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Alzheimer’s Disease (AD), reported for the first time in 1906, is a common disease that remains incurable to this
day. In the past, a family of treatments using Cu(Il) chelators failed during clinical trials, evidencing the
importance of pre-clinical studies. In this work, we performed electrochemical characterisation of TDMQ20, a
new potential drug against AD, using electrochemistry and spectroelectrochemistry. On the basis of voltammetry,

we determined that TDMQ20 undergoes a two-step irreversible oxidation process and a one-step irreversible
reduction process. Both oxidation and reduction reactions are pH-sensitive. Bidimensional UV-Vis spectroelec-
trochemistry (UV-Vis-SEC) allowed us to confirm that oxidation of TDMQ20 can occur both on the aliphatic
chain and on the aromatic ring. The results expand the knowledge of the TDMQ20 redox activity in the human
body which is important from the point of view of the toxicity of the proposed therapy.

1. Introduction

Alzheimer’s Disease (AD), first reported in 1906, nowadays is the
most common cause of dementia amongst older people. According to the
leading hypothesis, described in 1992 in Science and called the amyloid
cascade hypothesis [1], overproduction of p-amyloid peptides (Ap) are
related to AD development. These peptides have three important fea-
tures related to AD pathology: first of all, they aggregate very fast. For
this reason, an abnormal increase of Ap accumulation leads to their
aggregation in the brain, forming oligomers and then amyloid plaques,
which ultimately provokes neuronal dysfunction and the death of neu-
rons. Secondly, they bind copper(II) ions, which accelerates the aggre-
gation process. Finally, the Cu(II)-Af complexes catalyse the production
of Reactive Oxygen Species (ROS) and Reactive Nitrogen Species (RNS)
contributing to oxidative stress [2]. For the aforementioned reasons,
there is great interest in the development of new therapeutic substances
whose mechanism of action is based on two strategies: the removal of
amyloid beta deposits from the brain or the extraction of Cu(Il) ions. In
2021, the Aducanumab antibody directed against A aggregates
received its first approval in the USA for the treatment of AD [3]. Un-
fortunately, this drug is not suitable for all patients. Therefore, specific
copper chelators are investigated as a good alternative. Up to now,
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chelators such as clioquinol (CQ) and PBT2 have failed in clinical trials
due to the formation of redox-active ternary complexes with Cu(II)-Af
[4,5].

Presently, a new promising prototype ligand series, named TDMQ
(tetradendate monoquinolines), is being studied intensively [6-14].
TDMQ ligands have an 8-aminoquinoline motif with a bidentate amine
side chain attached to the quinoline moiety. This molecule structure
provides the square planar tetradentate coordination sphere preferred
for effective chelation and selectivity for copper(Il) ions [9]. TDMQ
molecules efficiently extract Cu(Il) from Cu(II)-Ap(1-42) complexes,
creating new 1:1 metal:ligand complexes Cu(II)-TDMQ. Of all TDMQ
ligands, TDMQ20 (Scheme 1) exhibits the highest affinity constant with
Cu(Il) ions [8]. The use of TDMQ20 exhibits many advantages: for
example, it does not disturb the activity of metalloenzymes such as Cu-
Zn-SOD, tyrosinase or metal-containing cofactors like vitamin B12 [10].
Also, the biomimetic oxidation of TDMQ20 leads to products fully sol-
uble under aqueous experimental conditions which, therefore, probably
do not accumulate in human body tissues [14]. The results of preclinical
studies carried out in mice also showed the highest effectiveness of
TDMQ20 in reducing oxidative stress [6]. For all these reasons, TDMQ20
could be considered as a good drug candidate for AD treatment.

However, to fully understand the possible reactions that TDMQ20
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Scheme 1. Structure of TDMQ20 molecule.

may undergo in the human body, the reactivity of this drug should be
further characterised. Although some works can be found studying the
chemical reactivity of TDQM20 [14], we found a lack of electrochemical
studies conducted for TDMQ20. Electrochemistry allows for a fine
control of the potential, which can help to fully characterise the reac-
tivity of various substances towards redox changes. However, the in-
formation provided by electrochemistry can be greatly expanded by the
addition of a spectroscopic technique that interrogates the processes
taking place at the electrode. This strategy, named spectroelec-
trochemistry (SEC), is a truly powerful tool for the characterisation of
complex systems [15]. Such studies would help to better understand
what redox reactions the TDMQ20 molecule may undergo in the human
body.

In this work, we performed comprehensive research combining
voltammetric and UV-Vis absorption spectroelectrochemical tech-
niques. Using voltammetry, we characterised the oxidation and reduc-
tion processes of TDMQ20 in detail and investigated the influence of pH
on the redox reactivity of the tested molecules. Moreover, we have
performed bidimensional thin-layer UV-Vis spectroelectrochemical ex-
periments (Bidim-SEC). In a single Bidim-SEC experiment, two optical
arrangements, normal and parallel, were used. The normal configura-
tion, in which the light beam strikes perpendicular to the electrode
surface [16,17], allows us to obtain information about both the diffusion
layer and possible adsorption processes of TDMQ20 on the electrode
surface. Parallel configuration, in which the light beam passes parallel to
the electrode surface [18,19], provides information about changes to the
tested compounds only in a small confined space adjacent to the working
electrode surface.

2. Experimental section
2.1. Chemicals and materials

Inorganic compounds: disodium phosphate (NagHPO4, 99,99 %),
monosodium phosphate (NaHzPO4, 99,99 %), sodium hydroxide
(NaOH, 99,9%), copper chloride (CuCly, 99,99 %) and hexaamminer-
uthenium(III) chloride ([Ru(NHj3)g]Cl3, 98 %) were purchased from
Merck and were used without further purification. All solutions used in
(spectro)electrochemical and spectroscopic measurements were pre-
pared with deionised water (resistivity of 18.2 MQ'cm at 25 °C) from a
NuZar U24 (Rephile) purification system (experiments performed in
Poland) and Milli-Q purification system (experiments performed in
Spain). The TDMQ20 (N1-(2-(8-amino-5,7-dichloroquinolin-2-yl)eth-
yD-N2,N2-dimethylethane-1,2-diamine hydrochloride) was purchased
from Prochimia Surfaces.
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2.2. Electrochemical methods

Electrochemical experiments on glassy carbon disk electrodes (@ 3
mm, Mineral) were performed using an Autolab PGSTAT204 potentio-
stat (Metrohm AG) controlled by the NOVA software (version 2.1.5). CV
measurements were performed at different scan rates and at least 3 scans
were recorded for each series. The following parameters were used for
SWV: step 2 mV, modulation amplitude 50 mV and frequency 25 Hz.
Parameters for DPV measurements were as follows: step: 0.005 V,
modulation amplitude 0.05 V, modulation time 0.1 s, and interval time
1 s. The acquisition of voltammetric curves was repeated at least 3 times
for each solution of and TDMQ20. All experiments were performed in a
three-electrode arrangement, with a Ag/AgCl (3 M NaCl) reference
electrode, a platinum rod as the counter electrode, and a glassy carbon
disk electrode (GCE) as the working electrode. The reference electrode
was separated from the working solution by a salt bridge filled with a
0.1 M phosphate buffer solution with the same pH as in the cell. The
potential of the reference electrode was calibrated based on the ruthe-
nium electrode process. The formal potential of hexaammineruthenium
(111/11) chloride in 0.5 M KNO3 is 0.172 4 0.002 V vs. Ag|AgCl|3 M NaCl.
Prior to each voltammetric measurement the GCE was polished on a
Buehler polishing cloth to a mirror-like surface, using aqueous slurries of
0.05 pm alumina powder followed by 1 min water ultrasonication to
remove the remaining powder. All electrochemical measurements were
carried out in 0.1 M phosphate buffer solution in the range of pH values
from 3 to 8 every half pH unit. The pH was adjusted by pH-metric
titration with small volumes of concentrated NaOH or H3PO,4 solu-
tions. The pH was closely monitored before and at the end of each
voltammetric measurement. The solution was saturated with argon
during the experiments at 25°C.

2.3. Spectroelectrochemical methods (SEC)

Thin-layer Bidim-SEC experiments were performed in custom-made
cell designed for screen-printed electrodes (SPEs) described and tested
previously [20]. In order to perform studies in parallel configuration,
two bare optical fibres (100 pm in diameter, Ocean Optics) were
attached to a quartz plate using nail polish. The first optical fibre was
connected to the light source, and the second fibre was connected to the
spectrophotometer to collect the light transmitted through the sample.
The distance between the two fibres was/ = 1.6 mm. The quartz plate
was then placed on the SPE, creating a 0.21 pm thin-layer cell and
ensuring that the optical fibres are placed adjacent and parallel to the
working electrode. This configuration ensures aw = 0.42 mm normal
optical path length. For normal configuration measurements, a reflec-
tion probe (RPROBE-VIS-UV, Metrohm-DropSens) was connected to the
setup. An integration time of 1000 ms was used in the optical experi-
ments. All experiments were performed at room temperature (in the
presence of oxygen) using commercial carbon Screen-Printed Electrodes
(C-SPEs) (DRP-110, MetrohmDropSens). Each C-SPE has a 4-mm
diameter carbon working electrode (WE), a carbon counter electrode
(CE) and a silver pseudo-reference electrode (RE).

Bidim-SEC experiments were carried out using two customised
SPELEC instruments (Metrohm-DropSens). Each customised SPELEC
equipment contains a halogen-deuterium lamp, a potentiostat and a
suitable spectrophotometer. All of the components of the equipment are
synchronised to ensure the correlation of electrochemical and spectro-
scopic techniques, ensuring reliable operando and time-resolved data
acquisition. Both SPELEC devices were connected to each other to
ensure the synchronisation of normal and parallel measurements. All
measurements were performed using the DropView software
(MetrohmDropSens).

2.4. UV-Vis spectroscopy

UV-Vis spectra were recorded at 25 °C on an Evolution 300
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spectrophotometer (Thermo Scientific) over the spectral range of
210-900 nm. Quartz cuvettes with an optical path of 1 cm were used
(Starna Scientific). TDMQ20 concentration was determined by UV-Vis
titration using CuCly. Additionally, UV-Vis spectroscopy was used in
order to characterise TDMQ20 deprotonation in phosphate buffer solu-
tions. Samples containing TDMQ20 were titrated with NaOH in the pH
range 3-8 by manual additions of the concentrated base solution.

3. Results and Discussion
3.1. Voltammetry of TDMQ20

According to recent reports, the TDMQ20 molecule can be readily
oxidised to water-soluble metabolites, and therefore, this drug candidate
might be easily metabolised and excreted in vivo. The catalytic oxida-
tion of TDMQ20 was performed using a biomimetic system [14]. To
better understand the oxidation of TDMQ20 we recorded the electro-
chemical response over a wide anodic range (from + 0.2 Vupto+ 1.5V,
Fig. 1). The experiments were performed in a phosphate buffer of pH 7.4
to reflect conditions in the human body. In the voltammogram, two
consecutive oxidation processes, both irreversible, were observed: a
well-defined peak at + 0.71 V and a broad and ill-defined oxidative
wave over the + 0.8 — +1.1 V range (Fig. 1). Scanning at a faster scan
rate did not improve the reversibility of these redox processes, which
was diffusion-controlled (linear dependence of the peak current with the
square root of scan rate, SI Figure S2.8.).

In order to test if the protonation of the molecule affects the oxida-
tion process, we conducted tests over a wide range of pH from 3.0 up to
8.0 (Fig. 2 and SIFigure S 2.1). For the first oxidation, a peak shift to less
positive potential was detected as the pH of the solution increased. The
same phenomenon was observed for various quinolines [21-24]. The
Epox versus pH plot based on DPV (SI Fig. S2.3A), shows a linear
dependence with the slope of 39 mV per pH unit, suggesting that the
oxidation of TDMQ20 at GCE involves 2 electrons and 1 proton. Simi-
larly to the first peak, the second signal was also influenced by the
change in pH. However, this was not a linear relationship, and the shape
of the obtained curves differed significantly from each other (Fig. 2),
which suggests that the TDMQ20 oxidation process at different pH may
lead to various oxidation products. Based on the oxidation potentials of
TDMQ20, it can be speculated that this drug candidate is stable in the
brain (where strong oxidants are not present). However, it can be oxi-
dised in the liver through cytochrome P450 [14,25].

48

—— TDMQ20 {
40 | — phosphate buffer . m“

i/pA

0.2 0.4 0.6 0.8 1 1.2 1.4
E/V vs. Ag|AgCl|3M NaCl

Fig. 1. CV (first scan) for TDMQ20 recorded in 0.1 M phosphate buffer pH 7.4,
v =0.1V/s.
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In order to test whether the first anodic process can be reversible, we
have registered cyclic curves in a shorter potential range (from + 0.2 V
up to + 1 V) at all pH values (Fig. 3). When CV was registered in the
shorter potential window only one irreversible oxidation peak (except
for pH 5.0 and 6.0) was detected. Scanning at a faster scan rate, as
previously, did not improve the reversibility of the redox processes. SWV
measurements also indicate that this process is not electrochemically
reversible. In SWV the current is sampled in both positive and negative
potential pulses, allowing us to obtain information from both oxidation
and reduction processes almost simultaneously. When we plotted the
forward and backward components of the total current (Figure SI 2.1A)
we observed that the forward component of the current showed the peak
at the same potential as the total current, while on the backward
component, no cathodic peak occurred, which confirmed the irrevers-
ibility of first oxidation process on CV. The CV recorded for the solution
at pH 5.0 and 6.0 (v = 100 mV/s) showed two oxidation peaks (Fig. 3).
The same behaviour was observed in Fig. 2. At the beginning, we
assumed that it could be related to the pKa of the tested molecule.
However, TDMQ20 has two pKa values pK,; = 1.0 and pK,2 = 8.0 [26].
Therefore, the two peaks are not related to the protonation change of
TDMQ20. The splitting of peaks was observed for azo dye compounds
derived from hydroxyquinolinone, and the authors of that study suggest
the accompaniment of some adsorption component [27]. Interestingly,
on DPV and CV at lower scan rates (v = 10 mV/s, pH 6.0 and 5.0, see SI
Figure S2.6.), only one signal is observed. This suggests that the electron
transfer process is quite fast and a higher scan rate was needed to
observe the double peak [28].

In order to investigate the cathodic electrochemical behaviour of
TDMQ20, the potential range of the CVs was extended to negative po-
tentials. Cyclic voltammograms were recorded from + 0.2 V to —0.8,
and up to + 0.9 V (Fig. 4A) or, in the reverse direction, from + 0.2 V to +
0.9 V and then a sweep to a negative potential of —0.8 V (Fig. 4B). When
the measurement started at + 0.2 V and moved toward negative po-
tentials, a reduction peak with very low current intensity was observed
(Fig. 4A). An increase in the pH value of the supporting electrolyte
caused a shift of the reduction peak towards more negative potential
values (Figure S2.3). The same phenomenon was observed when DPV
curves were recorded (see SI Fig. 2.1B). Even if reduction currents were
much lower than that of the oxidation, the E.eq versus pH plot based on
DPV exhibits a slope of 36 mV per decade (SI Fig. S2.3A), which suggests
that also here 2 electrons and one proton are involved in the process.

When the direction of the potential sweep was reversed (i.e. the
sweeps goes from + 0.2 V towards more positive potentials), the same
electrochemical response was obtained in the anodic range as described
in Fig. 3. However, the electrochemical response below + 0.4 V was
completely different (compared to Fig. 3A). As a result of the TDMQ20
oxidation, a new product was formed, which undergoes a two-step redox
reaction. Therefore, two reduction (E;eq- =+0.02 V and Eeq» = —0.1 V)
and two oxidation (Eox =+0.20 V and Eyx: =+ 0.09 V) peaks were
present in the CVs (Fig. 4B). The differences between the anodic and the
cathodic peaks potentials, |Eox- Ereq'| = 180 mV and |Eox - Ereq:’| = 190
mV suggest that both processes exhibited slow kinetics. A similar
behavior was observed for phenol by Enache and Oliviera-Brett [29] and
Stevié¢ et al. for 8-hydroxyquinoline [21]. At the same time, as these
peaks appear, the main oxidation peak current decreases with subse-
quent cycles due to the adsorption of TDMQ20 oxidation products on the
GCE surface. Based on these measurements and the reports in the
literature [21,29], we can conclude that the oxidation of TDMQ20 re-
sults in the formation of a redox-active chemisorbed species whose
redox potential is lower than that of the TDMD20 molecule itself. In
order to confirm our thesis, we performed a study using bidimensional
thin-layer UV-Vis SEC, which will be described in the next section.

3.2. Bidimensional spectroelectrochemical behaviour of TDMQ20

To obtain more information about the processes taking place during
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Fig. 2. CV (first scan) for TDMQ20 (wider range of potentials) at pH (A) 3 to 5 and (B) 6 to 8, recorded in 0.1 M phosphate buffer, v = 0.1 V/s.

24 __pH 3.0
——pH 4.0
20F——pH 5.0
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3 12 pH 8.0
= .l TDMQ20
4k
0
-4 1 1 1 1 1
0.2 0.4 0.6 0.8 1
E/'V vs. Ag|AgCl|3M NaCl

Fig. 3. CV (first scan) for (A) TDMQ20 (narrow range of potentials) at pH
range values 3.0 — 8.0 recorded in 0.1 M phosphate buffer, v = 0.1 V/s.

TDMQ20 oxidation, a study wusing bidimensional spectroelec-
trochemistry (Bidim-SEC) was carried out [30,31]. In this experiment,
UV-Vis spectroelectrochemistry (UV-Vis-SEC) is used to obtain oper-
ando information about the processes taking place on the working
electrode and the diffusion layer. More specifically, Bidim-SEC uses two
complementary configurations to study the processes taking place in the
system: parallel and normal. In the parallel configuration, a light beam is
focused parallel to the WE using bare optical fibres to interrogate the
solution adjacent to the electrode. Meanwhile, for the normal configu-
ration, a reflection probe is used to focus a light beam on the surface in a
near-normal mode, obtaining simultaneous information about the sur-
face electrode and the diffusion layer [15]. A schematic of the used
experimental setup is represented in Fig. 5A. The reason why we decided
to use thin-layer is because it is the best way to limit the optical paths for
both optical configurations in Bidim-SEC. In this way, we can define a
closed system, allowing the correction of the optical signals, which is
necessary in order to deconvolve the electrode process [32]. The pres-
ence of a semi-infinite diffusion layer could generate heterogeneous
concentration profiles larger than the size of the optical fibers used in
parallel configuration, making difficult the comparison of the

information provided by the two configurations.

A CV was performed to study the oxidation of TDMQ20 with Bidim-
SEC. The results are shown in Fig. 5B-D. Fig. 5B and C represent the
contour plot of all the UV-Vis spectra registered during the experiment
in normal and parallel configurations. For clarity, the CV is also repre-
sented in Fig. 5D. The CV obtained using C-SPE as electrode is slightly
different to the one acquired using GCE. In this case, the second peak of
oxidation, which was called Eyyo in Fig. 1, is better defined in the CV
performed on C-SPE (Fig. 5D) which is most likely related to the slightly
different surface structure of GC and C-SPE. Usually, the electron
transfer is sluggish on C-SPEs respect to a GC electrode. During the
backward scan, the reversible reduction of absorbed species is observed,
as discussed in Fig. 4B.

As can be seen in Fig. 5B and C, during the oxidation of TDMQ20,
noticeable changes in the parallel and normal UV-Vis spectra are
registered. At 261 nm, corresponding with the absorbance maximum of
TDMQ20 (Figure S1), a noticeable negative band is observed, which
decreases during TDMQ20 oxidation. The presence of a negative band in
UV-Vis-SEC indicates that a reactant has been consumed in the elec-
trochemical process, since the reference spectrum is defined at the
beginning of the experiment, being the solution containing TDMQ20
(therefore, changes of absorbance are measured). This band is observed
in normal and parallel configuration, indicating that the TDMQ20 pre-
sent in the solution is disappearing during its oxidation, as expected.
Some variations of the absorbance at this wavelength can be observed at
negative potentials, which will be discussed later.

In Fig. 5D (solid blue line) the evolution of the absorbance at this
wavelenght during the CV is plotted. This kind of representation is
known as VoltaAbsorptogram (VA). The VA at 261 nm in parallel
configuration (VApye1) confirms that the vanishing of the TDMQ20
takes places at potentials > +0.40 V. During the experiment, the evo-
lution of other positive absorption bands, corresponding with the
oxidation products of TDMQ20, is also observed (Fig. 5B and C). Two
main absorption bands centered at 240 and 289 nm can be detected. The
VApagg reveals the evolution of this band during the oxidation of
TDMQ20. Since this band is observed both in parallel and normal
configuration, it can be concluded that this band corresponds to a sol-
uble product of the oxidation of TDMQ20. Similar conclusions can be
obtained for the band centered at 240 nm (VApa49, Fig. 5D).

During the backward scan, at potentials <+0.2 V, two reversible
processes of reduction are observed, as was discussed in Fig. 4B. Ana-
lysing the response of Bidim-SEC in parallel configuration (Fig. 5 D), it is
observed that the absorbance at the three selected wavelengths (240,
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Fig. 4. CV for TDMQ20 at pH 7.4 in two directions (A) 0.2 to —0.8 V up to 0.9 V and (B) from 0.2 to 0.9 up to —0.8 V recorded in 0.1 M phosphate buffer, v = 0.1

V/s.

0

250 300 350 400 450 500 550
Wavelenght /nm

Ap /a.u.
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E/Vvs Ag

0
Current intensity /uA

5 10 N 250 300 350 400 450 500 550
Wavelenght /nm

Fig. 5. (A) schematic of the experimental setup used for Bidim-SEC experiments in thin-layer configuration. (B, C) CV and contour plots of the registered spectra
during the experiment in (B) normal and (C) parallel configuration. (D) CV and VA at different wavelengths in parallel configuration. Experimental conditions were:
0.5 mM TDMQ20 + 0.1 M phosphate buffer pH 7.4, v = 0.005 V/s. Experiment performed using C-SPE.

261, 289 nm) decreases reversibly during the reversible reduction
observed at —0.20 V. This fact confirms that several oxidation products
are being reduced in this process, as will be explained later.

By comparing the evolution of the spectra registered in normal and
parallel configurations (Fig. 5 B and C), we find no noticeable differ-
ences between the spectra. This is counter-intuitive since electrochem-
istry demonstrates that during TDMQ20 oxidation, a modification of the
electrode surface is observed (Fig. 4). In an ideal system, adsorption

processes on the WE should lead to changes in the absorbance in normal
configuration during UV-Vis-SEC experiments. The explanation of this
apparent paradox is that TDMQ20 can undergo different chemical
changes during its oxidation, and many of them do not lead to changes in
the UV-Vis spectra. This was proven by Nguyen et al.[14] who
demonstrated that oxidation of the aliphatic chain of TDMQ20 does not
significantly modify the UV-Vis spectrum of the molecule. Only modi-
fications involving the quinolone ring were reported to influence the
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absorbance spectra. Thus, it is possible that an electrochemical oxida-
tion of TDMQ20 is taking place during the first steps of oxidation (+0.45
V, Fig. 5A), affecting the aliphatic chain of TDMQ20 (Scheme 1),
adsorbing the molecule to the carbon WE surface, without affecting its
UV-Vis spectra. This hypothesis can be confirmed by Bidim-SEC,
comparing the information provided by normal and parallel configura-
tion. By correcting the absorbance in normal configuration, An, with the
absorbance in parallel configuration, Ap, (describe in details in SI) using
the optical path-lengths as follows:

(€Y

The corrected absorbance in normal configuration at a given wave-
length AS, provides information about the processes taking place on the
electrode surface, with minimal contribution from processes taking
place in the solution [33]. Therefore, when studying the absorbance of a
species formed in solution, the value of A¢ should be close to zero. If the
value of AS changes significantly during the experiment, this variation
must be related to processes taking place on the WE surface, since only
the normal configuration interrogates the electrode surface [30].

In the experiment shown in Fig. 5, AS at 289 nm remains close to
0 during all experiment, confirming that this absorption band corre-
sponds to a soluble oxidation product formed during oxidation of
TDMQ20 (Fig. 6, blue dotted line). While for 261 nm, the band corre-
sponding to TDMQ?20, a distinctly different behavior is observed, Fig. 6.
When the absorbance is corrected (Fig. 6, blue solid line), a clear evo-
lution of the voltabsorptogram corresponding to the corrected absor-
bance, VAS, at 261 nm is observed, which is related to the
electrochemical oxidation. This indicates that parallel configuration
registers the conversion of the TDMQ20 to a soluble oxidation product
which absorbs at different wavelength than TDMQ20, while in normal
configuration not only this soluble product is observed, but also the
generation of an insoluble product which absorbs at the same wave-
length as the TDMQ20. This result agrees with our hypothesis, meaning
that during oxidation of TDMQ20, part of the oxidised product is
chemisorbed on the WE, probably by covalent interaction between the
electrode and the N-containing groups of the aliphatic chain of
TDMQ20.

In the potential range of + 0.2 to —0.3 V the VAS at 261 nm exhibits
some reversible changes related to the redox peaks centred at —0.10 V.
These changes were already discussed for parallel configuration
(Fig. 5D), concluding that this redox process involves some species

015} 110
18
0.1} {6
5
8 {4 <
oc =
< 005}
12
{0
0.
1-2

-04 -02 0 02 04 06 08 1
E/Vvs Ag

Fig. 6. CV and VAS for 261 and 289 nm. Absorbance was corrected with the
corresponding optical path-lengths. Experimental conditions were: 0.5 mM
TDMQ20 + 0.1 M phosphate buffer pH 7.4, v = 0.005 V/s. Experiment per-
formed using C-SPE.

Bioelectrochemistry 161 (2025) 108814

present in solution. However, the corrected absorbance in normal
configuration (VAE) only provides information about processes taking
place on the surface of the WE, suggesting that these voltametric peaks
also involve the participation of species chemisorbed on the electrode
surface. This can also be confirmed by electrochemical measurements,
as discussed in Figure S.2.5.

Combining all the observations extracted from Bidim-SEC experi-
ments, it can be concluded that TDMQ20 oxidation is a complex process
taking place in multiple steps. The irreversible oxidation of TDMQ20
leads to the formation of a variety of products. Part of the products are
irreversibly adsorbed on the C-SPE surface. This interaction probably
happens through interaction with the N groups of the aliphatic chain of
TDMQ20. Simultaneously, at least two soluble products are formed
during the oxidation, as can be confirmed by the evolution of two pos-
itive bands at 240 and 289 nm with slight differences on its behavior
(Fig. 5D). According to the existing literature, we have proposed a re-
action scheme pointing out the possible oxidation products formed
during electrochemical oxidation of TDMQ20 (scheme S1.1SI).

These observations are consistent with the reactivity of TDMQ20
previously reported. Recently, M. Nguyen and colaborators reported an
interesting work where the chemical oxidation of TDMQ20 was carried
out in several conditions [14]. According to the autors in the absence of
a proper catalyst, the N-oxidation of the tertiary amine was favoured,
leading to no significant change of the UV-Vis spectra. When an
organometallic catalyst was added to the system, a wide variety of
oxidation products were generated, many of them involving the loss of
the primary amine attached to the quinolone ring. The generation of
these products lead to a significant change of the UV-Vis spectra, wich a
remarkable loss of absorbance at 261 nm (maximum of absorption for
free TDMQ20) and generating new absorption bands at 241 and 330 nm.
All of these observations are in agreement with the spectroelec-
trochemical results obtained: the first step of electrochemical oxidation
leads to the N-oxidation of tertiary amine of TDMQ20, and generated a
chemisorbed oxidation product without change in the UV-Vis spectra
and passivating the electrode surface. During the second oxidation step,
the oxidation of the aniline ring takes place, which triggers a chain of
chemical reactions that leads to the formation of a variety of soluble
compounds. In the literature, at least 10 different oxidation products
have been reported resulting from the oxidation of the quinolone ring
[14].

The processes observed at negative potentials after TDMQ20 oxida-
tions are also very complex, involving the participation of both chem-
isorbed species on the WE surface and the free TDMQ20 and oxidation
products present in solution, as is demonstrated by the Bidim-SEC
measurements. The definition of these electrochemical process is not
optimal, probable because chemisorbed species generated during the
oxidation could be partially blocking the electrode surface, as confirmed
by electrochemical measurements, where is observed that subsequent
oxidation cycles lead to the passivation of the electrode surface
(Figure S2.7). For this reason, the height of the voltammetric peaks in
the reduction process is considerable lower than in the oxidation
process.

4. Conclusions

Electrochemical and spectroelectrochemical studies of the TDMQ20
redox properties have been carried out. Based on voltammetry, the
oxidation and reduction potentials of TDMQ20 have been determined.
TDMQ oxidation occurs in two consecutive steps, which are irreversible,
while for reduction, only one peak was visible on CV and DPV curves.
The results show that both these processes are pH-sensitive: the increase
of pH shifts oxidation and reduction potentials toward lower values.
Bidimensional spectroelectrochemistry studies were instrumental in
unravelling the electrochemical oxidation mechanism of TDMQ20. This
multiresponse technique has provided unequivocal information related
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to processes taking place on the electrode surface as well as in the so-
lution adjacent to the electrode. Bidim-SEC shows that oxidation of
TDMQ20 leads to the formation of a variety of products (N-oxide de-
rivatives and dimeric quinone-imine derivatives). Combining voltam-
metry with spectroscopy, we showed that the first oxidation step is
associated with the N-oxidation of the amines of the side chain, while
the second step results from oxidation of the 8-aminoquinoline ring. The
resented results are useful in understanding the redox conversion of
TDMQ20, a potential drug candidate against AD, in the human body.
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Data collected for this research is freely available in the repository
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