
Citation: Šimunková, M.;

Barbieriková, Z.; Mazúr, M.; Valko,

M.; Alomar, S.Y.; Alwasel, S.H.;
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Abstract: In this work, attention is focused on the non-essential amino acid L-Tyrosine (TYR) hy-
droxylated to L-DOPA, which is the precursor to the neurotransmitters dopamine, noradrenaline
(norepinephrine; NE) and adrenaline (epinephrine; EP) known as catecholamines and their inter-
actions with redox-active Cu(II). Catecholamines have multiple functions in biological systems,
including the regulation of the central nervous system, and free (unbound) redox metal ions are
present in many diseases with disturbed metal homeostasis. The interaction between catecholamines
and Cu(II) has been studied by means of Electron Paramagnetic Resonance spectroscopy (EPR),
EPR spin trapping and UV-vis spectroscopy. The obtained spectroscopic results are supported by
Density Functional Theory calculations. Only minor qualitative and quantitative changes in the
UV-vis spectra of all the studied compounds have been observed following their interactions with
Cu(II) ions. The low-temperature EPR spectra were more convincing and confirmed the interaction
between Cu(II) ions and all the studied compounds, involving hydroxyl groups and amino nitrogens.
The use of an ABTS assay revealed that the compounds under study possessed radical-scavenging
activities against ABTS•+ in the order TYR < EP < DA < NE~L-DOPA. The neurotransmitters DA,
NE and EP, following their interaction with Cu(II), exhibit the ability to (partially) reduce Cu(II) to
Cu(I) species which was confirmed using the Cu(I) specific chelator neocuproine. EPR spin-trapping
experiments revealed the suppressed formation of hydroxyl radicals (•OH) in a copper(II) catalyzed
Fenton-like system in the presence of catecholamines. Only in the case of EP was autooxidation in a
stock solution observed. Furthermore, the oxidation of EP is enhanced in the presence of Cu(II) ions.
In conclusion, it has been confirmed that the oxidation of catecholamines in the presence of copper
promotes the redox cycling process, resulting in the formation of ROS, which may, in turn, cause
damage to neuronal systems.

Keywords: catecholamines; copper(II); neurotransmitters; radical-scavenging activity; EPR
spectroscopy; spin-trapping; DFT

1. Introduction

The Fenton reaction is considered one of the main sources of damaging hydroxyl
radicals that cause damage to all important biomolecules, including DNA [1,2]. In this
reaction, hydrogen peroxide, a by-product of cellular respiration, is heterolytically cleaved
by the catalytic action of cuprous or ferrous ions [3]. One of the cell types most vulnerable
to damage by free radicals is neuronal cells. In fact, DNA damage induced by redox-active
metals and redox cycling reactions can lead to neurodegeneration. The consequences of
DNA damage-induced apoptosis include greater incidences of neurodegenerative disorders
such as Alzheimer’s, Parkinson’s and Huntington’s diseases [4–7].
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In this work, our attention is focused on the amino acids L-tyrosine (TYR) and L-DOPA,
and the catecholamine neurotransmitters dopamine (DA), norepinephrine (NE; nora-
drenaline), and epinephrine (EP; adrenaline) presented in Figure 1 playing important
roles in the physiological of organisms such as motor function, mood control, anxiety, de-
pression and other functions [8–16]. Their interaction with redox metals has been observed
under various pathological states of disturbed metal homeostasis [5,7]. In agreement with
this, in this work, we attempt to study the interaction of catecholamines with the redox
metal Cu(II) using a variety of spectroscopic techniques.
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Figure 1. The catecholamine cascade: synthesis of the neurotransmitter epinephrine from tyrosine.

TYR, L-DOPA and catecholamines contain in their structures hydroxyl groups and
possess radical scavenging/antioxidant properties and metal chelating properties via
carboxylate (L-tyrosine) or hydroxyl groups (DA, EP and NE) or both carboxylate and
hydroxyl groups (L-DOPA). The first paper reporting the interaction of Cu(II) ions with
catecholamines was published in the early 1960s [17]. The formation of Cu(II) complexes
with catecholamines in aqueous solutions has already been already reported in 1979 by
Fazakerley et al. [18]. Catechol-containing Cu(II) complexes are still extensively studied due
to their interesting properties [19–21]. In this paper, the authors, for the first time, propose
the reduction of Cu(II) to Cu(I) following the interaction of cupric ions with catecholamines.

In the course of the oxidation of L-DOPA, H2O2 is generated and thus may react in
Fenton-type reactions, producing damaging hydroxyl radicals (•OH) [22], particularly
when metal ions are present. This suggests the neurotoxic effect of L-DOPA in the long-
term treatment of PD. Despite the antioxidant properties of catecholamine molecules,
under certain unphysiological conditions, such as in the presence of free redox metals
involving Cu(II) or Fe(II), they can be involved in redox cycling reactions resulting in
reduced forms of metal ions and, secondarily, ROS-inducing DNA damage [23]. In fact,
catecholamines can undergo oxidation to form reactive quinones, H2O2 and/or O2

•–,
a reaction that may occur either spontaneously with molecular oxygen or enzymatic
assistance [13,14,24]. A key process promoting the formation of ROS, with a possible
consequence in prooxidant effect, appears to be the one-electron reduction of quinones
and the subsequent reaction between the formed semiquinone radical and dioxygen [25].
One-electron reduction accompanied by autoxidation and redox cycling in the presence of
dioxygen contributes greatly to the toxicity characterizing various quinones, involving also
catecholamines [26]. o-Quinones, physiological oxidation products of catecholamines, may
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contribute to redox cycling, toxicity and apoptosis, i.e., the neurodegenerative processes
underlying PD and schizophrenia [25].

The established link between metal-induced oxidative stress and neurological diseases
indicates the importance of studying the interactions of neurotransmitters with copper. We
believe that the obtained results will improve our understanding of the mode and nature
of Cu’s binding with neurotransmitters and the role of Cu in the antioxidant/prooxidant
properties of neurotransmitters.

2. Results and Discussion
2.1. Interaction of Catecholamines with Cu(II): A UV-Vis and EPR Spectroscopic Study

UV-vis spectroscopy was used to study aqueous solutions of catecholamines in the
presence of Cu(II) ions to observe possible spectral changes due to the chelation of metal
ions [27]. UV-vis spectra of colorless catecholamines in aqueous solutions of the studied
compounds (Figure 2) exhibit a single absorption band at about 288 nm with no changes
in the intensity or position within 30 min. The only exception has been observed for EP,
showing weak bands at 330 nm and 460 nm. After the addition of the CuCl2 solution, a
series of spectra of the Cu(II) chelates with catecholamines (at a 1:2 ratio) were recorded
within the 30 min periods. Only a small hyperchromic shift was observed in the case of TYR
(mild chelating capacity) and L-DOPA. A slight increase in the absorbance intensity can be
attributed to extended conjugation upon the coordination of these two catecholamines to
Cu(II) ions. In agreement with this, absorption bands became a little broader compared to
a system with a lower degree of conjugation. A new peak appears as a shoulder around
305 nm in the cases of DA, NE and EP, suggesting changes in the electronic structure of the
corresponding molecules in the presence of Cu(II). An aqueous solution of EP became bright
coral-colored with a new absorption peak at 480 nm, which points to the formation of a small
amount of EP autooxidation products in the solution [28,29]. Oxidation of EP in the presence
of Cu(II) was reported by Balla et al. [30]. Jobs plot experiments have been performed, and
results are shown in Figure S5. The results have shown that all neurotransmitters, with the
exception of dopamine, coordinate to Cu(II) approximately in stoichiometric ratios of 1:2.
Dopamine has been shown to be coordinated to Cu(II) ions approximately in a ratio of 1:1,
in agreement with previously published preliminary results [17].
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Figure 2. UV/Vis spectra of (a) TYR, (b) L-DOPA, (c) DA, (d) NE and (e) EP (c(sample) = 1.5 × 10−5 
M), and their Cu-catecholamine (1:2) chelates (c(Cu(II) = 7:5 × 10−6 M) in MOPS buffer (pH = 7.2). 
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amines and Cu(II) compared to the EPR spectrum of CuCl2 (Figure 3) provide information 
about changes in the local environment around Cu(II) atoms [31]. 
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Figure 2. UV/Vis spectra of (a) TYR, (b) L-DOPA, (c) DA, (d) NE and (e) EP (c(sample) = 1.5× 10−5 M),
and their Cu-catecholamine (1:2) chelates (c(Cu(II) = 7:5 × 10−6 M) in MOPS buffer (pH = 7.2).

Fluorescence spectroscopy was applied to measure the emission spectra of the studied
compounds before and after the addition of Cu(II). The emission spectra are presented
in Figure S6. Decreases in fluorescence intensity in the region from 600–700 nm can be
observed in all cases; however, in the case of EP, the decrease in intensity is prominent in
the whole measured wavelength region.

Since the UV-vis and emission spectra of Cu(II) and catecholamine interactions pro-
vided only limited information, EPR spectroscopy, as a very sensitive technique to charac-
terize the local environment around Cu(II) ions, was used as a complementary technique
to ascertain the nature of Cu-catecholamine interactions in greater detail. Since Cu(II) is
paramagnetic with one unpaired electron, differences in EPR spectra of catecholamines
and Cu(II) compared to the EPR spectrum of CuCl2 (Figure 3) provide information about
changes in the local environment around Cu(II) atoms [31].
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Figure 3. Reference EPR spectrum of CuCl2 recorded at 77 K.

The EPR spectra of the Cu(II)-complex under study measured at room temperature are
poorly resolved, with a poor signal-to-noise ratio (spectra are not shown). A significantly
better resolution was achieved by measuring the spectra at 77 K.

The low-temperature (77 K) EPR spectra of the Cu(II)-TYR interaction (1:2) in the
MOPS buffer are shown in Figure 4. The spectrum measured 5 min after mixing the stock
solution of tyrosine with CuCl2 solution has typical well-resolved anisotropic features
with slight rhombic distortion in g-factors and a well-resolved hyperfine splitting pattern
around the parallel component of the g tensor (g|| = 2.263). The parallel component of
hyperfine splitting (A|| = 17.94 mT), points to the axial symmetry around the paramagnetic
copper(II) center of the studied complex. A g||/A|| ratio of ~126.2 cm points to distorted
geometry around Cu(II) ions in the xy plane of the complex. Keeping in mind the structure
of tyrosine, the coordination of tyrosine to Cu(II) can most probably be achieved via the
carboxylic oxygen or nitrogen atom of the amino group. The resolution of EPR spectra is
not satisfactory to assign the donor atoms coordinated to Cu(II) ion. Nitrogen donor atoms
coordinated to Cu(II) are magnetically active and may provide additional superhyperfine
splitting in the EPR spectra; however, in the recorded spectra, such an interaction was
not observed.
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The prepared system was stored in the dark for 1 week. After 1 week, the same
Cu(II)-TYR complex mixture (1:2) was measured. No significant changes in the EPR
intensity were observed, as can be seen in Figure 4b. Based on this finding, we can assume
that the reduction of Cu(II) to Cu(I) did not occur since no decrease in relative spectral
intensity was monitored.

The experimental EPR spectrum of Cu(II)-L-DOPA measured at 77 K using a molar
ratio of 1:2 is shown in Figure 5. There are three possible coordination sites of L-DOPA to
take into account: (i) the first is the carboxylic group, which becomes deprotonated at pH 7
and thus forms an anionic site (COO-), (ii) the second is the two hydroxyl groups of the
aromatic ring, which are protonated at pH 7, (iii) and the third possible coordination site
is the nitrogen atom. The EPR spectrum presented in Figure 5 suggests the formation of
all three abovementioned species, but the abundance of each species is different, as is evi-
denced by the three different hyperfine splitting sets (Aiso,1 = 18.755 mT; Aiso,2 = 16.951 mT;
Aiso,3 = 16.797 mT) with different EPR intensities. The EPR spectrum of the Cu(II)-L-DOPA
complex (1:2) was also measured 1 week after mixing. No significant changes were ob-
served; however, small line-broadening occurred in the perpendicular part of the spectrum
(spectrum not shown). These changes could be due to the slight variations in equilibrium
species over time.
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EPR spectrum of Cu(II) -DA complex (1:2) measured after mixing at the tempera-
ture of liquid nitrogen (77 K) is presented in Figure 6a. The spectrum is quite nicely
resolved with values of hyperfine coupling constants A|| = 18.85 mT, A
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= 2.055, and low values of spectral linewidth, allowing us to observe a quite
rare phenomenon, the signal of both copper isotopes 63Cu and 65Cu, as evidenced by a
small set of superimposed splittings in the parallel hyperfine couplings. A g||/A|| ratio
of 120 cm is rather low and points to a nearly square planar arrangement around Cu(II)
ions. The molecular structure of DA offers, at maximum, two binding modes (via both
hydroxyl groups or amino nitrogen); thus, we may expect a square planar arrangement
around Cu(II) ions due to the coordination of two DA molecules to Cu(II) ion through both
hydroxyl groups.

As in the previous cases, we measured the same Cu(II)-DA complex solution (1:2)
1 week after mixing at room temperature and that of liquid nitrogen (Figure 6b). EPR
measurements at the temperature of liquid nitrogen (77 K) showed decreased EPR signal
intensity, but not as clearly as in the case of room temperature measurement, as presented
in Figure S7 in Supplementary material. It is clear that signal intensity is decreased, which
suggests that after 1 week, the partial reduction of Cu(II) to Cu(I) has occurred with the
logical concomitant oxidation of dopamine.
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Figure 6. Experimental and simulated EPR spectra of Cu(II)-DA (1:2) recorded at 77 K, recorded
(a) 5 min after mixing and (b) 1 week after mixing. Inset: observation of two copper isotopes
(63Cu and 65Cu)A is highlighted with asterisks.

The EPR spectrum of the Cu(II)-NE complex measured immediately after mixing at
RT (not shown) was surprisingly quite nicely resolved, with a hyperfine coupling constant
of Aiso(Cu) = 3.5 mT. The EPR spectrum of Cu(II)-NE (1:2) measured at 77 K after mixing is
presented in Figure 7. As can be seen from Figure 7, the spectrum is very similar to that
of Cu(II)-DA (1:2), with the possible observation of two copper isotopes (63Cu and 65Cu).
The similarity of these two spectra can be explained by small differences in the molecular
structures of DA and NE (note that norepinephrine has one additional -OH group on the
aliphatic side chain). This similarity thus suggests that the -OH group of the side chain
does not participate in binding to Cu(II). Therefore, we can assume that, in the case of
dopamine and norepinephrine, coordination via the two hydroxyl groups of the aromatic
ring is probable. Based on the parameters of the EPR spectrum, a nearly regular square
planar arrangement around Cu(II) is adopted after the binding of two catecholamines (see
Section 2.4). We note that alternative coordination via the nitrogens of amino groups is also
possible (see Section 2.4).

Compared to the EPR spectra measured immediately after mixing, spectra of the
Cu(II)-NE (1:2) complex measured after 1 week are clearly less intense, as evidenced by an
increased level of noise as well as the decreased resolution of hyperfine coupling structure
due to the lower concentration of paramagnetic species in solution. This suggests the
reduction of Cu(II) to Cu(I) by coordination of norepinephrine to Cu(II).
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The catecholamine cascade ends with the formation of epinephrine. The Cu(II)-epinephrine
complex was also monitored by EPR spectroscopy. The spectra of the Cu(II)-epinephrine
(1:2) system measured 5 min after mixing are presented in Figure 8. The parameters
obtained by the simulation (g|| 2.262, A|| = 18.850 mT), as in previous cases, point to a
square planar arrangement since the g||/A|| value is 120 cm. The molecular structure
of epinephrine differs in the terminal methyl group of the side chain, and there is almost
zero probability of binding copper via this methyl group. Thus, it can be assumed that,
in the case of EP, Cu(II) is coordinated by two oxygens originating from the hydroxyl
groups of the benzene ring with a slightly distorted environment around the Cu(II) ion
(see Section 2.4). Alternative coordination via the nitrogen of the amino groups is also
possible. Additionally, EPR spectra of complex Cu(II)-epinephrine (1:2) measured after
1 week at room temperature exhibit decreased signal intensity suggesting a mild reduction
of Cu(II) accompanied by the oxidation of EP.

To support the theory of the reduction of Cu(II) to Cu(I) following its interaction
with dopamine, norepinephrine and epinephrine, UV-vis spectroscopy was used to obtain
direct experimental evidence of the presence of Cu(I) species in the reaction mixture. A
specific chelator of Cu(I), neocuproine (2,9-dimethyl-1,10-phenanthroline; NC), was added
to the corresponding Cu(II) complexes, and the absorption spectra were measured for
90 min. NC, as a specific chelator of Cu(I), is known to form a yellow-colored complex that
absorbs light at 450 nm. Figure 9 documents a time-dependent increase of absorption at
456 nm following the mixing of CuCl2 and selected catecholamines in the presence of the
chelator, NC. The formation of a dark yellow complex evidenced by increased absorption
at 456 nm confirms that the reduction of Cu(II) to Cu(I) has occurred after its interaction
with DA/NE/EP molecules. Logically, the catechol ring is oxidized to its semiquinone
form. This observation supports the theory of ROS formation, where Cu(I) serves as a
catalytic agent.
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Figure 9. (a) Time-dependent absorption spectra of (a) CuCl2 (c(CuCl2) = 1.25 × 10−4 M) in the
presence of NC (c(NC) = 5 × 10−4 M). The very small absorption band at 456 nm reflects only a
negligible amount of Cu(I) in the CuCl2 stock solution. (b–d) Time-dependent (90 min) absorption
spectra of system CuCl2 (c(CuCl2) = 1.25 × 10−4 M) with catecholamine (csample = 2.5 × 10−4 M)
in water in the presence of NC (c(NC) = 5 × 10−4 M). The absorption band at 456 nm shows the
time-dependent (90 min) increase of absorbance due to the formation of a Cu(I)–NC complex.

2.2. Radical Scavenging Activity of Catecholamines and Their Cu(II) Complexes

It is well known that catecholamines and the metabolites of dopamine are excellent
radical scavengers [32–34]. For example, the hydroxyl radical scavenging capacity of DA,
EP and NE reported earlier ranges from 62% to 89% [33], while superoxide anion radical
capacity of the same set of catecholamines is within the range of 67–73% [34]. In our study,
ABTS•+ assay was used to evaluate the radical scavenging properties of studied compounds
alone and in the presence of Cu(II) ions. The results of the ABTS•+ test are presented in
Table 1. We can assume that all compounds under study exhibit quite good radical scaveng-
ing activities and inhibit ABTS radical cation absorbance in the range of 32–99%. The ability
to scavenge ABTS radical cations increases in the order: TYR < EP < DA < NE~L-DOPA.
The results are summarized in Table 1 as the percentage of inhibition of ABTS•+ absorbance.
Differences in radical-scavenging properties are clear and lie in the different molecular
structures of catecholamine ligands. The most active compounds from the group of cate-
cholamines are L-DOPA and NE. Both compounds caused more than a 90% decrease in
ABTS•+ absorbance. On the other hand, the radical-scavenging activity of amino acid TYR
is rather small when compared to other catecholamine compounds. Such an observation
was expected since TYR contains only one hydroxyl group, the most potent functional
group from the viewpoint of radical scavenging activity. After the formation of complex
compounds with Cu(II), only a very small effect on the inhibition % was observed. In
the second series, the water solution of CuCl2 was mixed with the solution of the studied
compound 24 h prior to the test. Only negligible changes compared to the fresh mixtures
were observed, as presented in Table 1.

Table 1. Scavenging activity of ABTS•+ by studied compounds alone and in the presence of Cu
expressed as inhibition of ABTS•+ absorbance in %.

ABTS•+ INH/% TYR L-DOPA DA NE EP

catecholamine 33 96 74 92 37
+ Cu(II) fresh 36 97 75 93 36
+ Cu(II) 24 h 32 99 77 94 55
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Surprisingly, different radical scavenging activity was observed in the case of EP.
Very inconsistent activity may be caused by the autooxidation of epinephrine in aqueous
solutions to its quinone form. Thus, antioxidant capacity is limited only to the non-oxidized
moiety of EP present in the stock solution. Additionally, it has been demonstrated that
adrenochrome, the oxidation product of EP, promotes a redox cycling process with the
production of superoxide anions and hydrogen peroxide [35].

2.3. EPR Spin-Trapping Study of Catecholamines under the Conditions of Fenton Reaction

To complement the above-discussed findings, further investigation was performed
using the EPR spin-trapping technique to ascertain the effect of catecholamines and their
precursor tyrosine on the formation of radical species in a model copper Fenton-system
(e.g., •OH and O2

•–, containing the CuCl2 dissolved in water and H2O2). The reactive
radicals generated after the initiation of the reaction by hydrogen peroxide were monitored
by employing the DMPO spin-trapping agent. The time course of EPR spectra obtained
in the reference system over time (the first spectrum was acquired 120 s after the addition
of H2O2) is shown in Figure 10 and represents the four lines of the stable EPR signal even
after 10 min. The signal can be unequivocally attributed to the •DMPO-OH spin adduct
(aN = 1.486 mT, aHβ = 1.438 mT; g = 2.0057). The dominant trapping of hydroxyl radicals in
analogous copper-based reference Fenton systems has been reported previously [36]. The
addition of the studied catecholamines to the system affected the EPR signal intensity time
profile rather than the character of the EPR signals observed. •DMPO-OH spin adduct was
monitored in the system containing all studied compounds; however, the signal intensity
varies significantly. The most intense decrease in the EPR signal intensity over the whole
monitored time period was observed for L-DOPA (Figures 10 and 11). The presence of DA
and NE in the model Fenton system resulted in the suppressed EPR signal intensity, which
continued to decrease over time (Figures 10 and 11). Conversely, in the case of TYR, where
the initially-recorded signal (120 s after the addition of H2O2) was rather low, comparable
to the L-DOPA experiment, over time, the intensity increased, almost reaching the intensity
of the pure model system after 10 min.
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Figure 10. Set of experimental EPR spectra of •DMPO-OH obtained after the addition of hydro-
gen peroxide to the (a) aqueous solution of CuCl2, H2O/aqueous solution of studied compound
(1:2) containing a DMPO spin-trapping agent. (b) An aqueous solution of CuCl2 mixed with an
aqueous solution of the studied compound (1:2) 24 h prior to measurement, containing a DMPO
spin-trapping agent. Initial concentrations: c(CuCl2) = 2 mM; c(CuCl2) = 1 mM; c(DMPO) = 0.02 M;
c(H2O2) = 0.01 M. (* points on the unusual behavior of EP).
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Figure 11. The total concentration of •DMPO-OH spin adducts evaluated from the double-integrated
EPR spectra measured in (a) aqueous solution of CuCl2 (Ref) and aqueous solutions of studied
compounds/containing a DMPO spin-trapping agent after the addition of hydrogen peroxide.
(b) An aqueous solution of CuCl2 (Ref) and aqueous solutions of CuCl2 mixed with an aqueous solu-
tion of studied compounds (1:2) 24 h prior to measurement, containing a DMPO spin-trapping agent
2 min after the addition of hydrogen peroxide. In the case of EP, the concentration of the spin adduct
was undetectable. Initial concentrations: c(CuCl2) = 2 mM; c(CuCl2) = 1 mM; c(DMPO) = 0.02 M;
c(H2O2) = 0.01 M.

To follow the time effect of the interaction between the catecholamines and copper
cations observed in the EPR experiments presented above, the samples were mixed with
CuCl2 24 h prior to the measurement. Interestingly, no impact on the character or intensity
of the observed EPR signals was observed, as shown in Figure 10b, the only exception
being EP.

As shown above, the EP molecule behaves rather differently compared to other stud-
ied compounds, which can also be seen by the EPR spin-trapping experiments in the
model Fenton system. When the EP solution is mixed with the CuCl2 directly before the
measurement, the addition of H2O2 leads to the generation of the EPR spectrum containing
two species. While at the beginning of the measurement (120 s after the addition of H2O2)
•DMPO-OH adduct dominates the spectrum (Figure 10), another EPR signal attributed to
the spin-trap oxidation product •DMPO-X starts to dominate within the next few minutes
(Figure 11). The ratio of these two signals continues to change over time, and after 15 min,
the •DMPO-OH dominates the spectrum again. This suggests the rather complex redox
behavior of EP and its involvement in the ongoing reactions primarily originating from
the Fenton system. An analogous experiment performed with the EP solution mixed with
CuCl2 24 h prior to the measurement shows the time course of the •DMPO-OH EPR signal
comparable to DA. This significant change in behavior can be linked with the EP oxidation
in water solution over time due to the interaction with copper cations.

2.4. DFT Calculations

For the sake of comparison to the above-reported experiments, the Cu(II)-catecholamine
complexes with ligand: Cu molar ratio of 2:1 have to be considered. The optimized struc-
tures of the particular Cu(II)-catecholamine complexes (molar ratio 1:2), including their
spin density distributions, are shown in Figure 12. The calculated average Cu-O and Cu-N
bond distances, the corresponding delocalization indices (DIs) and the QTAIM charge and
spin densities on the Cu atom are compiled in Table 2. The Cu(II) ions coordinated via
the oxygens of the hydroxyl groups (O,O-Cu-O,O) in Cu-LDOPA, Cu-DA, Cu-NE and
Cu-EP adopt square planar coordination polyhedrons, Figure 12 (left panel), which is in
agreement with measured EPR spectra. In the case of Cu(II) coordination via nitrogens



Inorganics 2023, 11, 208 13 of 19

of the amino groups (N-Cu-N), the optimized N-Cu-N angle is nearly linear, within the
range of 174–179◦. The calculated Cu-O and Cu-N bond distances are approximately 1.97
and 1.91 Å, respectively. The corresponding DI values are around 0.4 and 0.6, respectively,
pointing to the formation of coordination bonds between the Cu(II) ion and interacting
catecholamines. Note that the DI value is a measure of the number of shared electrons
between the two atoms, i.e., the DI value of 1.0 corresponds to a single covalent bond [37].
For completeness, detailed QTAIM bond characteristics of Cu-O and Cu-N bonds of the
studied complexes are shown in in Supplementary material (Table S1).
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Table 2. Calculated B3LYP/6-311G* Cu-O, Cu-N bond distances, QTAIM charges and spin densities
on Cu atom, and the Cu oxidation state in the studied complexes (Ligand: Cu molar ratio is 2:1).
(X = O, N).

Complex Binding d(Cu-X)/Å DI(Cu-X)/- q(Cu)/e Spin(Cu)/e Cu Oxidation
State

Cu-TYR a
O-Cu-Oa 1.86 a 0.52 a 0.80 a 0.01 a Cu(I)
N-Cu-N 1.96 0.55 0.97 0.48 Cu(I-II)
O-Cu-N 1.91 b, 1.93 c 0.45, 0.59 c 1.06 0.50 Cu(I-II)

Cu-LDOPA
O,O-Cu-O,O 1.97 0.38 1.40 0.74 Cu(II)

N-Cu-N 1.91 0.62 0.67 0.02 Cu(I)
O,O-Cu-N 1.96 b, 1.94 c 0.38 b, 0.58 c 1.00 0.35 Cu(I-II)

Cu-DA
O,O-Cu-O,O 1.96 0.39 1.40 0.74 Cu(II)

N-Cu-N 1.91 0.63 0.70 0.07 Cu(I)
O,O-Cu-N 1.96 b, 1.92 c 0.37 b, 0.61 c 1.09 0.44 Cu(I-II)

Cu-NE
O,O-Cu-O,O 1.96 0.39 1.40 0.75 Cu(II)

N-Cu-N 1.91 0.63 0.72 0.10 Cu(I)
O,O-Cu-N 1.95 b, 1.91 c 0.37 b, 0.62 c 1.14 0.50 Cu(I-II)

Cu-EP
O,O-Cu-O,O 1.98 0.37 1.36 0.70 Cu(II)

N-Cu-N 1.92 0.60 0.72 0.09 Cu(I)
O,O-Cu-N 1.92 b, 1.91 c 0.42 b, 0.62 c 0.73 0.00 Cu(I)

a coordination via the oxygens of COOH groups. b Cu-O bond. c Cu-N bond.

Besides the structural parameters, the ability of the studied catecholamines to reduce
Cu(II) to Cu(I) is inspected via QTAIM analysis. The oxidation state of the particular atom
in the molecule can be computationally determined using several different quantities [38].
In our case, the formal oxidation state of Cu in the studied complexes can be (in a brute-
force way) estimated via the value of the QTAIM spin density of the Cu atoms. In particular,
spin densities close to zero indicate the transfer of the unpaired electron from the Cu(II)
ions to the catecholamine moiety (i.e., the oxidation of the catecholamine molecule). As
can be seen from Table 2, in the case of N-Cu-N coordination, the spin density on Cu is
lower than 0.1 e in all studied systems except Cu-TYR. This result points to the ability of
L-DOPA, DA, NE and EP to reduce the Cu(II) to Cu(I) when they are coordinated to Cu
via the nitrogens of amino groups, see Figure 12 (right panel). On the other hand, when
these species (L-DOPA, DA, NE and EP) are coordinated to Cu via the oxygens of the
hydroxyl groups (O,O-Cu-O,O), the unpaired electron remains localized mostly on the
Cu atom (around 0.7 e) and the coordinating oxygens, see Figure 12 (left panel). Herein,
the reduction of Cu(II) to Cu(I) does not occur. The preferred oxidation states of Cu in all
the studied complexes (2:1) are compiled in Table 2. In the cases of Cu-TYR, Cu-LDOPA,
Cu-DA and Cu-NE coordinated to one ligand via the hydroxyl groups and the second
one via the nitrogen group (O,O-Cu-N), only the partial reduction of Cu occurs (the spin
density on Cu is around 0.4 e). These complexes are denoted as “Cu(I-II)” in Table 2. For
illustration, the spin density distributions of the studied Cu-complexes are visualized in
Figure 12.

3. Experimental

Powdered samples of studied compounds in their L-form (tyrosine, L-dihydroxypheny-
lalanine, dopamine hydrochloride, norepinephrine hydrochloride, epinephrine hydrochlo-
ride), MOPS buffer (pKa = 7.2), DMPO and TEMPOL were purchased from Sigma – Aldrich
co. CuCl2 × 2 H2O and NaOH were purchased from Merck. Neocuproine was obtained
from Alfa Aeser. All chemicals were of analytical quality grade.
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3.1. Spectroscopic Study
3.1.1. UV-Vis Spectroscopy

The UV-Vis spectra of the studied catecholamines were measured using a UV-Vis-NIR
spectrometer (Shimadzu UV3600, Kyoto, Japan). The concentration of stock solutions of all
studied compounds was 1 mM. Spectra were measured for 30 min at room temperature in
quartz cuvettes containing 300 µL of catecholamine stock solution and 150 µL of CuCl2 stock
solution filled with MOPS buffer to a final volume of 2 mL. A 2:1 molar ratio was utilized
due to a tendency to precipitation in the 1:1 solutions. To determine the metal:ligand ratio
of the formed complexes, Job’s method was used. The experiment was performed at room
temperature by measuring the spectra of mixtures containing different Cu(II) and ligand
(aminoacid/catecholamine) fractions. The emission spectra of the studied systems were
measured using a Cary Eclipse Fluorescence spectrometer. Spectra were measured in 3 mL
quartz cuvettes at room temperature. The concentrations of the compounds used were:
c(sample) = 2 × 10−5 M, c(CuCl2 ) = 1 × 10−5 M.

The possible reduction of Cu(II) to Cu(I) ions upon forming complexes with catecholamines
was demonstrated by means of UV-Vis spectroscopy using specific Cu(I)-chelating agent
2,9-dimethyl-1,10-phenanthroline, neocuproine (NC). Samples were prepared by mixing
water solutions as follows: 250 µL CuCl2 × 2 H2O (1 mM), 500 µL studied catecholamine
(1 mM), 750 µL deionized water and 500 µL neocuproine (2 mM). Immediately after the
addition of NC, the absorption spectra were recorded in quartz cuvettes for 90 min using a
Shimadzu UV/vis-NIR spectrometer.

3.1.2. EPR Spectroscopy

Copper binding to catecholamines was examined using spectroscopic methods. EPR
spectra were measured using an EPR spectrometer Bruker EMX+ operating at X-band
frequencies. The samples were measured as liquid solutions (pH = 7) at room temperature
and frozen solutions at the temperature of liquid nitrogen (77 K). CuCl2 × 2 H2O and
catecholamine ligands were dissolved in MOPS buffer with a final concentration of 1 mM.
MOPS is capable of buffering solutions within a pH of 6.5–7.9 without any significant
interaction with metal ions [39,40]. The solutions were mixed using a molar ligand:Cu
ratio of 2:1 and left for 5 min and 1 week, respectively. The spectra were measured in thin
capillaries incorporated in Dewar flasks.

3.2. Radical Scavenging Activity

ABTS•+ assay: Radical scavenging properties of studied catecholamines and their
Cu(II) complexes were monitored via the time-decay of the absorption band at 730 nm of
stabile radical cations of ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid))
present in the mixture. At first, to form an ABTS•+ solution, 3.3 mg of potassium persulfate
and 17.2 mg of ABTS were dissolved in 5 ml of deionized water. The prepared solution was
left in the dark for 24 h to achieve complete oxidation of ABTS to its radical cation ABTS•+.
The working solution of ABTS•+ was prepared by diluting 0.5 mL of oxidized ABTS•+

solution with 30 mL of deionized water. For each measurement, 1700 µL mL of ABTS•+

working solution was added to a quartz cuvette containing 50 µL of tested compound
(1 mM) and 250 µL of deionized water/225 µL of deionized water + 25 µL of CuCl2 water
solution (1 mM) to achieve molar ratio ligand: Cu = 2:1. The time-decay of absorbance at a
wavelength of 730 nm was monitored for 900 seconds. The ABTS•+ inhibition percentage
was calculated as follows:

Inhibition % = 100 × (A0- − A)/A0 (1)

where A0 represents the absorbance of the control (pure ABTS•+ solution), and A represents
the absorbance of the sample (free catecholamine or catecholamine in the presence of
Cu(II) ions), respectively.
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3.3. EPR Spin-Trapping

The EPR spin-trapping experiments were performed in deionized water using a
5,5-dimethyl-1-pyrrolineN-oxide (DMPO, distilled prior to the application) spin-trap. The
model copper-based Fenton system consisted of (a) a copper(II) chloride (1 mM) and
H2O (reference)/water solution of the studied compound, (b) a copper(II) chloride (1 mM)
and H2O (reference)/mixture of water solutions in a CuCl2:studied compound ratio of
1:2 (mixed 16 h prior to measurement). The EPR spectra were recorded 2 min after the
addition of initiator H2O2 (0.1 M). The experiments were carried out in triplicate under
identical experimental conditions. The concentrations of the spin adducts were deter-
mined by the double integration of the EPR spectra with respect to the 4-hydroxy-2,2,6,6-
tetramethylpiperidine-N-oxyl (Tempol) calibration curve measured under the same ex-
perimental conditions. The experimental EPR spectra were analyzed using the Bruker
software WinEPR suite, and the simulation of experimental spectra was performed using
the EasySpin 5.2.28 simulation toolbox [41] working under Matlab R2021b software.

3.4. Theoretical Calculations

Geometry optimizations of all studied systems were performed at the B3LYP [42–45]
/6-311G(d) [46–48] level of theory in the Gaussian16 program package [49]. The energy-
based criterion of the SCF convergence was set to 10–8 Hartree. Note that in some cases,
quadratically convergent (QC) SCF procedures [50] had to be employed to achieve the
desired convergence criteria. All systems containing Cu(II) ions were treated as doublets
using the unrestricted Kohn–Sham formalism. Vibrational analysis was employed to
confirm that the optimal geometries corresponded to energy minima (i.e., there were no
imaginary vibrations). Solvent effects in water were treated via the Polarizable Continuum
solvent Model (PCM) [51,52] as implemented in the Gaussian16 package. Quantum theory
of atoms in molecules (QTAIM) analysis [53] was performed in the AIMAll package [54]
using the Gaussian16 checkpoint files to evaluate the charge density distribution and
character of the newly formed Cu-O and Cu-N bonds. QTAIM analysis is a useful tool to
obtain insight into the nature of interatomic interactions [55]. Visualization of the optimized
structures was performed using the Molekel software suite [56].

4. Conclusions

In this work, we present the results of a combined spectroscopic and theoretical study
of the interaction between copper and catecholamines.

Low-temperature EPR spectra, as well as the DFT calculations, confirmed the interac-
tion of Cu(II) ions with the studied ligands (catecholamines). Spin Hamiltonian parameters
of the EPR spectra unequivocally confirmed that the catecholamines bind to Cu(II) ion. The
EPR spectroscopy of identical mixtures prepared 1 week prior to measurement showed
decreased signal intensity, most probably due to the mild reduction of paramagnetic Cu(II)
ion with silent EPR Cu(I) species. The Cu(II-catecholamine interaction was also moni-
tored using UV-Vis spectroscopy; however, only small changes after mixing with CuCl2
were recorded for all compounds except EP. The spectroscopic study of EP confirmed the
presence of an oxidation process that is enhanced in the presence of Cu(II) ions.

Reduction of Cu(II) to Cu(I) in the studied systems was confirmed by UV-Vis spec-
troscopy using a specific Cu(I) chelator neocuproine, as well as by the theoretical calcula-
tions (in particular, spin density distributions calculated using QTAIM analysis).

Radical scavenging activity was monitored using ABTS radical cation assay and via
the EPR spin-trapping technique using a DMPO spin-trap in a model Cu-catalyzed Fenton
system. All the compounds under study possessed radical-scavenging activity against
ABTS•+ in the order TYR < EP < DA < NE~L-DOPA. The formation of hydroxyl radicals
in a Fenton-like system was decreased in the presence of studied compounds in the order
TYR < DA < NE < L-DOPA. In the case of EP, autoxidation in stock solution was observed,
and thus, the redox properties of the Cu(II)-EP complex were different from those of the
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other complexes under study. Furthermore, the oxidation of EP is enhanced in the presence
of Cu(II) ions, which may lead to the formation of toxic quinone species.

In conclusion, the oxidation of catecholamines, serving as neurotransmitters, in the
presence of cupric ions promotes a redox cycling process with the production of superoxide
anion radicals and hydrogen peroxide. Thus, the redox cycling of copper ions in studied
systems may lead to the increased production of damaging radicals such as •OH, which
may, in turn, cause damage to neuronal systems. Furthermore, when the catecholamine
molecule is rapidly oxidized, its antioxidant capacity is markedly reduced.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/inorganics11050208/s1. Figure S1: Scavenging of ABTS•+ by
studied compounds and their Cu(II) complexes (fresh); Figure S2: EPR spectra of •DMPO-OH
and •DMPOX measured with starting acquisition 2 min after the addition of hydrogen peroxide
to aqueous solution of CuCl2 + EP containing DMPO spin trapping agent; Figure S3: Optimized
B3LYP/6-311G* structures of the studied Cu-complexes (molar ratio 1:2), including calculated Cu-O
and Cu-N bond distances; Table S1: Calculated B3LYP/6-311G* Cu-O, Cu-N bond distances, and
corresponding QTAIM characteristics of the studied complexes (Cu: Ligand molar ratio is 1:2);
Figure S4: UV-VIS spectrum of CuCl2 reference system, cCuCl2 = 7.5 × 10−6 M; Figure S5: Job’s
plots of studied compounds (a) TYR (b) L-DOPA (c) DA (d) NE (e) EP and CuCl2 Absorption spectra
were measured in various molar ratios; Figure S6: Emission spectra of studied compound before
(black line) and after addition of CuCl2 (blue line) in water. Concentration of studied compounds:
csample = 2 × 10−5 M, ccopper(II) chloride = 1 × 10−5 M; Figure S7: EPR spectrum of Cu(II)-DA (1:2)
complex at room temperature immediately after mixing (black line) and after one week (blue line).
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