nitrogens and one
oxygen atom, and at pH 9.4, a 4N binding mode is highly prob-
able. This is consistent with the UV-Vis absorption data
(Fig. 4A), although the pH range in which the coordination
change occurs was shifted, which may be due to the tempera-
ture difference between the two techniques. The g-tensors
observed for the two species (g∥ > g⊥; g⊥ > 2.035) are character-
istic of square-planar coordination with a dx2−y2 ground state.47

Fig. 3 1H NMRD profiles of Gd-DO3A-C3AmpicH (1.68 mM) at pH 7.3
(HEPES 0.1 M) at 37 °C ( ), and 25 °C ( ). The curves represent the best
fit to the SBM theory with the parameters presented in Table S2.

Fig. 4 pH-dependence of the CuII-binding to EuIII-DO3A-C3AmpicH. (A) UV-Vis: hypsochromic shift of the absorption maximum of the d–d band
upon basification. Conditions: 100 µM EuIII-DO3A-C3AmpicH, 90 µM CuCl2, in H2O, addition of aqueous NaOH, room temperature. (B) EPR: con-
ditions 600 µM EuIII-DO3A-C3AmpicH, 500 µM CuCl2, 75 mM HEPES pH 7.4 or CHES pH 10, 10% glycerol, 100 K. The indicated pH values have been
measured on the pH-meter after the addition of glycerol and thus differ slightly from the pH values of the used buffer solutions. Inset: Peisach–
Blumberg plot indicating the CuII-complex coordination sphere as a function of the values of A∥and g∥ as well as the overall charge of the mole-
cule.48 (C) Structures showing the proposed CuII-coordination modes.
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To further support this pH-dependent coordination mode,
DFT calculations were performed for the CuII-C3AmpicH
complex and the resulting structures are shown in Fig. S22.
The EPR parameters obtained are in reasonable agreement
with the experimental data, in particular when considering the
difficulties associated to the calculation of EPR parameters in
CuII complexes (Table 1 and Table S3).49,50 In particular, the
deprotonation in the complex results in a 4N coordination
environment that is characterized by a higher A∥ and a lower g∥
value than those obtained for the complex with 3N1O coordi-
nation (Table 1). This is in line with the changes expected for
these coordination environments according to Peisach, as
3N1O coordination is generally characterized by higher g∥ and
lower A∥ values than 4N coordination, an effect that is magni-
fied by the increased positive charge of the 3N1O complex. We
note that the experimental values of g∥/A∥, which are diagnos-
tic of the coordination environment, show a very nice agree-
ment with the DFT values (Table 1).

2.5 Estimation of the CuII-affinity of EuIII-DO3A-C3AmpicH
and C3AmpicH

The affinity of EuIII-DO3A-C3AmpicH and C3Ampyr for CuII

was evaluated by competition experiments with protein or pep-
tides of biological relevance (HSA, Aβ1–16 and α-Syn1–6). These
competition experiments were followed by UV-Vis absorption,
circular dichroism and luminescence spectroscopies.

The competition experiments between EuIII-
DO3A-C3AmpicH and HSA for CuII, were first followed by UV-
vis absorption experiments, monitoring the d–d bands of the
CuII complexes. Measurements were performed both by
addition of EuIII-DO3A-C3AmpicH to the equimolar CuII-HSA
complex and by addition of the complex EuIII–CuII-
DO3A-C3AmpicH to equimolar HSA (Fig. 5A and S23). Both
CuII exchange reactions lead to the same end-point with a
maximum absorbance at 535 nm, suggesting the coexistence
of the complexes CuII-HSA (d–d band maximum at 530 nm)
and EuIII–CuII-DO3A-C3AmpicH (d–d band maximum at
595 nm) at the equilibrium state. This also indicates that only
a small fraction of CuII could be retrieved from HSA, which is
in coherence with circular dichroism experiments (Fig. S24).
Similar results were obtained with Cu-C3AmPicH (Fig. S25).

The CuII-affinity of EuIII-DO3A-C3AmpicH and C3AmpicH
was further investigated using other physiological ligands with
weaker CuII-affinity, like Aβ1–16 (log Ka = 10)51 and α-Syn1–6

(α-Syn1–17: log Ka = 9)9,10 in equimolar conditions. UV-vis
experiments showed that both Eu-DO3A-C3AmpicH and
C3AmpicH immediately and completely retrieved Aβ1–16-bound
CuII (Fig. 5B and S26, S27). On the other hand, Aβ1–16 failed to
remove CuII from EuIII-DO3A-C3AmpicH and C3AmpicH, even
when present in a 10-fold excess, indicating that these com-
pounds have stronger affinity for CuII compared to Aβ1–16. As
the d–d band of CuII-α-Syn1–6 at 625 nm is too close to the one
of the studied Cu II-complexes, the CuII transfer between EuIII-
DO3A-C3AmpicH and α-Syn1–6 was investigated by EuIII

luminescence (Fig. 5C and S28) and the stronger affinity of
EuIII-DO3A-C3AmpicH compared to α-Syn1–6 for CuII was
confirmed.

To conclude, the affinities of Eu-DO3A-C3AmpicH and
C3AmpicH for CuII are very similar, in contrast to the distinct
affinities previously observed for Eu-DO3A-pyrGH vs. pyrGH.
Hence, the propyl linker ensures an effective spatial separation
between the LnIII and CuII complexes, and thereby reduces
efficiently the electrostatic repulsion and steric hindrance

Table 1 EPR spectral parameters obtained with DFT calculations for
the CuII-C3AmpicH systema

Coordination g∥ g⊥ A∥/MHz A⊥/MHz g∥/A∥/cm

4N DFT 2.180 2.050 578b 28b 113
Exp 2.203 590 112

3N1O DFT 2.194 2.054 526b 37 125
Exp 2.230 510 131

a g- and A-tensors were calculated using the PBE0-DH and TPSS func-
tionals, respectively (see SI for details). b Calculated as negative values.

Fig. 5 Competition experiments with HSA, Aβ1–16 and α-Syn1–6 for CuII-binding. (A) Competition between CuII-HSA and EuIII-DO3A-C3AmpicH
(1 : 1) monitored via the d–d absorption band of CuII. Conditions: 200 µM EuIII-DO3A-C3AmpicH, 200 µM HSA, 180 µM CuCl2, 50 mM HEPES pH 7.4.
(B) Competition between CuII-Aβ1–16 and EuIII-DO3A-C3AmpicH (1 : 1) monitored via the d–d absorption band of CuII. Conditions: 200 µM EuIII-
DO3A-C3AmpicH, 200 µM Aβ1–16, 180 µM CuCl2, 50 mM HEPES pH 7.4. (C) Competition between α-Syn1–6 and EuIII-DO3A-C3AmpicH for CuII,
monitored via the EuIII-luminescence intensity at 615 nm. Conditions: 40 µM EuIII-DO3A-C3AmpicH, 40 µM α-Syn1–6, 36 µM CuCl2, 25 mM HEPES
pH 7.4, λex = 277 nm.
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between the two metal centers. The affinity of Eu-
DO3A-C3AmpicH and C3AmpicH for CuII is between those of
HSA and Aβ1–16, i.e. around log Ka ∼ 11–12, which corresponds
to a dissociation constant in the picomolar range (1–10 pM).

2.6 Study of the CuII-selectivity

The selectivity of EuIII-DO3A-C3AmpicH and C3AmpicH for
CuII over various metal ions was investigated by UV-Vis absorp-
tion and luminescence spectroscopy (Fig. S29–S32). In these
experiments, 1 eq. CuII and 10 eq. ZnII were added to EuIII-
DO3A-C3AmpicH and C3AmpicH in different orders. The
addition of 10 eq. ZnII caused no change in the d–d transition
region but led to a change in the absorption pattern below
300 nm (Fig. 6 and S29B), suggesting that ZnII interacts with
the ligand. However, whatever the order of addition of the two
metal ions, the CuII-complex was entirely formed.

The selectivity of EuIII-DO3A-C3AmpicH for CuII over up to
500 eq. of ZnII was followed by luminescence spectroscopy.
The addition of up to 5 eq. ZnII did not significantly impact
the luminescence intensity of EuIII-DO3A-C3AmpicH. However,
adding 10 or more equivalents resulted in an increase of up to
130% of the initial luminescence (Fig. S29A). This confirms
some interactions between EuIII-DO3A-C3AmpicH and ZnII

ions. Similar luminescence enhancements have been reported
in the literature and are often attributed to an increase in
rigidity of the complex upon ZnII binding.52–54 Another possi-
bility is that ZnII induces conformational changes, bringing
the pyridine sensitizer closer to EuIII, enhancing lumine-
scence. The luminescence intensity remained high with the
addition of up to 500 eq. of ZnII. With subsequent addition of
CuII, the luminescence immediately decreased, confirming the
selectivity for CuII over ZnII. Similar results were obtained in
the presence of 65 eq. of CaII, 60 eq. of MgII, 1 eq. of MnII or
FeIII (Fig. S30 and S31), confirming the selectivity of Eu-
DO3A-C3AmpicH and C3AmPicH for CuII in these conditions.

In order to take into consideration that CuII is bound to a
carrier in the body, competition experiments were also carried
out in the presence of Aβ1–16. Thus, CuII and ZnII were added
simultaneously to a solution containing EuIII-DO3A-C3AmpicH
and Aβ1–16, in equimolar concentrations (Fig. S32). Given that
Aβ1–16 has a 104-fold stronger affinity for CuII over ZnII, this
experimental set-up represents more challenging conditions
compared to the experiments in the absence of Aβ1–16.
Immediately after the addition of CuII and ZnII, a d–d band
centered at 600 nm emerged and showed no further temporal
evolution in terms of intensity or position. The d–d band
maximum was red-shifted by about 5 nm compared to EuIII–
CuII-DO3A-C3AmpicH, suggesting that a minor part of CuII

remains bound to Aβ1–16, whose absorption maximum lies
around 635 nm when complexed to CuII.

3. Conclusion

The LnIII-DO3A-C3AmpicH complex was developed to bind
CuII, and increase the distance between the LnIII- and CuII-
binding sites in order to achieve a desirable affinity for CuII.
Such design was successful as the CuII affinity of CuII-
C3AmpicH and EuIII–CuII-DO3A-C3AmpicH are very similar,
and in the appropriate range to compete with the Aβ1–16
peptide, or α-Synuclein. The selectivity for CuII vs. other phys-
iological cations, particularly ZnII, is very good. CuII could be
detected by following the quenching of the luminescence of
Eu-DO3A-C3AmpicH. This complex is able to detect CuII

bound to Aβ or α-synuclein, key CuII reservoirs in Alzheimer’s
and Parkinson’s diseases respectively, by luminescence.
However, no change of relaxivities is observed upon CuII

addition due to the absence of binding of the amide group to
the LnIII in the absence of CuII, in contrast to what has been
observed in the literature. This is due to the steric hindrance
brought by the relatively rigid CuII binding site, as demon-
strated by DFT calculations. Current efforts are pursued to
further modify the CuII-binding site in order to obtain a relax-
ivity response.
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100 µM CuCl2, 1 mM ZnSO4, 10 mM TRIS pH 7.4.
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