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Selective recognition and sensing of catecholamine-based neurotransmitters by fluorescent synthetic
receptors capable of operating in pure water is a central topic of modern supramolecular chemistry that
impacts biological and analytical chemistry. Despite advances achieved in the recognition of some neuro-
transmitters such as dopamine, little effort has been invested in the optical recognition of other neuro-
transmitters of paramount importance in biochemistry and medicinal chemistry such as the drug
L-dihydroxy-phenylalanine (levodopa). Herein, a cationic Cu(i)—terpyridine complex bearing an intra-
molecular fluorescent quinolinium ring covalently linked to phenylboronic acid (CuLl) was synthesized,
structurally described by single-crystal X-ray diffraction and studied in-depth as a fluorescent receptor for
neurotransmitters in water. The complex CuL! was designed to act as a receptor for levodopa through
two Lewis acids of different natures (Cu(i) and B atoms) as cooperative binding points. The receptor Cul®
was found to have a strongly acidified —B(OH), group (pK, = 6.2) and exceptionally high affinity for levo-
dopa (K = 4.8 x 10° M™) with selectivity over other related neurotransmitters such as dopamine, epineph-
rine, norepinephrine and nucleosides in the micromolar concentration range at physiological pH. Such
levodopa affinity/selectivity for a boronic acid-based receptor in water is still rare. On the basis of spectro-
scopic tools (!B NMR, UV-vis, EPR, and fluorescence), high-resolution ESI-MS, crystal structure, and DFT
calculations, the interaction mode of CuL® with levodopa is proposed in a 1:1 model using two-point
recognition involving a boronate—catechol esterification and a coordination bond Cu(i)—carboxylate.
Furthermore, a visual sensing ensemble was constructed using CuL® and the commercial fluorescent dye
eosin Y. Levodopa is efficiently detected by the displacement of the eosin Y bound to the Cu(i)-receptor,
monitoring its green emission. The use of Cu(i)—boronate complexes for fast and selective neuro-
transmitter sensing was unexplored until now.
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A central challenge in modern supramolecular chemistry is the
selective recognition and optical sensing of catecholamine-
based neurotransmitters (NTs) such as dopamine, adrenaline,
noradrenaline and levodopa (1-3,4-dihydroxyphenylalanine) in
water using synthetic fluorescent receptors.'® These NTs regu-
late brain functioning;’ therefore, selectively sensing and
quantifying neurotransmitters provides knowledge about how
these biogenic catecholamines drive our motor capacity and
physiological functions such as learning, memory, cognition
and emotions."®™® In general, the physiological concen-
trations of these NTs in the cerebrospinal fluid are very low
(<107° M), making their selective detection and measurement
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difficult."® For example, the brain’s dopamine concentration
ranges from 25 to 40 nM and higher levels are correlated to
high blood pressure and cardiotoxicity."* In contrast, lower
dopamine concentration may cause neurological disorders
such as Parkinson’s disease, Alzheimer’s and
schizophrenia.”'*>™"”

Levodopa is a neuromodulator and natural precursor for
the biosynthesis of dopamine and epinephrine. It is well
known that levodopa can cross the protective blood-brain
barrier, unlike the rest of the NTs that cannot pass through
it."® For this reason, levodopa is a worldwide-prescribed drug
for increasing dopamine levels in the brain in the treatment of
dopamine-responsive dystonia and Parkinson’s disease.'®'?™!
However, recent clinical data have shown that levodopa is toxic
when it is in high concentrations.>” Thus, the levels of levo-
dopa and dopamine in physiological samples are chemical
indicators of neurological disorders.>***

To date, an overwhelming majority of levodopa detection
methods have been based on electrochemical sensors,?**
chromatography,®® CdSe quantum dots,**”*° TiO,- nano-
particles,*® COFs,*' aptamers®* and tyrosinase assays.** These
sensing methods still suffer from some drawbacks such as
multiple steps for their construction, particularly for the nano-
materials, as well as long analysis times and the requirement
for specialized labs.

Among the different neurotransmitter sensing techniques,
fluorescence is particularly desired due to its high sensitivity
and real-time response.*®** Artificial receptors can be
exploited as fluorescent chemosensors using various signaling
molecular units. While the need for efficient and highly selec-
tive optical receptors for levodopa is evident, very few examples
have been described to date.

Fluorescent recognition of NTs has been dominated by
aldehyde-appended fluorophores able to reversibly react with
the amine group from NTs to form imine derivatives, which
induce pronounced changes in their optical properties.’?>"’
However, most of these receptors are not particularly selective,
and interference from biological amines such as
y-aminobutyric acid (GABA), histamine, serotonin and amino
acids can be a problem. Furthermore, these receptors usually
require an organic cosolvent, which seriously limits their
applications.®®

The literature features very few examples of selective recep-
tors for fluorescent sensing of levodopa in water. These recep-
tors include arylboronic acids covalently linked to fluoro-
phores such as metalloporphyrins®® lucifer yellow,* perylene
moieties and quinoline rings*° to yield a conjugated chemo-
sensor. Typically, these borylated receptors show apparent
binding constants between 10°> and 10> M~ driven by multi-
site recognition that involves boronate-diol complexation with
a catechol skeleton from levodopa and secondary supramole-
cular interactions (n-n stacking, electrostatic interactions and
coordination bonds).*® They are suitable for sensing levodopa
in the micromolar concentration range, but not significantly
below, which is highly desirable for sensing levodopa in
pharmaceutical and biological samples."***
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On the other hand, fluorescent receptors with a single
binding point based on boronic acid have the drawback of not
being selective for levodopa.*"** Thus, the creation of a fluo-
rescent chemosensor/receptor with high levodopa affinity is
not a trivial task and clearly requires elaborate molecular strat-
egy and synthetic approaches to achieve a chemical affinity by
both the catechol and carboxylate groups. Previously, Shinkai
demonstrated selective two-point binding of levodopa to a
boronic-acid-appended Zn(u)-porphyrin.*® In this line, we
recently developed molecular receptors for levodopa®® and
fructosyl valine® in water that operate by cooperative action of
boronic acid and a metal coordination bond. Mainly, Zn(u)-ter-
pyridine bearing arylboronic acid complexes exhibited good
selectivity and affinity (K ~ 10° M™"), induced by a complexa-
tion boronate-diol and coordination of the carboxylate group
from levodopa to a Zn(u) atom. Taking into account that Cu(u)
has a greater carboxylate anion affinity compared to Zn(u) and
its strong Lewis acidity,”> we surmised that an efficient levo-
dopa chemosensor could be achieved by using a new water-
soluble Cu(u)-terpyridine-quinolinium complex bearing a
strongly acidified arylboronic acid. The results obtained for a
fluorescent Cu(u) complex with phenylboronic acid, including
synthesis, crystal structure, spectroscopic neurotransmitter
sensing studies and theoretical DFT calculations, are summar-
ized below.

Results and discussion
Synthesis and structural analysis

For these investigations, the bromide salts of CuL' and CuL’
complexes were synthesized and studied as molecular recep-
tors for a series of NTs, nucleosides and related analytes
(Scheme 1).

CuL' includes two Lewis acids of different natures (B and
Cu(n) atoms) as binding sites for levodopa, and Cul?, lacking
phenylboronic acid, was prepared for comparison purposes.
The synthesis was initiated with the preparation of 4-(terpyri-
dine-4'-yl)isoquinoline, 1, as we previously reported,** and sub-
sequent treatment with 3-(bromomethyl)phenylboronic acid in
dry CH;CN under a N, atmosphere gave cationic ligand L. L?
was synthesized by the same synthetic path using benzyl
bromide instead of a 3-(bromomethyl)phenylboronic acid.

Intermediary 1 and the reported cationic ligands L'-L? were
characterized by (*H, '*C, and ''B) NMR spectroscopy, a posi-
tive scan of MS-ESI and ATR-IR. The expected numbers of ("H
and ">C) NMR signals of the ligands were consistent with their
chemical structures (Fig. S1-S61). CuL' and CuL® complexes
were synthesized by direct complexation with 1.10 equiv. of
anhydrous CuBr, in CH;CN at r.t. The bromide salts were
obtained as green crystalline powders for both complexes and
were pure according to MS-ESI and elemental analysis (C, H,
and N). One charged state for CuL', monocationic species at
mjz = 717.9822, corresponding to [CuL'Br,]" was clearly
observed and isotopically resolved from its respective analysis
by a positive scan of high-resolution ESI (Fig. S7t). MS-ESI(+)

This journal is © The Royal Society of Chemistry 2024
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Scheme 1

of CuL’ also showed one charged state for a monocationic
species at m/z = 673.80 corresponding to [CuL*Br,]" (Fig. S87).

X-ray crystal structures were obtained for bromide salts of
CuL' and CuL”. Fig. 1 shows a molecular perspective view of
these complexes. Tables S1-S5t1 contain the crystallographic
data, hydrogen bond parameters within the crystal packing
and selected distances/angles around Cu(u) and B atoms.

The X-ray crystal structure of CuL' shows a complex with
the formula [CuL'Br,]Br-CHCI; involving an sp*-hybridized B
atom and a trigonal planar geometry (£<(X-B-X) = 359.99°). B
and Cu(u) atoms are separated by 11.07(4) A. The single crys-
tals of CuL' for X-ray diffraction were obtained by diffusion of
CHCI; vapor into a CH;O0H solution. As a result of this solvent,
the boronic acid group was converted into a monomethyl
boronic acid ester.

The methyl esterification of boronic acids from the crystalli-
zation solvent was also observed for Ir(ur)-boronic acid com-
plexes.’® The B-O-H fragment is stabilized by a Br~ anion
through a hydrogen bond (Table S2f). The crystal analysis
showed that the Cu(n) atoms in CuL' and CuL” possess a dis-
torted square-pyramidal geometry with a [CuN;Br,] coordi-
nation sphere.

The rings of quinolinium and central pyridine (from terpy)
are significantly out of coplanarity for both crystals. For
instance, the dihedral angle between the planes of quinoli-
nium and central pyridine for CuL' is 61.61°. This fact

This journal is © The Royal Society of Chemistry 2024

(A) Molecular receptors based on Cu(i)—boronic acid complexes employed in this study and (B) levodopa and related target analytes.

suggests that although the complex has a paramagnetic Cu(u)
atom, the fluorescence emission can be maintained, at least in
residual form, because this Cu(u) atom is located at a long dis-
tance from the fluorescent unit. Furthermore, there is no
coplanarity between the fluorescent quinolinium ring*” and
the Cu-terpy fragment. The distortion in the coplanarity
between these rings seems to be primarily an electronic rather
than a steric effect.*®

Inspection of the crystal packings of CuL' and CuL” reveals
the presence of strong =---m stacking interactions between
central pyridine and lateral pyridine rings of different mole-
cules, as shown in Fig. S11.1 These =---7 interactions are not
unexpected because they become more stable when Cu-terpy
fragments point in opposite directions as has been reported in
the area of inorganic crystal engineering.*’

Photophysical and acid-base properties

Bromide salts of ligand L' and cationic complexes CuL' and
Cul’? possess good solubility in buffered (10 mM MOPS, pH =
7.4) pure water and follow well the Lambert-Beer law to 80 pM.
Hence, concentrations within this range were used for further
experiments.

The absorption and emission maxima (4. = 330) are com-
piled in Table 1 and the corresponding spectra of L', CuL' and
CulL? are shown in Fig. S12-S14.} Clearly, the L' emission is
almost three times higher than that observed for the CuL'

Dalton Trans., 2024, 53,16541-16556 | 16543
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CulL!

Table 1 Absorption and emission maxima (nm) of LY, Cul' and Cul?in
water at pH = 7.40 and pKj, values estimated from fluorimetric titration
experiments

Emission Fluorimetric titration,
Species  Aaps (log €) (Aex) pK, (-B(OH),)
L! 276 (4.22); 336 (3.83) 408 (330)  7.25 +0.07
CuL! 330 (4.10); 343 (4.13) 407 (330)  6.29 +0.06
Cul? 334 (4.03); 344 (4.06) 403 (334) —

“Not calculated.

complex; this is not unexpected due to the paramagnetic effect
of the Cu(u) atom. However, it is interesting for our purposes
that the Cu(u) complexes still have residual emission, and this
can be explained by the fact that the fluorescent quinolinium
ring is outside the coplanarity of the Cu(u) fragment.
Furthermore, as observed in its crystalline structure, the Cu(u)
atom and the quinolinium-phenylboronic fragment are separ-
ated by a long distance of ~10 A (vide supra).

The literature offers several fluorescent Cu(u)-complexes
that present large distances between the fluorescent unit and
the Cu(u)-fragment, such as Cu(u)-benzimidazole®® and Cu(u)-
terpy complexes.>

The pK, values of phenyl boronic fragment of L' and CuL*
can be estimated by the change in the fluorescence that occurs
when the B atom converts from the sp>trigonal to sp’-tetra-
hedral.’> The pK, values calculated from the titration curves
are shown in Fig. 2 and Table 1.

The estimated pK, of the -B(OH), group of CuL' is 6.29,
which is an order of magnitude lower than the free ligand L'

16544 | Dalton Trans., 2024, 53, 16541-16556
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Cul?

Fig. 1 ORTEP diagrams at 50% probability for bromide salts of Cu complexes. B-O—H---Br~ interaction in CuL is shown as dashed orange lines.

(pKa = 7.25). For both species, the acid-base values are signifi-
cantly lower than those of common receptors based on neutral

arylboronic acids (phenylboronic acid pK, = 8.90) for

catechols.>®™?

This finding is key to our objectives because it reveals that
the -B(OH), group in CuL' is in its sp>-boronate form at pH =
7.40, which is the most active B-hybridization form to coordi-
nate diols enabling levodopa recognition under “physiological”
conditions.

Furthermore, it is well known that low pK, values of aryl-
boronic acids increase the affinity for diols.>*®*>® In principle,
this strongly acidified quinolinium-B(OH), group is not unex-
pected because it is known that the cationic nature of the =
electron-deficient quinolinium ring covalently appended to
phenylboronic acid considerably reduces the pK, values by up
to two orders of magnitude as studied by Geddes with several
(iso)quinolinium-nuclei bearing boronic acids for recognition
of saccharides as well as CN~ and F~.*>%7%

The very low pK, (CuL') value can only be explained by the
coordination of L' with the Cu(i) atom, which results in a dra-
matic decrease in its pK, value. To the best of our knowledge,
this pK, value is amongst the lowest reported for a phenyl-
boronic acid derivative, and this study is the first to report the
pK, value of a phenylboronic acid appended to a Cu(u)-
complex. There are two examples in the literature based on Zn
(n)-boronate and Gd(m)-boronate complexes with pK, values
between 4.60 and 7.33, respectively.**®*

An increase in the Lewis acidity of boronic acids is highly
desired in the field of molecular recognition, and these low
pK, values demonstrate that the insertion of fragments of

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Fluorescence spectra (iex = 330 nm) of (A) L* (10 uM) and (B) CuL® (10 M) in buffered aqueous solutions at different pH values. Insets: the

observed pH-titration profile at the emission maximum of each species.

metal complexes within boronic acids can be a novel
alternative.

Levodopa molecular recognition

Direct evidence of the high affinity of the CuL' complex
towards levodopa was provided by electrospray ionization (ESI)
mass studies, UV-vis measurements, ''B NMR spectroscopy
and EPR spectra. High-resolution ESI mass spectra were per-
formed in the positive mode with water-EtOH (v/v, 1/1) solu-
tions of CuL' (25 uM) in the absence and the presence of 1.1
equiv. of levodopa.

Theoretically calculated
MS(+) isotopic patterns

—— Experimental

717.9822
71798

719.9841
71998

715.9647
718.9706
71598
71698
71898
72098

716.9821
72198

720.9751

721.9785

— 7148

72208

714.9715

[— 722.9845

For the free complex CuL' only one charged state at m/z =
717.9822 corresponding to the monocationic species [CuL'Br,]"
is clearly seen and isotopically resolved (Fig. 3A). The HRMS-ESI
spectrum with levodopa showed only one species at m/z =
781.2455, which was also isotopically resolved.

This can be ascribed to the monocationic supramolecular
complex 1:1, {{CuL"levodopa]-EtOH}", as shown in Fig. 3B.
The experimental signals, separated by 1.0 units, match very
well the theoretical isotopic distribution for the supramolecu-
lar complex 1:1, and the multiplicity of this signal fits well
with the presence of a B atom and a Cu atom with their corres-
ponding isotopes. No Br atoms are observed, which suggests

Theoretically calculated
MS(+) isotopic patterns

—— Experimental

781.2455
78123

782.2455
783.2352
782.23
783.23

780.2545
784.2135

’— 780.23

[— 785.2355

715.0 716.0 717.0 718.0 719.0 720.0 721.0 722.0 723.0 724.0 725.0
m/z (Da)

(A) CuL!

780.0 780.5 781.0 781.5 782.0 782.5 783.0 783.5 784.0 78‘205 )785.0 785.5 786.0 786.5 787.0 787.5 788.0 788.5 789.0
m/z (Da;

(B) [CuL"levodopa]

Fig. 3 Positive scan HRMS-ESI mass spectra of ethanolic aqueous solution (v/v, 9/1) of complex CuL® in (A) the absence and (B) the presence of 1.1
equiv. of levodopa. Inset: calculated isotopic distribution for monocationic complex [CuL'Br,]* and monocationic {[CuL'-levodopal-EtOH}*, 1:1

supramolecular complex.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Spectrophotometric titration of a buffered (10 mM MOPS at pH
= 7.4) aqueous solution of CuL! (15 mM) by levodopa. The arrows show
the direction of the spectral change. The inset shows the isotherm curve
at 345 nm for increasing amounts of levodopa. The solid line was
obtained by fitting the data to a 1: 1 binding model.

that the monocharged species seen in the HRMS-ESI analysis
corresponds to the species formed by the tri-cation of CuL' +
boronate group -B(OH); + carboxylate group from levodopa.
Fig. 4 displays the set of UV-vis spectra obtained when a
buffered (pH = 7.4) aqueous solution of CuL' (15 uM) is titrated
with levodopa (0-35 pM). Two isosbestic points at 296 and 318 nm
were observed, which indicates that only two species (free form
and complexed with levodopa) are in equilibrium. The inset
shows the absorbance change at 345 nm (AA = 0.14) on increasing
the amount of levodopa. The spectrophotometric titration profile
was practically saturated when the CuL'/levodopa ratio reached 1

sp%-B 27.13
|

CulL?

CulL' + Levodopa

sp3-B 8.77
|

View Article Online

Dalton Transactions

equiv., suggesting a 1: 1 stoichiometry. This UV-vis isotherm could
be well fitted to a 1:1 binding model by a nonlinear least-square
treatment to give an apparent binding constant of K.y = (9.98 +
0.07) x 10> M. HRMS-ESI and UV-vis experiments unambigu-
ously confirm the binding of levodopa with Cul in water.

Further evidence of interaction between CuL' and levodopa
was sought through "B NMR and EPR experiments.
Encouraged by reports of an ortho-carborane-based sensor for
the detection of paramagnetic Cu(u) ions by "'B NMR signals in
D,0,% we recorded the ''B NMR spectra of free CuL' and CuL'
+ levodopa in CD;0D-D,O (v/v, 2/8). The ''B NMR signal of the
solution of the free CuL' is clearly observed at § = 27.13 ppm
(Fig. 5A), and it can be assigned to a sp>-hybridized B atom, con-
sistent with its X-ray crystal structure. However, this value is
upfield shifted compared to neutral phenylboronic acid (6
~30 ppm).** The "B NMR chemical shift (A5 ~6 ppm) can be
ascribed to the strong acidification of the phenylboronic frag-
ment in CuL' due to a combination of (1) the delocalized posi-
tive charge on the isoquinolinium ring as described in the
literature,***>®* and (2) the coordination of L' to the Cu(u)
atom; a similar effect, a similar drop of pK, value, has been
documented for a Tb(m)-boronic acid complex.®>

The strong acidification of boronic acid from CuL' was evi-
denced by the low calculated pK, = 6.29 compared to neutral
phenylboronic acid (pK, = 8.80).>* The addition of 5.0 equiv. of
levodopa to a solution of CuL' provokes an upfield shift of the
"B NMR signal at 8.77 ppm. This new signal can be ascribed
to conversion of the B atom from the neutral sp> trigonal
planar to the anionic sp® tetrahedral boronate form.®

The EPR spectrum of a frozen methanolic solution of CuL*
(3.0 mM) shows an anisotropic signal with characteristic
hyperfine bands of a Cu(u)-terpy complex involving values of
g1 =2.075 and g = 2.230, as shown in Fig. 5B.%°

—Cul!

—CuL' + Levodopa

SN

50 40 30 20 10 0

ppm

(A)

300 350 400

Field (mT)

(B)

10 200 250

Fig. 5 (A) Change in *'B NMR spectra (96 MHz) of CuL' (3.0 mM) in the absence and the presence of levodopa (15 mM) in CDz0D-D,0 (v/v, 2/8).
(B) X-band EPR spectra recorded at 70 K in methanol solutions of CuL! (3.0 mM) in the absence and the presence of levodopa (15 mM) (microwave

frequency = 9.444 GHz, modulation amplitude = 0.0003 G).

16546 | Dalton Trans., 2024, 53, 16541-16556

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4dt02108h

Open Access Article. Published on 18 September 2024. Downloaded on 3/12/2026 6:52:15 PM.

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

(cc)

Dalton Transactions

These g values in the order of g, > g, > 2.0023 correspond to a
typical EPR spectrum for a Cu(u)-terpy with a square-based geo-
metry, which is consistent with its X-ray structure. Furthermore,
the A, value of 162 x 10* em™" suggested that CuL" has a square-
pyramidal geometry (4 = 154-164 x 10~* em ™" for a square-based
geometry).®® On the other hand, the spectrum of the same solu-
tion containing 5.0 equiv. of levodopa shows an increase in the
intensity of observed peaks and modestly modifies the spectral
parameters (g, = 2.065, g, = 2.22 and 4; = 156 x 10~* em™).
These results indicate that (1) the distorted square-pyramidal geo-
metry practically remains with a d,._,» ground state after binding
levodopa and (2) the slight changes in the g and 4 values may be
caused by the coordination of the -CO,~ group of the levodopa.

Interaction studies of Cu(u)-receptor with NTs by fluorescence
spectroscopy

It is known that when catechol derivatives or diols are con-
densed with fluorescent boronic acids, their photophysical
properties, such as intensity and emission maxima, are modi-
fied through several mechanisms. Such change provides a
signal indicating boronate-diol esterification.®”*®

Indeed, signaling mechanisms such as photoinduced elec-
tron transfer (PET), fluorescence resonance energy transfer
(FRET) and photo-induced charge transfer (PICT) are efficient
mechanisms for optical phenylboronic acid-based chemo-
sensors of NTs and saccharides."**”

Taking advantage of the fact that complex CuL' emits residual
fluorescence in pure water, we studied it as an intrinsic chemo-
sensor to get a more sensitive optical response. Next, we analyzed
the fluorescent selectivity of CuL' towards a series of NTs.

Levodopa, epinephrine, norepinephrine, dopamine and related
nucleosides such as adenosine, guanosine, cytidine and uridine
([analyte]or = 30 pM) were added to a buffered (10 mM MOPS at

F-- === - = - == I
1 Cytidine, Uridine, |

: Adenosine, Guanosine !
, Catechol !

120 -

A (nm)

(A)

Fig. 6

View Article Online
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pH = 7.4) aqueous solution of CuL' (10 pM) and the emission
spectra (A = 330 nm) was recorded, as shown in Fig. 6A.

All nucleosides, catechols and dopamines gave a very low
quenching response, Ir < 10% of its initial intensity I,. Adding
epinephrine/norepinephrine resulted in a modest decrease in
intensity of ca. 25% but this quenching was considerably lower
than that observed for levodopa. Among the studied NTs, levo-
dopa displayed the greatest quenching effect, ~88%, as shown
in Fig. 6B in Stern-Volmer terms.

This quenching response is not unexpected because the
phenylboronic acid sensors typically show a quenching analyti-
cal response due to a photoelectron transfer (PET) mechanism
when forming a sp® boronate-diol ester.>*¢”

For further insight into the chemosensing ability and to
estimate the affinity of CuL' toward levodopa and epinephrine,
fluorimetric titration experiments were performed under the
same conditions.

The profile with levodopa at the maximum of 407 nm
(Fig. 7A) could be perfectly fitted to a 1: 1 binding isotherm by
a nonlinear least-squares treatment by eqn (1) to get an appar-
ent binding constant of K = (4.76 + 0.06) x 10° M~ where Al
corresponds to the observed change of intensity, Iz is the
intensity of CuL', Al is the change of intensity induced by
the levodopa, and [A]r and [R]r are the total concentrations of
the analyte and sensor CulL’', respectively. K is the apparent
binding constant for the 1: 1 model.

Alops = Iz + 0.5AI

{[A]T R+ [ (1 + R+ ) LRl }
B

The apparent complexation constant estimated using fluo-
rescence is consistent with the value calculated using UV-vis

I,/ 1-at 407 nm

@ @ © O . ® € o O
O S X\ A\ AL AL A
o e G o o
Qe

WO

B

(A) Effect in fluorescence spectra (lex = 330 nm) and (B) the fluorescence quenching (/o/lf) at 407 nm of buffered (10 mM MOPS pH = 7.4

and 20 mM NaCl) aqueous solution of CuL? (10 pM) upon the addition of several NTs, nucleosides, and catechol ([analyteliota = 30 pM) at pH = 7.4

(average of triplicate experiments).
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Fig. 7 Changes of emission spectra (1ex = 330 nm) of buffered (10 mM MOPS pH = 7.4 and 20 mM NaCl) aqueous solutions of CuL* (10 uM) upon
the addition of increasing amounts of (A) levodopa and (B) epinephrine at 25 °C. Inset: curve-fitting analysis of the fluorescence emission change at
407 nm (average of triplicate experiments). The solid line was obtained by fitting the experimental data to a 1: 1 model.

(vide supra), indicating that the complexation CuL'-levodopa
practically takes place in the ground state.

The apparent binding constants for epinephrine (Fig. 7B),
norepinephrine, dopamine, catechol and nucleosides (adeno-
sine, guanosine, cytidine, uridine and r-Tyr, analytes studied
for comparison purposes) were calculated under the same con-
ditions. The K values are compiled in Table 2, and their corres-
ponding fitted fluorimetric titration profiles at 407 nm are
shown in Fig. 8A and B. In all cases, good fits to the 1:1
binding model scheme were observed.

The tight binding of CuL' toward catecholamines over
nucleosides can be assigned to the higher affinity of boronic
acids to the aromatic catechol fragments over that to the ali-
phatic 1,2-diol groups of ribose.*®

L-Tyr showed the lowest affinity among all the diols studied
because of the lack of a catechol ring.

Analysis of the values in Table 2 shows that the affinity of
CuL for levodopa is 3-4 orders of magnitude greater than that
of nucleosides/L-Tyr and at least 2 orders of magnitude greater
than those of the rest of the NTs including epinephrine
(Fig. 8C), which is a common interfering species.

Such levodopa affinity/selectivity for a metal-based chemo-
sensor in water is still rare. To the best of our knowledge, the

affinity constant of CuL' toward levodopa is the largest among
the known synthetic receptors for this neurotransmitter in
water (Table S6t). For example, this affinity is two orders of
magnitude larger than that of organic receptors with a three-
point recognition®® or receptors based on boronic acid
appended  Zn(u)-complexes that include  two-point
recognition.*®*?

Complex CuL' has a tighter affinity for levodopa compared
to the related ZnL' complex (Table S6t), previously reported by
us.”® In principle, the higher affinity of levodopa for the CuL’
complex can be attributed to the fact that the Cu(u) atom is
more acidic in terms of Lewis acidity compared to the Zn(u)
atom, which should induce stronger coordination with the car-
boxylate and amine groups from levodopa.*” Furthermore, the
Cu(u) atom has a higher versatility in its coordination geome-
try compared to Zn(u) due to the Jahn-Teller effect, which
stabilizes multiple coordination modes, including the chelate
mode.*’

The molecular recognition of CuL' for levodopa in pure
water is also remarkable because some receptors require
organic co-solvents to work.

The main structural difference of levodopa compared to the
rest of the NTs is the -CO,~ group. Therefore, the coordination

Table 2 Apparent binding constants Ky.; (M™% for Cu(i)-complexes (10 pM) with NTs, nucleosides and some comparative analytes in buffered

aqueous solution at pH = 7.4

Analytes Cul', K4 Analytes Cul', Ky, Analytes Cul?, K4
Levodopa (4.76 + 0.06) x 10° Adenosine (1.46 + 0.09) x 10° Levodopa (1.37 £ 0.09) x 10°
Epinephrine (9.15 + 0.11) x 10* Guanosine (1.59 + 0.08) x 10° Epinephrine “

Norepinephrine (2.99 + 0.08) x 10* Cytidine (8.71 + 0.06) x 10> Norepinephrine “

Dopamine (1.82 + 0.10) x 10* Uridine (1.01 + 0.12) x 10° Dopamine “

Catechol (7.20 £ 0.05) x 10? L Tyr (3.28 £ 0.05) x 10> Catechol “

“Not calculated.
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Fig. 8 Fluorimetric titrations of buffered aqueous solutions of (A and B) Cul! (10 uM, dex = 330 nm) and (C) Cul? (10 pM, dex = 338 nm) upon the
addition of increasing amounts of NTs, nucleosides and related analytes at pH = 7.4 and 25 °C. (D) Fluorimetric titration profiles of CuL® and Cul?
with levodopa. The solid lines were obtained in all instances by fitting the curves to eqn (1).

of this anionic group to the Cu(u) atom can act as a second
recognition point, which drives the high affinity. In terms of
pertinent equilibrium constants, the stability of Cu(u)-recep-
tor-analyte decreases according to the sequence: levodopa >
epinephrine ~ norepinephrine > dopamine > nucleosides and
L-Tyr.

To verify that boronate-catechol condensation is present in
the binding process between CuL' and levodopa, we measured
the affinity of levodopa toward the reference complex CuL?,
which lacks phenylboronic acid, by a fluorimetric titration
under the same conditions as for CuL' (Fig. 8D).

The affinity of levodopa toward CuL? is three orders of mag-
nitude lower compared to that of CuL' and, interestingly, the
analytical response is a modest turn-on of the emission
(Fig. S157), indicating: (1) coordination of levodopa with the
Cu(n) atom is evidenced by the EPR spectra; and (2) the
quenching emission of the aqueous solution of CuL' induced
by the binding with levodopa must be due to a PET mecha-
nism, which is originated by the formation of sp® boronate
that is not observed with the reference CuL> complex.

This journal is © The Royal Society of Chemistry 2024

The reversibility of the boronic acid-diol interaction is a key
aspect of molecular recognition because it serves as a basis for
understanding and improving the sensing response of the
target analyte.

For practical applications, fluorescent levodopa receptors are
required to work in the presence of coexistent interfering ions
and molecules in biological and complex samples. Next, a
selectivity experiment of CuL' (10 pM) towards typical interfer-
ing species in urine and blood plasma ([interference] = 2.0 mM
each: creatinine, urea, -proline, p-glucose, ATP, NH,Cl, MgCl,,
KCl and NaCl) was performed in water at physiological pH.

Overall, the addition of these interferences induced a negli-
gible emission shift, which is <3% of the initial intensity
(Fig. 9A). It should be noted that the interfering species are
present in the millimolar concentration range, which is a
higher concentration than that commonly found in real
samples. Outstandingly, Fig. 9B shows that the quenching
effect at 407 nm induced by levodopa is not affected by the
background species of the blood plasma and urine supporting
the sensing/selectivity performance in this system.

Dalton Trans., 2024, 53, 16541-16556 | 16549
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Fig. 9 Fluorescence spectra (1ex = 330 nm) (A) and intensities at 407 nm of aqueous solutions of CuL® (10 uM) at pH = 7.4 with several blood
plasma and urine components ([Interference] = 2.0 mM each) (B).
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Fig. 10 Changes in the emission (lex = 515 nm) spectra of (A) EY (2.0 uM) upon the addition of CuL! (0-6.0 pM). The inset shows the titration profile
at 538 nm, and the solid line was obtained by fitting it to a 1:1 binding model. (B) Changes in the emission (lex = 515 nm) spectra of complex
EY-Cul® (1/3 equiv.) upon the addition of levodopa (0-20.1 uM) in an aqueous solution at pH = 7.4 (10 mM MOPS). (C) Color change of solutions
under irradiation at 366 nm UV light.
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Sensing ensemble for optical detection of levodopa

A key part of the optical receptor design is the transduction of
the molecular recognition into an efficient optical signal.
Considering the high affinity of levodopa for CuL', we devel-
oped a visual sensing ensemble for the selective detection of
levodopa built with CuL' and a commercial fluorescent indi-
cator, eosin-Y (EY).

It is well documented that the interaction of organic fluo-
rescent dyes bearing a carboxylate group (e.g. EY) with tran-
sition d"” metal complexes (n = 1-9) alters their emission pro-
perties; typically, the interaction quenches the excited state
through an electron transfer or an energy transfer.®

As a result, fluorescent sensing of analytes with high
affinity for the transition metal complex is achieved by restor-
ing the dye’s emission when it is released to the solution by
the action of the analyte.

Next, we investigated the affinity of the anionic dye EY
(2.0 pM) with CuL' using a fluorimetric titration experiment
(Fig. 10A) upon excitation at 515 nm in buffered water at pH =
7.4.

On CulL' addition, the fluorescence of the dye is progress-
ively quenched, which reflects the coordination with the Cu(u)
atom of the complex. The titration profile at 538 nm showed
that the almost total quenching of the EY occurs on the
addition of ca. 3 equiv. of CuL'. These data were well fitted to
the species of 1:1 stoichiometry to give a binding constant of
Ky = (6.71 £0.11) x 10° M~

=

CuL.levodopa, carboxylate bound

CuL"epinephrine

CuL"norepinephryne

View Article Online
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The affinity of CuL' for EY is less than the affinity calcu-
lated for levodopa, making this an ideal ensemble for a visual
sensing system by an indicator displacement assay (IDA).”® In
principle, the selectivity of an IDA is suitable when the dye has
a slightly lower affinity than the target analyte but a more con-
siderable affinity than other competitive analytes.”*

Upon the addition of levodopa to a buffered water solution
of the ensemble EY-CuL' (1/3.0 equiv.), the dye is rapidly dis-
placed, hypothetically via the discoordination of the CO,~
group (from EY) of the Cu(u) atom and its green emission is
restored practically entirely, as shown in Fig. 10B. The strong
visible fluorescence of EY allows the real-time and selective
sensing of levodopa by the naked eye under UV light, as shown
in Fig. 10C. The green emission of EY is totally quenched by
the interaction with CuL'. The resulting solution presents a
faint blue emission that can be reflected by the fluorescent
unit (quinolinium ring) of the Cu(u)-boronate receptor, which
is not altered. Subsequently, the addition of 10 equiv.
(20.1 pM) of levodopa to the aqueous solution of the ensemble
EY-CuL' restores 97% of the original intensity emission of EY
at 538 nm.

DFT theoretical section

Finally, to gain further insight into the cooperative binding
mode of CuL' with the catechol-based NTs, density functional
theory calculations were carried out for the corresponding
supramolecular complexes 1: 1.

W

o~

CuL!levodopa, metal chelate

9

CuL!-dopamine

Fig. 11 Optimized geometries of all four complexes CuL'-NTs at the ®B97XD/LANL2DZ level of theory.

This journal is © The Royal Society of Chemistry 2024
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Table 3 Relative interaction energies to copper [kcal mol™] calculated
at the ®B97XD/LANL2DZ level of theory

Neurotransmitter bound to CuL* Epina [keal mol™]

Dopamine 0.000

Epinephrine 228.041
Norepinephrine 199.437
Levodopa, carboxylate bound 276.693
Levodopa, metal chelate 290.703

All calculations were carried out with the Gaussian 16 suite
of programs at the wB97XD/LANL2DZ level of theory.”” All
compounds were optimized at the mentioned level of theory,
and no imaginary frequencies were obtained, thus confirming
the presence of minima on the potential energy surface. Their
optimized geometries are shown in Fig. 11. Every complex
shows a four-coordinate geometry around the Cu(u) atom, with
an open site opposed to the ligand that could in principle be
filled with a water molecule in solution.

In order to account for the observed selectivity of the ana-
lytes (NTs), binding energies to Cu complexes for every analyte
were calculated as energy differences at the complex optimized
geometry according to eqn (2).

Epind = (Elig + Ecu)) — Eeplx (2)

where Ej;, is the energy of the analyte at the optimized geome-
try of the complex, Ecymis the energy of the Cu(u) ion, and
finally, Eix is the energy of the optimized CuL'-NT complex.
The Eping results are listed in Table 3.

In general, calculated Eying values correlate well with the
observed experimental trend of a higher selectivity of CuL'
towards levodopa, involving a cooperative interaction between
an ester boronate-catechol and a coordination bond of the
—-CO,"~ group with the Cu(u) atom.

For the case of levodopa, the chelate coordination was also
considered theoretically, in which the -NH, group is directly
coordinated to Cu(n) together with the carboxylate group
(Fig. 11B). The resulting structure is 14.01 kcal mol™" more
stable than the corresponding isomer shown in Fig. 11A. The
binding energy as calculated by means of eqn (2) is 261.05 kcal
mol ™.

Conclusions

We have developed the first example of a fluorescent Cu(u)-
terpy complex bearing an intramolecular phenylboronic acid
strongly acidified (CuL') for optical recognition of levodopa
with exceptionally strong affinity (K = 4.76 x 10° M™") and
selectivity over structurally related neurotransmitters such as
dopamine, epinephrine, norepinephrine and nucleosides in
pure water at physiological pH. The affinity of levodopa for
Cul is the highest compared to all boronic acid-based mole-
cular receptors reported until now.

The addition of levodopa to an aqueous solution of the
cationic CuL' receptor induces a remarkable turn-off signal

16552 | Dalton Trans., 2024, 53, 16541-16556
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in the micromolar concentration range. Spectroscopic
outputs by B NMR, UV-vis, EPR, fluorescence titration
experiments, HRMS-ESI measurements and X-ray crystal
structure, and DFT calculations showed that levodopa is
bound to the CuL' receptor in a 1:1 mode through two-
point recognition that includes a boronate-catechol com-
plexation and a coordination bond of the carboxylate anion
(levodopa) to the Cu(u) atom.

The combination of the receptor CuL' with eosin-Y can be
effectively used as an indicator displacement assay to detect
levodopa with the naked eye through a turn-on green fluo-
rescence signal that is not observed for the rest of the
neurotransmitters.

Overall, these results highlight the use of novel fluorescent
and water-soluble metal receptors based on two different
Lewis acids with analytical applications for the selective
sensing of catecholamines with medical and biochemical
relevance.

Experimental section

The general experimental procedures, equipment and chemi-
cals are described in the ESL{ Intermediate 1 and ligands L'~
were prepared according to the established synthetic pro-
cedures in the literature.*®

General synthesis path for the Cu complexes

The corresponding ligand L' or L*> and 1.10 equiv. of the
CuBr, salt were placed in a balloon flask with 5.0 mL of dry
CH;3;CN and stirred for 24 h. at r.t. to give a green solid (in
both cases). The solvent was removed under reduced
pressure; the precipitate was washed with cold ethyl
ether-acetone (10 mL, v/v, 8/2) and dried under vacuum for
~2 h to give the bromide salt of the corresponding Cu(u)
complex.

Synthesis of compound Cul'

Following the general path, the ligand L' (43.0 mg, 0.08 mmol)
and CuBr, (18.55 mg, 0.088 mmol) were reacted to obtain
CulL. Yield: 56.71 mg (95.0%). Green single crystals of CuL'
for X-ray diffraction analysis were obtained by the diffusion of
CHCI; vapor into a CH;0H concentrated solution at r.t. after 4
days.

HRMS-ESI" (m/z): calculated for [Cs;H,4BBr,CuN,O,]":
717.9613, found: 717.9822. ATR-IR v (cm™"): 3420 (m, v (B-0)),
3218(br), 3010(w), 1605(m), 1366(s, v (B-0)), 1090 (m, v (B-C)),
1020(m), 791(s), 413(m). Anal. caled for crystalline sample:
Cs3H,,BBr, 5,CLs 46 CuN,O,; C, 43.48; H, 2.99; N, 6.15. Found:
C, 43.20; H, 3.05; N, 6.18. EPR (CH;0H, 77 K): g, = 2.075, g =
2.236.

Synthesis of compound Cul?

Following the general path, the ligand L? (50.0 mg, 0.09 mmol)
and CuBr, (23.34 mg, 0.10 mmol) were reacted to obtain CulL?
as a green solid. Yield: 63.91 mg (90.0%). Deep-blue single

This journal is © The Royal Society of Chemistry 2024
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crystals of CuL? for X-ray diffraction analysis were obtained by
slow evaporation from CH3;CN-H,O (v/v, 9/1) solution after 1
week.

MS-ESI(+) (m/z): calculated for [Cs;;H,3Br,CuN,]": 673.96,
found: 673.80. ATR-IR v (cm™): 3426(br), 2953-2928(m),
1729(m), 1602(s), 1397(m), 793(s), 415(m). Anal. calcd for crys-
talline sample: [C3;H,3Br;CuN,]-3(H,0); C, 46.03; H, 3.61; N,
6.93. Found: C, 43.00; H, 3.67; N, 6.89. EPR (CH;0H, 77 K): g,
=2.057, g = 2.245.

Fluorescence. Fluorimetric titration experiments (dex
330 nm) were carried out by adding aliquots of stock solutions
of the analyte to a buffered aqueous solution (10 mM MOPS,
pH 7.4, 20 mM NaCl) of the corresponding Cu complex
(10 uM). After adding the analyte, the solution was equilibrated
by magnetic stirring for 2 min, before recording the emission
spectrum using a quartz cuvette.

"B NMR and spectrophotometric titration experiments. For
"B NMR measurements, the spectra were recorded at 96 MHz
in CD;OD. An aliquot of concentrated stock solution of levo-
dopa was added directly to CuL' (10 mM) solution at 25 °C
using quartz NMR tubes.

Crystallographic experiments. The relevant details of the
crystals CuL' and Cul® data collection and structure refine-
ment can be found in Table S1.1 Data for both crystals were
collected on a Bruker APEX II CCD diffractometer at 100 K,
using Cu-Ka radiation (k = 1.54178 A) for CuL* and Mo-Ka radi-
ation (k = 0.71073 A) for CuL” from an Incoatec ImuS source
and a Helios optic monochromator. Suitable crystals were
coated with hydrocarbon oil, picked up with a nylon loop,
and mounted in the cold nitrogen stream of the diffract-
ometer. Frames were collected using w scans and integrated
with SAINT.”® Multi-scan absorption correction (SADABS) was
applied. The structures were solved by direct methods and
refined wusing full-matrix least-squares on F2 with
SHELXL-2018v’* using the SHELXLE GUL”> The occupational
and positional disorder was modeled using EADP, SADI and
ISOR instructions implemented in SHELXLE GUI,’ and the
occupations were refined using a free variable The hydrogen
atoms of the C-H bonds were placed in idealized positions,
the hydrogens of O-H moiety and the hydrogens of water
molecules were found in the map of residual density, and
their position was refined with Uig, = aUeq (Where a is 1.5 for
-CHj; and -~OH moieties and 1.2 for others). CuL' crystallized
in a monoclinic system in the P2(1)/n space group. The
crystal was refined as a 3-component twin with two BASF
refined parameters (0.33600 and 0.16809). CuL' presents an
occupational disorder due to an incomplete substitution of
the halogen atoms between bromide and chloride atoms; the
ratio of the occupation refined was 54/46 for Br/Cl atoms
labeled as Br4 and Cl4. CuL? crystallized in a monoclinic
system in the P2(1)/c space group as a trihydrate salt, where
one water molecule presented a positional disorder that was
modeled in two positions; the majority occupation was 56%
probability.

The molecular graphics were prepared using POV-RAY’®
and GIMP”’ programs.

This journal is © The Royal Society of Chemistry 2024
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Data availability

Crystallographic data for compounds CuL' and CuL’ have
been deposited at the Cambridge Crystallographic Data Centre
under CCDC 2340947 and 2340948.}
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