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Abstract

The electrochemical parameters of 2,3-diaminophenazine (DAP) and its pol-
ymeric form (PDAP) electrodeposited from the perchloric acid on the screen-
printed carbon electrodes (SPCE) were investigated. The electropolymerized
PDAP coating was used with native DNA from various sources (calf thymus,
salmon sperm, herring sperm, chicken erythrocytes) for the DNA sensor as-
sembly. The layer-by-layer assembly of the DNA sensor was controlled by
voltammetric and impedimetric measurements. The influence of DNA immo-
bilization conditions (pH value, concentration, incubation time, DNA immo-
bilization procedure) were tested to choose the optimal assembly protocol.
The SPCE/PDAP/DNA sensor was used for qualitative DNA damage discrim-
ination by anticancer drugs in absence and in presence of copper ions. The
wide range of anthracycline drugs (doxorubicin, daunorubicin, valrubicin,
idarubicin, epirubicin, pirarubicin) and antimetabolite drug mitoxantrone
were tested as intercalative agents. It has been shown that addition of man-
nitol as a radicals’ scavenger to the mixture of doxorubicin and copper ions
neutralize the reactive oxygen species generated. The structure of drug, its
intercalation ability and affinity to copper ions have affected the interaction
with DNA. To evaluate the intercalation and concomitant secondary DNA
damage by reactive oxygen species, two coefficients (Kin: and Ksp) was pro-
posed. The sensor developed can be applied in the medical investigations of
novel anticancer drugs.

Key findings
e The poly(2,3-diaminophenazine) (PDAP) is proved to be a promising modifier for the
DNA sensor assembly.

e Copper ions stimulate the damage of DNA by anticancer drugs.

o Among the anticancer drugs tested, doxorubicin has the strongest destructive effect on
DNA.

e Two novel coefficients were proposed to evaluate the intercalation degree and secondary
DNA damage.

© 2026, the Authors. This article is published in open access under the terms and conditions of the Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/), which permits unre-

stricted reuse of the work in any medium provided the original work is properly cited.

1. Introduction

Anthracycline antibiotics (doxorubicin, epirubicin, idarubi-
cin) are well established as adjuvant therapeutic drugs [1]
also being the basis for the first-line chemotherapy of most
kinds of sarcoma [2], acute leukemia [3], metastatic breast
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[4], and bladder cancer [5]. However, the development of
cardiomyopathy within "red chemotherapy" process criti-
cally affects the patient's prognosis, since emerging cardi-
ovascular complications are the most common cause of sec-
ondary mortality in the oncology [6].
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Although the etiology of anthracycline cardiomyopathy
is clear, the molecular mechanisms of pathology develop-
ment remain controversial. This class of antibiotics induces
several cell death pathways at once: ferroptosis, autophagy,
necrosis, mitochondrial dysfunction, and activation of
NADPH oxidase. Currently, inhibition of topoisomerase 2 3
is considered to be the predominant mechanism [7]. At the
same time, the mechanisms of DNA damage in cells, espe-
cially those associated with the accumulation of reactive
oxygen species (ROS), remain the point of attention [8].

The interaction of drugs with transition metal ions (for
example, iron or copper) due to Fenton-like reactions can
lead to the formation of hydroxyl radicals in close proximity
to DNA phosphate backbone [9, 10]. The following ROS
presence in the cells and tissues will promote the DNA dam-
age caused by intercalation. Traditional methods for such
damage assessment (gel electrophoresis, PCR) are multi-
step processes that require high qualification of the staff,
complex and time-consuming preparation. In this context,
electrochemical DNA sensors based on electroactive poly-
mer materials for quantitative assessment of DNA damage
by drugs and transition metals ions can become a real al-
ternative which provides the express and low-cost detec-
tion [11].

Using of electropolymerized phenazine dyes as a part of
the modifying layer makes it possible to create reagentless
DNA sensors. The polymer layer in such sensors enlarges
the electrode surface area, increases the efficiency of bio-
component immobilization, and forms the stable redox sig-
nal. The response changes directly correlate with steric
(coating density) and electrostatic (complex charge distri-
bution) changes of the modifying coating [12].

Application of 2,3-diaminophenazine (DAP) (Figure S1)
as a monomer for electropolymerization can expand the
range of the phenazine dyes traditionally used in electro-
chemical (bio)sensors, such as Neutral red [13], Safra-
nine [14] or phenylenediamine and its derivatives [15].
Also, DAP structure can contribute to the formation of
denser and more branched polymer chains due to the pres-
ence of large number of amino groups. Moreover, enhanced
number of positively charged groups of the coating can help
to increase the sensor sensitivity towards specific DNA in-
teractions with low molecular weight objects (ROS and cy-
tostatic drugs).

There are some examples of DAP electropolymerization
on glassy carbon [16, 17], platinum [16, 18], different car-
bon substrates (fiber, cloth, paper) [19] in two- or three-
electrode stationary cell. However, in the context of a stable
trend for miniaturization and “green chemistry” concept
realization the transfer from large-scale disk to screen-
printed electrodes (SPCE) appears to be logical [20]. In ad-
dition, more than ten-fold reduce of reagents volume can be
used. Such type of changes can provide the increase of de-
termination sensitivity due to developed working surface
and facilitating of sorption processes. To date, there is no
information about the PDAP using in the sensors but there
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are some examples of DAP and PDAP application in various
types of batteries [19,21,22]. Also, DAP can find the appli-
cation in the chemosensors as a fluorescent label [23, 24]
for determination of various organic and inorganic species.
Nowadays, there is no references in literature data of DAP
utilization in the DNA sensors.

The polyelectrolyte complex formation between the
poly(2,3-diaminophenazine) (PDAP) and DNA can be con-
sidered as the model system which simulates the biological
target. High sensitivity of the redox response to even minor
distortions of the DNA structure allows simultaneous regis-
tration of two processes: biopolymer intercalation with an-
thracycline and accompanying damage of DNA with ROS. In
this context, the developed sensor allows to detect the in-
teraction fact and acts as a tool for studying the kinetics of
the DNA-drug complex formation, assessing the protective
effect of antioxidants, and identifying factors of concomi-
tant degradation of the biopolymer.

In this work we demonstrate for the first time the devel-
opment of the voltammetric DNA sensor based on SPCE mod-
ified with PDAP electropolymerized from acidic media and
DNA from calf thymus. The sensor allows to perform the
quantitative detection and discrimination between the DNA
damage caused by anthracyclines intercalation only or pro-
moted with ROS generated in presence of copper ions. The
possible protective effect of antioxidants has been confirmed
by mannitol introduction to the oxidative compositions.

2. Materials and methods

2.1. Reagents

DAP (2,3-diaminophenazine) was purchased from Merck
(Darmstadt, Germany). Hydrogen peroxide solution (30%),
acetic acid and sodium hydroxide were purchased from
CJSC Tatkhimproduct (Kazan, Russia). DNA from salmon
sperm (DNAss) (Cat.No 31149, 50-100 kDa/80-160 bp) was
obtained from Fluka (Steinheim, Germany). Double-
stranded DNA sodium salt from herring testes Type XIV
(DNAhs) (Cat.No D6898, 260-650 kDa/400-1000 bp), DNA
sodium salt from calf thymus, Type I, fibers (DNAct)
(Cat.No D1501, 8 MDa/12 kbp), doxorubicin hydrochloride,
daunorubicin hydrochloride, idarubicin hydrochloride, val-
rubicin, pirarubicin hydrochloride were acquired by Sigma-
Aldrich (Darmstadt, Germany). Copper sulphate pentahy-
drate, mitoxantrone hydrochloride were provided by Mack-
lin (Shanghai, PRC). Also, DNA from chicken erythrocytes
(DNAce) (Cat. No 04021, 1.2 MDa/1.8 kbp) (Reanal, Buda-
pest, Hungary), D(-)-mannitol (DC Fine Chemicals, Tarrasa,
Spain), epirubicin hydrochloride (Alfa Aesar, Shanghai,
PRC), boric acid (TH Red star, Vologda, Russia), orthophos-
phoric acid (85 %), perchloric acid, disodium sulphate un-
hydrous (Reakhim, Moscow, Russia) were used in the in-
vestigation.

All the reagents were of at least analytical grade. There
was no additional purification before the reagents using.
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Working solutions were prepared with Millipore® deionized
water (Burlington, MA, USA). The Britton-Robinson buffer
contained the mixture of 0.04 M orthophosphoric, acetic,
boric acids and 0.1 M Na.SO, (noted further as 0.04 M BRB).
10% solutions of NaOH or H3PO, were added for pH adjust-
ing from 2.0 to 8.0.

The stock solutions of anthracyclines and related com-
pounds (107 and 103 M) were prepared by the dissolution
of the exact mass of compound in the distilled water (val-
rubicin was dissolved in ethanol, for pirarubicin hydrochlo-
ride dimethylsulfoxide was used). The appropriate concen-
trations were obtained with the subsequent dilution by dis-
tilled water.

2.2. Apparatus

ARTICLE

2.3. 2,3-diaminophenazine electropolymerization
and DNA sensor assembling

Portable potentiostat-galvanostat Metrohm DropSens pStat
400 Bipotentiostat/Galvanostat with 8400 Software
(Metrohm DropSens, Llanera, Spain) was used for voltam-
metric measurements in direct current voltammetry mode.

The electrochemical impedance spectroscopy (EIS)
measurements were carried out with potentiostat-gal-
vanostat AUTOLAB PGSTAT 302N (Metrohm Autolab b.v.,
Utrecht, The Netherlands) with FRA2 module using NOVA
1.11.2 software. The EIS measurements were performed
within potential frequency range 100 kHz - 0.04 Hz and am-
plitude of the applied sine potential 5 mV. The impedance
parameters were obtained from Nyquist diagrams with the
Rs(R1C1)(R2C2) equivalent circuit (1), where Rs corresponds
to the working solution resistance, R: and C, are the charge
transfer resistance values and the capacity at the interface
“modifier-solution”, whereas R and C: are the similar pa-
rameters at the “modifier-electrode” interface.

R| R2
o
of\/WE (1)
R e -
C, C,

A SPCE used for the investigations consisted of three
electrodes united into the integral system (Figure S2). A
DEC 248 printer (DEK, London, UK) was utilized for SPCE
printing on Lomond PE DS Laser Film (thickness 125 pm,
Lomond Trading Ltd., Douglas, Isle of Man). Conductive
tracks were made of PSP-2 silver paste (Delta-Paste, Mos-
cow, Russia) and carbon/graphite paste C2030519P4
(Gwent group, Pontypool, UK). Dielectric paste D2140114D5
(Gwent group, Pontypool, UK) was printed to provide an in-
sulating layer. After the printing step the SPCEs were
treated at 80 °C to harden the tracks. The size of the three-
electrode system was 11 x 27 mm and the working electrode
area was equal to 3.8 mm?. All the potentials measured
were given versus the Ag pseudo-reference electrode. The
boxed connector (DropSens, S.L., Llanera, Spain) provided
the SPCEs contact with the potentiostat.

Statistical treatment of the results was performed using
OriginLab Origin 8.1 software.
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To perform the electropolymerization of DAP 80 ML of
0.75 mM DAP solution in 0.2 M HCIO4 were applied onto
SPCE to ensure the hydrolytic contact between working,
counter and reference electrodes. The polymeric layer of
dye was obtained by potentiodynamic mode. For this pur-
pose, 20-fold potential scanning between - 0.6...+1.15 V at
0.05 V/s scan rate was performed to get PDAP coating. After
its electrodeposition the PDAP layer was thoroughly rinsed
with distilled water and dried in the air at ambient temper-
ature. Then, the electrochemical stabilization of the PDAP
layer was carried out by ten-fold scanning of potential in
one drop (80 YL) of 0.04 M BRB, in the potential range of -
1.0...-0.4 V with a scan rate of 0.1 V/s.

To ensure the DNA immobilization, PDAP coating was
drop-casted with 2 pL aliquot of 1 mg/mL native DNA solu-
tion from different sources in H-O with the following drying
or incubation (5-20 minutes). The unbounded biomolecules
were removed within distilled water washing step. The ad-
ditional electrochemical stabilization was performed by 5-
fold potential scanning in the
- 0.95...+0.4 V at a scan rate 0.1 V/s in 0.04 M BRB.

To evaluate the DNA intercalation degree with various
anthracyclines the DNA sensor was incubated in 5 L of cy-
tostatic drug within fixed time period (20-60 minutes).

For the investigation of the following DNA damage the
anthracycline and copper sulphate were mixed in molar ra-
tio 1:2 and the final concentrations were equal to 10 pM and
20 UM, respectively. The DNA sensor surface was covered
with 5 PL of this oxidative mixture and treated for 20-60
minutes.

As an alternative oxidative composition, the 20 uM (1
mL) of copper sulphate solution with addition of 1.32 pL of
11.56 M H20.. The hydroxyl radicals’ appearance in the sys-
tem and their influence on the signal recorded were indi-
rectly confirmed by addition of mannitol (11 mM and 0.1 M)
to the oxidation mixture (10 pM of anthracycline and 20 pM
of Cu?").

range of

3. Results and Discussion

3.1. Electrochemical properties of 2, 3-diamino-
phenazine dye

DAP is a phenazine dye capable of reversible redox conver-
sion at the electrode surface. Contrary to another phenazine
dye Neutral red, the electrochemistry of DAP was not stud-
ied enough. Since the works presented in the literature [16-
18] are mostly devoted to the DAP electropolymerization
studies, the electrochemical parameters of DAP monomer at
SPCEs were also investigated in this work.

DOI: 10.15826/chimtech.10223


https://doi.org/10.15826/chimtech.10223

Chimica Techno Acta 2026, vol. 13(4), No. 10223

I, nA

0.6 4

-0.7

-0.8 4

pH

Figure 1 Cyclic voltammograms (A) recorded on SPCE at various
pH values; (B) formal potential dependence on pH; 0.75 mM DAP
solution in 0.04 M BRB, pH 2.0 - 9.0, -1.1...0.3 V, 0.1 V/s.

The influence of 0.04 M BRB pH value on 0.75 mM DAP
redox currents was estimated at 0.1 V/s scan rate (Fig-
ure 1A). The maximal response was obtained in the strongly
acidic media (pH 2.0.) with further decay after the transfer
to the solution with pH 3.0. The following increase of the
pH value led to the regular peak currents increase till the
pH 5.0-6.0 with the monotonous current decrease in the
neutral and weakly alkaline media. In addition, the peaks
on the voltammograms were better resolved and defined at
the pH range 5.0-6.0.

The dependence between the formal potential (Em) and
pH value was used to evaluate the proportion of hydrogen
ions and electrons participating in the electrode reaction.
This information can help to determine the possible mech-
anism of electrochemical reaction. The formal potential
was calculated as a half-sum of cathodic and anodic peak
potentials at the voltammogram. The Em-pH dependence
(Figure 1B) was linear in the range from 2.0 to 9.0 with the
slope of -66 mV/pH which demonstrated the involvement
of equal number of protons and electrons in redox reaction.

The investigation of the limiting step of DAP redox con-
version was estimated using loglp-logv dependence (Figure
S3). The voltammograms were obtained on SPCE in 0.75
mM DAP solution in 0.04 M BRB, pH 1.8, in the scan rate
range 0.005 - 0.25 V/s. As it can be seen from the Figure
S3, the redox processes were contributed with diffusion be-
cause the slopes were amounted to 0.70 for reduction and
0.85 for oxidation peak currents, respectively.
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3.2. Electropolymerization of 2, 3-diaminophena-
zine from HClO, and electrochemical characteriza-
tion of polymer

The formation of electroactive polymeric coatings requires
the thorough selection of electropolymerization conditions.
The characteristics of the layers obtained directly depend
on potential range and nature of the background electrolyte
chosen. Due to the weakly alkaline properties of aromatic
amines and phenazine derivatives, the optimal media for
electropolymerization is the acidic one (HClO4, H2SO4). The
acidic media ensures the monomer protonation, improves
its solubilization and stabilizes the cation-radical, which in-
itiates the electropolymerization process.

In the investigation presented, the DAP electropolymer-
ization process was carried out at the SPCE surface in the
potentiodynamic mode. The significant changes of shape of
the electrodeposition voltammograms were not observed,
similar to those obtained at the glassy carbon and Pt elec-
trodes previously described in literature [16] (Figure 2).

At the first scan there was a pronounced irreversible ox-
idation peak at the +0.8 V related to the generation of cat-
ion-radicals which are necessary for electropolymerization
initiation. The absence of the appropriate cathodic peak
was provided by the high speed of the following dimeriza-
tion or radical’s interaction with the growing polymeric
chain.

A pair of peaks (Ia/Ic) appeared at higher cathodic po-
tentials (-0.355 V and -0.44 V at the 1% cycle) and was at-
tributed to the phenazine core redox transformation. With
growth of cycles number, the oxidation peak currents Ia and
the reduction pre-peak currents Ilc (-0.335 V at the 1% cy-
cle) noticeably increased and the last one became more ev-
ident indicating the accumulation of PDAP on the electrode
surface.

< 201

-

—

¥ L]
03 00 03 06 09 12
E,V

Figure 2 Cyclic voltammograms of 0.75 mM DAP solution electro-
polymerization on SPCE, 0.2 M HCIO4, -0.6...1.15 V, 0.05 V/s, 20
cycles (1% cycle is shown in red).
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The PDAP coating obtained in potentiodynamic mode
has shown sufficient stability. For the stabilization the 10-
fold scanning in the working buffer was performed (Figure
S4). The anodic currents decreased from the first to the sec-
ond scan for 13 % that was comparable to the response
changes observed from the second to the tenth scan (12 %).
The cathodic currents were more stable within the stabili-
zation process. The cathodic peak currents decrease was
equal to 14 % after the ten scans of stabilization. The re-
producibility of the SPCE/PDAP response (5.0 % for anodic
currents and 5.3 % for cathodic ones) was evaluated for six
sensors produced from the same set of reagents.

In the early works regarding DAP electropolymeriza-
tion, the proposed mechanism concerned the formation of
linear polymer chains, where amino groups formed the het-
erocyclic structures [16] via the interactions of dication-
radicals of DAP (Figure S5). Later, Thomas and colleagues
in [17] used FTIR, 'H-NMR spectra analysis and Austin
Model 1 (AM 1) or Density Functional Theory (DFT) calcu-
lations to study the properties of PDAP. The PDAP coatings
were obtained by electropolymerization in presence or ab-
sence of oxygen and light. The IR and 'H-NMR spectra in

ARTICLE

oxygen atmosphere under the light radiation confirmed the
formation of 1,2-coupled DAP dimer with a heat of for-
mation of 817.8 k] mol~". The heats of formation for the 2,5-
coupled and 2,6-coupled dimers were lower than for 1,2-
coupled one. As for the trimers, the 2,5-coupled trimer had
the lowest energy at the AM1 level and 1,2-coupled trimer
had the lowest energy at the DFT level of theory. As the en-
ergy values calculated were quite low, various positions
were possible for coupling between the monomeric units.
Finally, the authors made the conclusion that oxidative
polymerization of DAP mostly occurs via 1,2-coupling be-
tween phenazine units. Also, Losito et al. have used the
quartz crystal microbalance, X-ray photoelectron spectros-
copy and theoretical calculations on electron spin densities
to investigate the coupling mechanism of DAP in the poly-
mer chain [18]. The authors have proposed two chain elon-
gation models (Scheme 1). The first mechanism implies the
linking between the monomer units through the 1,2- cou-
pling and the second one - via 2,6-coupling with formation
of branched or ladder polymer structures. The spin density
calculations for DAP monoradical confirmed the preferen-
tial development of 1,2 coupling.

2,6-coupling (branched polymer)

oo,
OO,

~

2,6-coupling (ladder polymer)

H H
SHONSSeH
NZ N N7 N~

H H

\ /

Vil

Vi
SeoHoeoNE--Ngy II o8
N7 N N7 NH, NH,

VAN

H H

2,6-coupling

Radical coupling, followed by deprotonation

— .
Ny H, N~ H,

OO — O
N NH, N NH.
I — 11

— ‘
.
: NZ NH,
- I

Radical coupling, followed by deprotonation

l 1,2-coupling
L,
N7 fH,
N NH,
S 604
=N NH,

IV

deprotonatlon

CLICL,

fiN |
Q‘N NH,
v

1,2-coupling N; EN

S,
SEeY,
N7 NH o wl

=N Tl

Scheme 1 The possible schematic presentation of PDAP formation (is given with modifications from [18]).
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To date, despite thorough study of electrochemical and
spectroscopic properties of PDAP there is no definitely es-
tablished mechanism of its electropolymerization pre-
sented in literature. It is considered that the first stage is
the monomer oxidation via amino group with formation of
reactive intermediates, namely cation radicals.

144

-21 4

-1.2 -0.8 -0.4 0.0 0.4 0.8
EV

Figure 3 Cyclic voltammograms recorded at SPCE/PDAP at vari-
ous pH values, 0.04 M BRB, -1.3...0.7 V, 0.05 V/s.
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Figure 4 The relative changes in currents of SPCE/PDAP before
and after the DNAss immobilization for (A) incubation or drying,
(B) different DNAss concentration used in case of bioreceptor dry-
ing, 0.04 M BRB, pH 5.0.
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After the electropolymerization and stabilization in
BRB, pH 1.8, the investigation of electrochemical parame-
ters for SPCE/PDAP was performed. For electrochemical
mechanisms better understanding, the dependencies be-
tween the formal potential and pH value, as well as the cur-
rents and scan rate, should be investigated.

For the SPCE/PDAP the pH value and the scan rate in-
fluence on the currents recorded was also evaluated.
Within the pH range of BRB media studied (2.0-8.0) the re-
dox pair of phenazine core was well defined. The position
of phenazine core peaks pair in the 0.04 M BRB shifted to-
wards the cathodic area of the potential in the studied pH
value range. However, in strongly acidic media (pH 2.0-
3.0) there was a weakly defined second peaks pair at 0.3V
(Figure 3) attributed to the redox reactions of the NH-
bridges in the polymeric chain [19]. The deprotonation due
to the rise of the buffer basicity promotes the currents re-
ducing for the Ia/Ic pair and the disappearance of the sec-
ond pair.

To evaluate the number of the protons and electrons in-
volved into the redox reaction the dependence between the
formal potential Em on the pH value was plotted. The ap-
propriate dependence was linear in a wide range of pH
(2.0-7.0) (Figure S6) with the slope about 72 mV/pH. The
super-nernstian slope can be attributed to the contribution
of protonated dye forms and its following interaction with
two protons and two electrons, as it was previously shown
for Neutral red [25, 26] or Nile blue [27].

To study the influence of potential scan rate, voltammo-
grams were recorded on the modified electrodes at scan
rates of 5-500 mV s’ It was shown that both anodic and
cathodic currents grew with the scan rate rising (Figure S7).
The bilogarithmic dependences logl-logv were plotted for
the anodic and cathodic currents of the SPCE/PDAP to eval-
uate the limiting step of the electrode reaction. The slopes
obtained were equal to 1.0 and 0.85 for anodic and cathodic
peak currents, respectively. This indicates that the limiting
step of the electrode reaction was predominantly controlled
by sorption.

3.3. DNA sensor assembly

The protonation of nitrogen atoms in phenazine rings and
amino groups of dye in acidic media suggested the efficient
DNA immobilization on the sensor surface due to the elec-
trostatic interactions. To perform the optimization of the
experimental conditions low-molecular DNAss was chosen
as a model bioreceptor.

Before the DNA immobilization PDAP coating was stabi-
lized with 5-fold scanning in the cyclic voltammetry mode
in the BRB. The pH value of the BRB coincided with the
value chosen for the further measurements with DNA sen-
sor.

The SPCE/PDAP was applied with 2 pL of DNAss solution
and the aliquot was either kept during the fixed time under
the Eppendorf plastic tube or dried in the air (Figure 4A).
The bioreceptor immobilization did not lead to the changes
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in the voltammograms morphology, however, resulted in
the decay of peak currents because of the densification of
the modifying layer. The drying of the bioreceptor has
boosted the greater changes of the coating after the expo-
sition in DNAss solution, thereby this approach was chosen
for further experiments.

The assessment of DNA concentration influence has
shown that utilization of 1-2 mg/mL DNAss solutions de-
creased the anodic and cathodic currents of PDAP for 25 %
and 15 %, respectively (Figure 4B). The further increase in
biocomponent concentration led to the formation of too
dense and unstable coating prone to self-destruction. The
plateau observed for the anodic currents in the DNAss con-
centration range from 1 to 2 mg/mL could indicate the sat-
uration of available binding sites of polymeric layer. The
following investigations were made with the DNAss con-
centration of 1 mg/mL.

Also, the media acidity influence on DNA sensor re-
sponse was evaluated. Despite the maximal current
changes (AI) were observed at pH 3.0, the relative currents
changes were similar in the pH range from 3.0 to 5.0 (Fig-
ure S8).

As the molecular weight, duplex structure and guanine-
cytosine sites percent directly affect the intercalation effi-
ciency and/or chemical oxidation of DNA, it was interesting
to study the biopolymers from various sources (DNAss,
DNAhs, DNAct, DNAce). However, despite the significant
differences of average chain length and molecular weights
of DNA samples chosen, the ratio of responses before and
after the biocomponents implementation was almost the
same (Figure 5).

The sensors developed were kept in fridge and in the
dark place at the ambient temperature to evaluate their life
span. When sensors were stored at 4 °C in dry conditions,
their characteristics were remained the same for 20 days.
In case of storing at ambient temperature (25 °C) in the
dark conditions, DNA sensors could be used within 1 week.
The signal shift did not exceed 5-7 %.

3.4. DNA damage induced by anthracyclines and
copper ions

To evaluate the DNA damage caused by anthracyclines, the
sensor SPCE/PDAP/DNA was incubated in 10 UL of various
damaging agents, such as doxorubicin, its mixture with
Cu?* in molar ratio 1:2, and mixture of H»O0. with Cu?**
(used as a model oxidant). After the exposition, the elec-
trode was rinsed with distilled water and covered with the
BRB drop (80 L) for cyclic voltammogram recording. The
treatment during the 20 minutes didn’t lead to the signifi-
cant changes in SPCE/PDAP/DNAct response (Figure 6).
The increasing of treatment period has shown 20 minutes
incubation was enough for the DNA-drug complex for-
mation but the longer-term incubation improved the repro-
ducibility. The addition of Cu®** to the damaging mixture led
to the regular reducing of signal, the same as for conven-
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tional oxidation agent H.0.+Cu?*. At the same time, incu-
bation of the sensor in copper or doxorubicin ions alone so-
lutions (green and red bars in Figure S9) did not lead to
such changes. Despite the fact that copper ions can electro-
statically interact with the sugar-phosphate backbone and
form complexes with heteroatoms of nucleic bases, the
morphology of the recorded voltammograms did not
change after incubation in copper sulphate solution. In this
case there was no significant effect on the sensor response
indicating the absence of specific interactions between cop-
per ions and DNA and biopolymer damage. After incubation
in doxorubicin solution, an asymmetric change in the sen-
sor response (decrease in the anode peak current and in-
crease in the cathode current) was observed which could
be due to both conformational changes in intercalated DNA
and partial compensation of the external charge of the
modifying coating by the protonated amino group of the
daunosamine fragment in the drug. Oxidative DNA damage
induced by H-0: led to the appearance of single- and dou-
ble-stranded abruptions in the biopolymer chain and thus
increased the number of phosphate groups available for
electrostatic interactions. Densification of the modifying
layer of the sensor led to a decrease in the PDAP peaks cur-
rents. However, DNA damage by ROS in the presence of
copper ions (H20.+Cu®*) promoted stronger signal change
than incubation in H.0O- solution alone (black and orange
bars in Figure S9) due to the catalytic effect of copper ions
in Fenton-like reactions. Similar sensor response after in-
cubation in H.0:+Cu?*' and doxorubicin+Cu?* (black and
blue bars in Figure 6 and Figure S9) allowed to suggest the
addition of copper ions to the doxorubicin solution sup-
ported ROS formation in the system. Therefore, the inter-
calation along with the oxidative destruction of DNA duplex
took place.
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Figure 5 The relative changes of peak currents for SPCE/PDAP be-
fore and after the 1 mg/mL DNA solution drying for DNA from var-
ious sources at pH 3.0.
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Figure 6 The relative changes of (A) anodic and (B) cathodic peak
currents of SPCE/PDAP/DNAct prior to and after the treatment in
H202 + Cu** (black), 1 uM doxorubicin (red) and 1 uM doxorubicin
+2 uM Cu**, pH 3.0.

As the sensor based on the DNAss was insensitive to the
oxidative DNA damage (Figure S10) the concentrations of
doxorubicin and Cu** were ten times increased till 10 and
20 uM, respectively. It allowed to facilitate the discrimina-
tion of simple intercalation and that one complicated with
oxidative damage. The variation of BRB pH value had no
significant influence on sensor response and voltammo-
gram morphology (Figure S11).

However, in case of DNAhs in strongly acidic media (pH
3.0) the difference between the responses for the sensors
incubated in anthracyclines in presence or absence of Cu*
has not exceed the 1 % (Figure S12). After changing the pH
values to the physiological ones (pH 5.0-5.5) the influence
of average DNA molecular weight on sensors responses was
more evident (Figure 7).

The incubation of sensor in the individual drug solution
led to the significant peak currents decay for low molecular
DNAss. For high-molecular DNAce and DNAhs the interca-
lation reduced the anodic currents of the sensor only in
range of 5-7%. For high-molecular DNAct the signal decay
was about 15%. The last type of DNA has shown the maxi-
mal differences in response between the native DNA and
biopolymer treated with intercalator as well as between
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DNA interacted with anthracycline and its mixture with
copper ions. For this reason, DNAct was chosen for the fur-
ther investigation.

Also, the changes in impedimetric parameters were
evaluated using electrochemical impedance spectroscopy
in presence of 0.01 M [Fe(CN)s]3”/4 as a redox probe. (Table
S1). For impedimetric measurements the equilibrium po-
tential calculated as a half-sum of the anodic and cathodic
peak potentials of redox probe was applied. The typical
Nyquist diagrams obtained during the DNA sensor assem-
bly are presented in the Figure 8. PDAP deposition led to
significant increase in charge transfer resistance due to
formation of electroactive coating and hindering the modi-
fying layer permeability for the low-molecular redox probe.
The biopolymer implementation resulted in threefold de-
crease of charge transfer resistance. Such type of changes
after DNA immobilization was previously shown for SPCE
covered with poly(Brilliant cresyl blue) electrodeposited
from phosphate buffer [11] poly(proflavine) from the deep
eutectic solvents [28]. Probably, it was related to the en-
veloping of negatively charged DNA with positively charged
polymer microparticles and enhancing the layer permeabil-
ity for ferrocyanide ions.

2 A
Q04 - - = - = m - m - - - e - - - - - -

DNAss DNAhs DNAce DNAct

Type of DNA

DNAss DNAhs DNAce DNAct

Type of DNA
Figure 7 The relative changes of (A) anodic and (B) cathodic peak
currents of SPCE/PDAP/DNA after the incubation in 10 pM doxoru-

bicin in absence (orange) and in presence (pink) of Cu** depending
on DNA source, 0.04 M BRB, pH 5.0.
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Figure 9 The relative changes of anodic peak currents of
SPCE/PDAP/DNACct after the incubation in (10 pM doxorubicin + 20
uM Cu**) in presence of 0.01 M and 0.1 M mannitol, 0.04 M BRB,
PH 3.0.

In our recent works, the high-molecular DNA was was
shown to be more sensitive towards the oxidative damage
with H»0> + Cu®" mixture, whereas the low-molecular DNA
was sensitive to doxorubicin intercalation. In this case the
same tendency was observed and the results obtained have
shown the predominant influence of structure and average
molecular mass rather than the ROS source.

The implementation of mannitol that was used as radi-
cals’ scavenger into the oxidative mixture content (doxoru-
bicin + Cu®*) decreased the DNA damage degree. The cur-
rent changes after the incubation in presence of 0.1 M man-
nitol matched with the response of intercalated DNA (Fig-
ure 9). The appropriate tendency is shown for DNAct sam-
ple as an example. This can be considered as a proof of hy-
droxyl radicals and other ROS sources impact on the re-
sponse after the exposition in the doxorubicin + Cu** mix-
ture.

The incubation of SPCE/PDAP/DNAct sensor in 10 UM
doxorubicin or doxorubicin mixture with copper ions
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(10 uM + 20 pM) led to the appropriate changes in imped-
ance parameters (Table S1 and Figure S13). Doxorubicin in-
tercalation into the DNAct resulted in threefold decay of
charge transfer resistance, whereas in presence of copper
ions the following changes were two-times weaker.

To provide the normalization of data obtained and to
evaluate the intercalation degree with various anthracy-
clines, the calculation coefficient Kint (2) was proposed:

Kint=(Iint-Ipna)/IDNA. (2)

Here, Kint — intercalation coefficient, Iint - sensor re-
sponse after the incubation in the drug solution, Ipna - DNA
sensor response before the damage by anthracycline.

The process of formation of intercalation complexes
DNA-anthracycline mostly depends on drug structure [29].
For example, the daunosamine moiety interacts with minor
groove of DNA due to electrostatic interactions while the
planar aromatic moiety is embedded between the nucleo-
base pairs. The complex stability is provided by hydropho-
bic and n-m stacking interactions.

Doxorubicin and daunorubicin are traditional repre-
sentatives of anthracycline drugs. Their structures differ
only by the presence of hydroxyl or methyl groups at Ci4
atom, however, the appearance of additional hydrogen
bond leads to the stronger binding affinity between the
doxorubicin and DNA. It was confirmed by the comparing
of association constant obtained from literature and the
calculated values of Kint. There were synthesized a lot of
analogues with the modification of tetracycline moiety,
side chain and aminosugar fragment since the inception of
doxorubicin and daunorubicin.

Epirubicin is an epimer of doxorubicin and has the sim-
ilar interaction mechanism with DNA. It should be men-
tioned, that the changes in hydroxyl group orientation hin-
ders the interaction by DNA groove and leads to binding
constant and intercalation coefficient decay.

Idarubicin is 4-demethoxydaunorubicin. The absence of
methoxy group increases the molecule lipophility with fur-
ther additional accumulation of drug near the sensor sur-
face and Kint increasing.

Despite the high biological activity of pirarubicin, its in-
tercalation coefficient was lower than for doxorubicin. This
deviation was owing to presence of bulky 4'-O-tetrahydro-
pyranylic substituent which provides the steric hindrance
and retarded the DNA intercalation. The trifluoroacetic
group of valrubicin prevents the electrostatic interaction of
drug with phosphate backbone of DNA. The presence of
flexible valerate fragment also reduces the intercalation
degree.

Contrary to anthracyclines, mitoxantrone has no sugar
moiety. The presence of two aminoalkyl chains and planar
anthraquinone moiety provide the high value of association
constant for this intercalator [30].

Since it is assumed the copper ions presence results in
additional oxidative DNA damage due to single and double-
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stranded ruptures and facilitates the DNA intercalation
with drug, the degree of concomitant secondary damage
Ksp for sensors was evaluated as follows:

Ksp=((1-Kint) *Ipna)-Idamage/ IDNA, 3)

where Ksp - secondary DNA damage coefficient, Ipna- sen-
sor response before the damage, Idamage - S€Nsor response
after the incubation in mixture of drug and copper salt so-
lution, Kint - intercalation coefficient, see (2).

The possibility of the compounds studied to generate
ROS was attributed to the redox properties of quinoid
structures. These compounds can be reduced with follow-
ing semiquinone radicals’ formation which reduce the mo-
lecular oxygen till superoxide anion radical. The presence
of transition metal ions, especially the iron and copper, can
catalyse the ROS formation. As the oncopatients often have
the increased level of copper ions in blood plasma [31] and
metastatic cancer cells [32] the development of the express
and simple instrument for DNA damage evaluation in pres-
ence of ions metals is of great interest, in particular for
probable cardiotoxicity evaluation and cuproptosis [33,
34].

It could be suggested that the DNA damage in presence
of copper ions is very complex and depends on redox activ-
ity of quinoid structures, intercalation ability and drug
complexation with metal ions. So, combination of high as-
sociation constant for DNA and doxorubicin, the existence
of Ci4 hydroxyl group and stability of copper complex re-
sults in high efficiency of DNA damage. The closest Ksp
value comparing to doxorubicin was observed for epirubi-
cin (Figure 10). Despite the less cardiotoxicity of epirubicin
which was related to its metabolism particularities, the
changes in 4'-hydroxyl group orientation affect the quan-
tity of water molecules coordinated in anthracycline-DNA-
metal ion system that can be a reason of less efficiency of
ROS generation in the system [35].

There were several investigations presented in litera-
ture in 2018-2020 devoted to the DNA damage by anti-
cancer drugs in combination with metal ions including dox-
orubicin, idarubicin, aclarubicin and procarbazin [36-39].
It was hypothesized that the mechanism of copper-induced
DNA damage was similar for all anthracyclines, however,
the oxidative DNA destruction was observed at lower con-
centrations of drug that is consistent with Ksp calculated.
Contrary to anthracycline antibiotics the mitoxantrone
toxic influence is not related with ROS formation and is due
to the topoisomerase inhibition and mitochondrial disrup-
tion [40, 41] that was confirmed with the Ksp value calcu-
lated close to zero.

The Table 1 summarizes the calculated values for Kint
and Ksa for the range of anticancer drugs investigated.

The Table S2 presents the summary of the approaches
presented in the literature for the evaluation of DNA dam-
age with various drugs and related compounds such as
metal ions and ROS.
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The development and manufacture of pharmaceuticals
require simple, rapid and inexpensive methods of record-
ing of DNA interactions with drugs for their functional-
structural mechanism prediction. Monitoring of DNA oxi-
dative damage is a significant concern since the most of
drugs, for example, L-DOPA or anthracycline antibiotics,
can induce oxidative stress, which is enhanced in the pres-
ence of transition metal ions [42]. For such interactions re-
cording, methods such as gel electrophoresis and/or comet
analysis are traditionally used allowing to consider cellular
and plasmid DNA breaks. However, cyclic and differential
pulse voltammetry methods using electrochemical biosen-
sors based on glassy carbon, carbon-paste or graphite elec-
trodes seem to be more sensitive and express alternative.
These analytical systems conventionally record qualitative
or semi-quantitative changes, for example, the coating
peak currents decrease, the ratio of topological forms
change, the appearance of oxidative stress marker 8-ox-
oguanine signal (Table 2).

The DNA sensor developed, similarly to the most ana-
logues, is not designed for quantification of the breaks
number or damaged nucleotides in the biopolymers chain.
In this case, the fact of secondary damage in the presence
of metal ions is recorded, as well as a prompt assessment
of the overall destruction degree, which makes it possible
to use such systems as a screening tool for the assessment
of new antitumor drugs genotoxicity.
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Figure 10 The Kj, values for doxorubicin, daunorubicin, idarubi-
cin, epirubicin, pirarubicin, valrubicin and mitoxantrone with
DNA and Ksp values for the drug-DNA system in presence of cop-
per ions

Table 1 Comparison of K, and Kgp values calculated for doxorubi-
cin, daunorubicin, idarubicin, epirubicin, pirarubicin, valrubicin
and mitoxantrone interaction with DNA and copper ions

Drug Kint Ksp

Idarubicin 0.23+£0.02 0.06+0.02
Doxorubicin 0.15£0.02 0.19+0.04
Epirubicin 0.14+0.02 0.154£0.01
Daunorubicin 0.13+0.01 0.09+0.01
Valrubicin 0.09+0.01 0.03+0.02
Pirarubicin 0.11£0.01 0.05%0.02
Mitoxantrone 0.16£0.02 0.02+0.02
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Table 2: The summary of the approaches presented in the literature for the evaluation of DNA damage with various drugs and related
compounds.

Sensor or test system Analyte/damaging Method System features Ref
agent
PGE/(PDDA- sulfites + transition EIS, CV Changes of potential and charge [43]
MWCNTs/DNA) metal ions (Fe3*, Co**, transfer resistance due to DNA
Cu?*, Mn?") destruction by sulfoxide radicals
PGE/MWCNT- menadione DPV, EIS Guanine and adenine oxidation [44]
PDDA/dsDNA peaks decrease, monitoring of
radicals’ formation kinetics
CPE/ZIF-8/BMIMS/DNA Mitoxantrone DPV, molecular docking Guanine oxidation current de- [45]
crease with potential shift
GCE/RGO-Nafion/dsDNA Clenbuterol CV, DPV, EIS, UV-vis Nucleic bases oxidation currents [46]
spectrophotometry increase due to DNA helix un-
winding
GCE/AuNP/MWCNT- Reactive oxygen spe- DPV, CV, EIS Guanine, adenine, cytosine oxi- [47]
Nafion/DNA cies, plant extracts dation peaks increase, assess-
ment of protective effect of anti-
oxidants in extracts
PGE/MWCNT-CHIT/DNA Dopamine in presence DPV, EIS Decrease of charge transfer re- [48]
of Cu®*, Fe3*, glutathi- sistance in case of DNA damage
one, ascorbic acid by catecholamines autoxidation
products, assessment of protec-
tive effect of antioxidants
GCE/poly(dA)/DNA Lomustine and its me- DPV, CV, comet assay Change of peaks currents of poly- [49]
GCE/poly(dG)/DNA tabolites mer coatings, 8-oxoguanine peak
appearance, damage markers in-
crease
a thick layer of DNA onto Doxorubicin DPV, CV Change of peak currents of drug [50,
GCE, a thin layer of DNA and nucleic bases, 8-oxoguanine 51]
onto GCE and adriamycin peak appearance
adsorbed onto GCE
Au electrode with thio- Bleomycin+Fe** SWV, CV, chronocoulom- Complex drug+Fe2+ induces [52]
lated pin labelled with etry DNA-pin abruption, release of la-
ferrocene belled fragment leads to current
decrease
piezoelectric quartz crys- Quercetin in presence PQCI, PSA Changes of density-viscosity of [531]
tal sensor, graphite en- of Cu?* solution after DNA damage, free
capsulated in epoxy purines peaks change
resin/DNA
DNA on PEI-coated SiO2 Quercetin in presence QCM-D, gel electropho- Change of resonator frequency [54]
crystals of Cu?* resis shift and damping factor due to
layer mass decrease within DNA
damage
Plasmid circle DNA Pirarubicin, idarubicin, gel electrophoresis, DPV Topological transfer of plasmid 9,
pBR322 in buffer doxorubicin, aclarubi- for phosphodiester binding 36-
cin in presence of Cu** breaks, 8-oxoguanine signal ap- 38]
pearance
PGE/DNA Bendamustine with or DPV Guanidine signal change [55]
without quercetin
Treatment of supercoiled L-DOPA, dopamine in molecular docking, gel Appearance of chain creaks in [56]
plasmid pcDNA3.1 (+/-) presence of Cu** electrophoresis, comet cellular and plasmid DNA
and lymphocytes assay
CT-DNA and plazmid DNA  Chlorzoxazone spectroscopic, calorimet-  Solution viscosity increase, the [57]
pET21 in TRIS-HCI buffer ric, DNA melting, gel decreasing of circular dichroism
electrophoresis, molecu- ellipticity, fluorescence quench-
lar simulation studies ing, hyperchromic and blue shifts
confirming intercalation
DNA from salmon sperm Cu(II) complex with tri- EIS, CV, UV-vis spectro- Charge transfer resistance and [58]
in homogeneous aqueous azolopyrimidine ligands photometry, fluores- cathodic currents decrease with
solution cence, NMR-based ap- DNA concentration increase with
proaches appropriate potential shift
GCE/MWCNT and MNNG, CPT-11 LV, alkaline comet and Dose-dependent increase of elec- [59]
human hepatocellular car- phosphorylated histone trochemical response for purine
cinoma cells H2AX focus assay bases after incubation in damag-
ing agent solution
DNA extracted in phos- anthranilic acid,cispla- CV, UV-vis spectroscopy The decrease in oxidation peak [60]

phate buffer

tin

current of drug at DNA addition
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The following abbreviations were used for Table 2:
AuNP - Au nanoparticles, BMIMS - 1-butyl-3-methylimid-
azolium methanesulfonate, CHIT - chitosan, CPE - carbon
paste electrode, CPT-11 - Irinotecan, CT-DNA - calf-thy-
mus DNA, CV - cyclic voltammetry, DPV - differential
pulse voltammetry, EIS - electrochemical impedance
spectroscopy, GCE - glassy carbon electrode, MNNG - N-
methyl-N'-nitro-N-nitrosoguanidine, LV - linear voltam-
metry, MWCNT - multiwall carbon nanotubes, PDDA -
poly(diallydimethlammonium chloride), PGE - pencil
graphite electrode, PEI - poly(ethylenimine), poly(dA) -
polydeoxyadenylic acid, poly(dG) - polydeoxyguanylic
acid, PSA - potentiometric stripping analysis, PQCI - pie-
zoelectric quartz crystal impedance, RGO - reduced gra-
phene oxide, SWV - square wave voltammetry, QCM-D -
Quartz crystal microbalance with dissipation monitoring,
ZIF-8 - zeolitic imidazolate frameworks.

4. Limitations

The first limitation of the study is attributed to the lim-
ited range of drugs used for the interaction with DNA. All
the drugs with the exception of mitoxantrone were re-
lated to the anthracycline antibiotics. Mitoxantrone is an
antimetabolite but its chemical structure is very close to
the anthracyclines. The second limitation is related with
the restrictions of the mechanisms studied. Only the in-
tercalation and the intercalation coupled with ROS gener-
ation by metal ions was considered without the contribu-
tion of other endogenous and exogenous ROS sources
(NADH, UV treatment etc.). Another limitation is a
lifespan which is not long enough for the commercializa-
tion. Probably, the implementation of other modifiers
(carbon nanomaterials or metal nanoparticles) into the
sensor content can improve the operational characteris-
tics.

5. Conclusion

The thorough evaluation of electrochemical parameters
for DAP monomeric and electropolymerized forms was
carried out on SPCE three-electrode support in BRB work-
ing solution. The transition from DAP monomer to PDAP
polymer increased the contribution of adsorption to the
limiting step of the electrode reaction. Both forms of
phenazine dye demonstrated the redox mechanism with
equal number of protons and electrons involved. The
novel electropolymerized coating was applied for the
DNA sensor assembly. For the DNA immobilization the
DNA solution aliquot was drop-casted onto the
SPCE/PDAP with further drying at the air. Despite the
DNA was obtained from various sources and differed in
molecular weight, the relative changes in currents after
the DNA immobilization step were comparable. The DNA
sensor developed was used for the DNA damage investi-
gation induced by anthracyclines, their mixture with Cu**
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and model oxidative mixture consisting of hydrogen per-
oxide and Cu®*. There were two coefficients presented for
the evaluation of the intercalation contribution and con-
comitant secondary DNA damage by ROS. The DNA sen-
sors developed and the approaches proposed can be ap-
plied for the investigations of novel anticancer drugs and
better understanding of interaction mechanisms with
DNA for the already known ones.

Supplementary materials

This manuscript contains supplementary materials, which are availa-
ble on the corresponding online page. Figure S1: Chemical structure
of DAP; Figure S2: Schematic presentation of SPCE arrangement;
Figure S3: Bilogarithmic dependencies of DAP oxidation (black) and
reduction (red) currents on scan rate, 0.75 mM DAP in 0.04 M BRB,
PH 1.8, from 0.005 to 0.25 V/s; Figure S4: The oxidation and reduc-
tion peak currents recorded at SPCE/PDAP during the stabilization
process, BRB, pH 1.8, 0.1 M PB, -1.0...-0.4 V, 0.1 V/s; Figure S5: The
proposed mechanism of DAP electropolymerization (with adaptation
from [18]); Figure S6: The formal potential dependence Em on pH
value for SPCE/PDAP; Figure S7: Cyclic voltammograms recorded at
SPCE/PDAP at various scan rates, 0.04 M BRB, pH 1.8, -1.0...0.6 V;
Figure S8: (A) The changes in anodic and cathodic currents and (B)
the relative currents changes for SPCE/PDAP before and after 1
mg/mL DNAss immobilization and drying, 0.04 M BRB; Figure S9
The relative changes in anodic and cathodic peak currents for
SPCE/PDAP/DNA after the Cu?* (green), H202 (orange), Cu*"+ H202
(black), doxorubicin (red), doxorubicin + Cu?*(blue) treating, 0.04 M
BRB, pH 3.0; Figure S10: The relative changes in anodic peak currents
of (A) SPCE/PDAP/DNAss and (B) SPCE/PDAP/DNAct depending on
doxorubicin and Cu?* concentration in oxidative mixture, 0.04 M BRB,
PH 3.0; Figure S11: The cyclic voltammograms of SPCE/PDAP (black)
after the DNAct immobilization (blue), doxorubicin intercalation in
absence (orange) and in presence of Cu>* (pink) at different pH value
of 0.04 M BRB; Figure S12: The relative changes in (A) anodic and
(B) cathodic peak currents for SPCE/PDAP/DNA after the doxorubicin
intercalation in absence (orange) and in presence of Cu** (pink) de-
pending on DNA source in sensor content, 0.04 M BRB, pH 3.0; Figure
S13: The Nyquist diagrams recorded at 1) SPCE/PDAP, 2)
SPCE/PDAP/DNAct, 3) SPCE/PDAP/DNAct after 60 minutes incuba-
tion in 10 pM doxorubicin, 4) SPCE/PDAP/DNAct after 60 minutes in-
cubation in 10 pM doxorubicin +20 pM Cu2+, 0.04 M BRB, pH 5.0 in
presence of 0.01 M [Fe(CN)s]3/4; Table S1: EIS parameters for differ-
ent modifications of SPCE.
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