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Nucleobases are nitrogenous compounds that form nucleotides, the building blocks of DNA and RNA. Modification of DNA and RNA through various epigenetic
mechanisms can occur at different levels and plays a fundamental role in several biological processes; these modifications are significantly correlated with a variety of
diseases related to changes in gene function and expression alterations. Different types of epigenetic modifications of nucleobases such as methylation, oxidation, and
halogenation can occur, so interest in the rapid and simple techniques for detecting of these DNA and RNA nucleobase modifications has been growing in the recent
decades. Hence, the aim of the research is to provide a useful tool to detect diseases or cellular dysfunctions at an early stage. This work will deal with the use of
miniaturized electrochemical sensors for the detection of epigenetic modifications in nucleobases. For this purpose, the electrochemical response of graphite
screen- printed platforms in two geometric configurations - disc and microband - was explored for the quantitative and qualitative determination of brominated
nucleobases. A comprehensive analysis of the electrochemical behavior of the halogenated and non-halogenated nucleobases was carried out, focusing on the effect on
the geometry of the working electrode. At last, an identification of brominated nucleobases in synthetic mixed solutions was performed.

1. Introduction

Nucleobases, as the simplest entities of nucleic acids and nucleosides,
are biological compounds, which are the components of nucleotides,
which together form the basic building blocks of DNA. Among the
nucleobases, adenine (A), guanine (G), cytosine (C) and thymine (T) are
found in DNA, while adenine, guanine, cytosine and uracil (U) are
present in RNA. The nucleobases of DNA or RNA are subject to contin-
uous external attack or invasions by parasitic agents that can have
consequences in the production of chronic inflammation [1,2]. In this
regard, covalent modification of DNA through various epigenetic
mechanisms plays an important role in several biological processes in
the human body, triggering the deviation of normal physiological
functions and prone to, among others, aging-related diseases, neurode-
generative diseases and cancer, and increasing the risk of death. Simi-
larly, cellular RNA can also undergo these alterations, with a chemically
modified structure, thus affecting RNA metabolism. An example of this
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refers to the addition of the methyl group at CS position of C as one of the most
common modifications in CpG islands (area with a high frequency of
CpG dinucleotides), as well as the methylation of G at C7 position. The
hypermethylation or aberrant methylation of CpG islands are linked to
suppressor genes or transcriptional silencing [2] with consequences in
the occurrence of various human malignancies and cancer diseases [3,4]

The modification of DNA or RNA nucleobases is also related on what kind
of chemical agent is involved, i.e., nitric oxide (NOx), hypochlorous acid
(HC10), hypobromous acid (HBrO) or hydrogen peroxide (H,0,), and
their dosage concentration. In carcinogenesis, leukocyte-derived
peroxidases, myeloperoxidase (MPO) and eosinophil peroxidase (EPO),
utilize H,0, and halides (Cl- and Br-) present in plasma leading to the
formation of halogenated products by reacting nucleobases with the
generated oxidizing agents (HOCI1 and HOBr). These epigenetic modi-
fications cause DNA damage at the site of inflammation through chlo-
rination and bromination of bioactive species, such as 5-chlorocytosine
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and 5-bromocytosine, respectively [5].

Concerning bromination in particular, studies on the effect of C8-
bromination on G and A have been performed by determining the ab-
sorption and fluorescence spectra in oxygenated and UV -irradiated
aqueous solutions [6]. The incorporation of 8-bromoguanine (BrG)
instead of G into DNA may have consequences on the stabilization of the
Z-form of the polymeric pattern of the double-stranded DNA macro-
molecule, but may also trigger on the appearance of dysfunction disor-
ders or diseases [7]. Despite the fact that the excessive presence of BrG
results to be involved in inflammation events inducing a G — T mutation
but also G — C, G — A among others, covalent modification can be

repaired by the participation of glycosylates acting in the repair of BrG
mispairs [8]. In addition, and beyond G modification, bromination of U
and A at C8 position served as radiosensitizers in human cells to increase
the sensitivity to radiation damage caused by ultraviolet light and low
energy electrons [9]. As for the RNA nucleobase, bromination of U (BrU)
has been found to induce transition mutations by mispairing with G
during replication, and it is still uncertain whether the bulky bromine
atom in BrU dictates the stacking or self-association of DNA bases [10].

The rapid and easy detection of RNA nucleobases modifications has

attracted increasing interest in recent decades as a useful tool for an

early detection of diseases. The presence of nucleosides in urinary
samples has been studied by Struck et al. [1 1] using chromatographic
techniques (reversed-phase UPLC, hydrophilic interaction chromatog-
raphy) coupled with different conventional detectors such as UV or mass
spectrometry. A highly sensitive ELISA technique is a common immu-
noassay tool for the determination of epigenetic modification in nucle-
osides and this was evidenced by the determination of methylation in
cytidine, adenosine, uridine or guanosine [12]. Other epigenetic modi-
fication in C, 5-hydroxymethylcytosine, has been determined by
different techniques, such as single-molecule imaging methods, with
high sensitivity in early stage of cancer disease with few nanograms per
milliliter of plasma, which pursues the detection of single molecule
epigenetic technology [13,14]. In this regard, electrochemical tools
have great potential to fulfil this need in the field of point-of-care
methods using electrochemical devices capable of detecting methyl-
ation and hydroxymethylation in C [15-18]. However, to the best of the
authors knowledge, there are no fundamental studies on the electro-
analysis or electrochemical response of brominated nucleic bases and
their derivates, nor on the use of electrochemical techniques for the
sensing of brominated nucleosides on DNA. The electrochemistry of 5-
chlorocytosine (CIC), as halogenated nucleobase, was reported solely by
Sanjuan et al., and the electrochemical oxidation of 5-bromocytosine
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(BrC) was given only for comparative purposes [19].

In a point of thriving interest, this manuscript therefore aims to
explore the electrochemical response of brominated C, U, A and G and
their unmodified counterparts (Scheme 1) since their electrochemistry
remains almost unknown. Two different geometrical configurations
(disc and microband) of graphite screen-printed electrodes have been
explored in an attempt to study the electrochemical behaviour and
present electroanalytical figures of merit towards the sensing of
brominated nucleobases.

2. Materials and methods

Chemicals and reagents. Nucleobases (cytosine, C, uracil, U, adenine,
A, guanine, G, 5-bromouracyl, BrU, 8-bromoadenine, BrA, and 8-bromo-
guanina, BrG) were purchased from Sigma Aldrich with 99.9 % purity
and used without further purification. The synthesis of 5-bromocytosine
(BrC, <95 % plus purity) was performed by following the synthesis
process described in reference [19], and purity was evaluated by 'H
NMR spectroscopy.

Solutions of the different nucleobases were prepared in 0.1 M
phosphate buffer solution (PBS) at pH 7.0 (close to physiologic pH),
unless other pH is indicated. Saturated solutions of G and BrA were
prepared and then filtered through a 45 pm pore size nylon filter (Mil-
lipore MILLEX-HN) in order to remove excess insoluble base. The final
concentrations were determined by ultraviolet spectroscopy at 243 nm
and 260 nm, and molar absorptivities of 10,700 M™! cm™ and 15,200 M™!
cm’™! were taken for G and BrA, respectively [20]. All solutions were
prepared with deionised water of resistivity not <18.2 MQ cm.

Electrochemical experiments: Cyclic voltammetry (CV) and square
wave voltammetry (SWV) were used to explore the electrochemical
response of the distinct nucleobases on the screen-printed platforms. The
scan rate applied for CV was 20 mV/s and the SWV parameters
employed in all experiments were as follows: pulse amplitude, 50 mV;
potential step, 2 mV; frequency 4 Hz. All of the above SWV parameters
were the optimal values in terms of current intensity for the electro-
oxidation of the brominated nucleobases. Screen-printed graphite elec-
trodes (SPGEs) were fabricated at Manchester Metropolitan University,
with appropriate stencil designs using a microDEK 1760RS screen-
printing machine. Commercially available carbon-graphite ink (Gwent
Electronic Materials Ltd., UK) was screen-printed onto a flexible poly-
ester film; then, after curing step, Ag/AgCl paste was screen-printed to
define the reference electrode. Finally, a dielectric paste ink was printed
to cover the connections. Concerning the geometry of the working
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Scheme 1. Schematic representation of (a) DNA and RNA nucleobases, (b) brominated epigenetic modifications in RNA nucleobases, (c) disc-shaped and microband

screen-printed graphite electrodes.



electrode, two working electrode configurations were employed: disc-
shaped electrode with a diameter of 3.1 mm (dSPGE) and microband-
shaped electrode with dimensions of 0.1 X 10 mm (mbSPGE) [21].

Voltammetric measurements were performed using a Bio-Logic
potentiostat (VMP-300). CV and SWV measurements were referred to
the reference electrode. All electrodes were conditioned prior to use by
cyclic voltammetry, consisting of a sweep between 0 and +1.4 V of six
scans in a 0.1 M phosphate buffer solution at pH 7.0.

3. Results and discussions

3.1. Electrochemical behaviour of nuceleobases and brominated
nucleobases on dSPGE

The effect of the Br- covalent modification of nucleobases on the
electrochemical response at disc-shaped screen-printed graphite elec-
trodes (dSPGE, geometrical area 7.55 mm?) in 0.1 M PBS pH 7.0 is
described in Figure S1. In the same figure, the cyclic voltammetry pro-
files of the studied unmodified nucleobases, C, U, A, and, G are shown,
and their irreversible oxidation thorough their nitrogenous group was
evidenced at peak potentials of +1.20, +1.18, +0.98, and +0.58 V vs.
Ag/AgCl, respectively, which is in agreement with previous results re-
ported in the literature using carbon-based electrodes [22,23]. For all the
CV experiments, a slight general decrease of the current intensity signal
was observed for second scan being quite stable after at least 10
sucessive scans, this behaviour is ascribed to the adsorption of oxidation
products on the electrode surface, as described in the literature for the
carbon-based electrodes [24,25]. The peak potentials for the electro-
oxidation of brominated nucleic bases (BrC, BrU, and BrA) shifted to
more negative potentials (Figure S1 and 1), ca. 100 mV, related to the
sligh electron withdrawing of bromine group. Nevertheless, the excep-
tion to the above behaviour occurs for the electrochemical response of
BrG, where oxidation peak potentials of G and BrG appear close to each
other.

Fig. 1 depicts a more detailed electroanalysis of the brominated
nucleobases and their unmodified counterparts carried out by SWV
when a potential excursion was performed from 0 to +1.60 V vs. Ag/
AgCl. At 0.5 mM of the pyrimidine bases (C and U), the potential peak
associated with their electrooxidation showed a fully anodic wave in the
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potential range between +1.00 and +1.40 V vs. Ag/AgCl, exhibiting
peak potentials closer to +1.25 and +1.20 V vs. Ag/AgCl for C and U,
respectively. In contrast, purine bases, G and A, at 0.04 mM and 0.2 mM,
respectively, were oxidised at low positive potentials, where G is the
easiest to oxidise (+0.60 and +0.86 V vs. Ag/AgCl for G and A,
respectively). Generally, the fact that G is the most easily oxidized
nucleobase is well known, being the main target of oxidizing species [26, 27].

In parallel with the behaviour observed by cyclic voltammetry, the
SWYV profiles of the brominated nucleobases presented a well-defined
oxidation peak whose potential was shifted by about -100 mV for BrC
and BrA, and approximately 300 mV for the BrU compared to the po-
tential of the oxidative peak of their unmodified nucleobase (see
Table 1). It should be noted that for A-BrA and G-BrG pairs, lower
concentrations were shown for comparison purposes (0.2 mM of A and
BrA, and 0.05 mM of G, 0.1 mM of BrG), due to solubility limitations of
BrA and G in water. Overall, the lower oxidation potential of the
brominated bases could be explained by the additional resonance sta-
bilisation of the ring by the electron-withdrawing effect of the Br atom,
as observed by Sanjuan et al. [19]. The SWV of G and BrG exhibited a
main oxidation peak close to +0.60 V for both nucleobases (the lowest
potential peak was found for the lowest concentration of BrG -0.1 mM-,
Table 1), which was similar to previously reported in the literature [23,
28,29]. Notably, as observed in the cyclic voltammetry profiles
(Figure S1), there was an additional anodic peak at +1.35 V and +1.20 V
for G and BrG, respectively, which is presumably attributed to the
oxidation of by-products formed during the electrooxidation of G and
BrG at pH 7.0.

With respect to SWV current density, a rational comparison for the
four nucleobases was challenging due to solubility limitations, so
different bulk concentrations for brominated and non-brominated
nucleobases needed to be considered. Nonetheless, and subsequent to
background signal subtraction, comparison of the ratios of the current
densities at peak potentials of brominated nucleobase over unmodified
nucleobase (jg,/j) for the same concentration revealed values of 0.66,
0.83, and 0.65 for C-BrC, U-BrU and A-BrA pairs, respectively, which
denoted a different interaction of the brominated nucleobases with the
surface of the dSPGE. Furthermore, as far as an intercomparison of the
peak current densities of brominated nucleic bases at the same nominal
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Fig. 1. Square wave voltammetry of brominated RNA nucleobases and their unmodified counterparts, in 0.1 M PBS pH 7.0 using a disc-shaped SPGE (0.5 mM for C,
BrC, U and BrU, 0.04 mM for G, 0.09 mM for BrG, and 0.2 mM for A and BrA). SWV parameters: pulse amplitude, 50 mV; potential step, 2 mV; frequency 4 Hz.
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Table 1

Peak potentials and current densities (after background subtraction) obtained
for all brominated nucleobases and their unmodified counterparts using both
SPGE platforms in 0.1 M PBS at pH 7.0.

Nucleobase dSPGE mbSPGE Current
Peak Current Peak Current density
potential density potential density -rauo

P P JaspGE/
™ (HA/mm?) ~ (HA/mm?) .
JmbSPGE

C (0.5 mM) 1.25 £ 0.4+02 1.20 £ 25+0.1 0.16
0.02 0.02

BrC (0.5 mM) 1.10 £ 0.27 + 1.07 £ 1.98 + 0.14
0.05 0.07 0.01 0.08

U (0.5 mM) 1.2 £0.1 0.2 £0.1 1.17 £ 221 % 0.10

0.02 0.04

BrU (0.5 mM) 1.03 = 0.20 = 1.00 + 1.7 £ 02 0.12
0.02 0.09 0.02

A (0.2 mM) 0.86 = 0.63 = 0.87 + 1.3 £0.1 0.47
0.04 0.05 0.02

A (0.5 mM) 0.90 + 0.87 + 0.89 + 1.4 £0.1 0.61
0.03 0.06 0.01

BrA (0.2 mM) 0.80 = 041 + 0.86 + 0.83 + 0.49
0.02 0.08 0.01 0.05

G (0.04 mM) 0.60 + 0.18 + 0.56 + 0.40 + 0.45
0.03 0.05 0.02 0.02

BrG (0.09 0.54 + 0.22 + 0.50 + 0.37 + -

mM*;0.04 0.02* 0.04* 0.02** 0.08**
mM**)

BrG (0.5 mM) 0.60 = 0.66 + 0.59 + 1.9 £0.1 0.35

0.04 0.08 0.01

concentration was concerned, the peak current density obtained from the
SWYV response of BrG was approximately twice that of BrU and BrC after
background subtraction. However, the differences obtained in terms of
peak current densities when comparing both brominated pu- rines and
pyrimidines separately were less significant and may be mainly
associated with the interaction between the nucleobase and the
carbonaceous electrode.

3.2. Electrochemical behaviour as function of screen-printed electrode
geometry

Fig. 2 shows the SWV profiles of the four pairs of nucleobases (non-
halogenated and halogenated) under study obtained at the microband-
shaped graphite screen-printed electrode (mbSPGE, geometric area of 1
mm?) in 0.1 M PBS at pH 7.0. Concerning the shape and electrode peak
potential associated with the nucleic base oxidation, negligible differ-
ences were observed compared to the disc-shaped electrode (Fig. 2,
Table 1), as was expected due to the same nature of the ink used for the
preparation of the working electrode. The electrochemical system has

the same actuators - graphite-based carbon ink and nucleobase - in both
cases and, hence, the electrooxidation reaction was expected to occur in
a similar manner.

By contrast, the size and geometry of the working electrode are well-
known to have a major influence on the electrochemical behaviour in
terms of variability in background charge currents and signal-to-noise
ratio, or effect on the mass transport phenomena, which in turn leads
to variability in the sensitivity of the electroanalytical measurements
[30]. The length of the working electrode in this mbSPGE is on the
macroscopic scale (10 mm), but in contrast, the width is significantly
reduced down to microscale (0.1 mm), which presumably ensure the
convergent diffusion that means increased mass transport resulting in
greater current density compared with planar diffusion on dSPGE [21].
Accordingly, the effect of the working electrode geometry was studied

through the redox probe K4Fe(CN)s by CV over different scan rates
(Figure S2). For dSPGE, a linear trend was achieved for Randles-S ev cik

plot, j, vs. square root of scan rate [31], in the range 5-500 mV/s
obtaining a slope of 19.69 A mm2 V-2 52 (12 = 0.998) for anodic
peak and -19.27 HA mm? V-2 12 (r? = 0.998) for cathodic peak,
denoting a diffusion-controlled process. Nonetheless, the mbSPGE
response was slightly out of the linear Randles-S ev " cik equation at low
scan rates (5 and 10 mV/s). This trend reflects a steady-state behaviour
at low scan rates, while for above 10 mV/s the process reveals a control
by reversible electron transfer process with anodic slopes of 34.31 and
-36.36 JA mm™ V-2 52 for anodic (1 = 0.992) and cathodic (* =
0.999) peaks, respectively. This behaviour has been reported previously
for this shape electrode, and is associated to the diffusion layer thickness
over the microband electrode, which is larger than the smallest
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Fig. 2. Square wave voltammetry of brominated RNA nucleobases and their unmodified counterparts, in 0.1 M PBS pH 7.0 using a mbSPGE. SWYV parameters: pulse

amplitude, 50 mV; potential step, 2 mV; frequency 4 Hz.



electrode dimension at low scan rate, while the diffusion layer is reduced
at higher scan rates [21].
From our results, the use of mbSPGE depicted a higher electroana-
lytical sensitivity enhanced by an increased mass transport (Fig. 2),
overcoming the measured current density (low microampere range) on
the dSPGE. The comparison of the current density ratios after back-
ground subtraction (jaspge/jmbspce) at the peak potentials of the disc-
shaped SPGE and the microband-shaped SPGE at the same concentra-
tion for each nucleobase, as shown in Table 1, confirmed these trends.
The jaspce/jmbspe Values were found to be rather similar, between 0.10
and 0.16, for the pyrimidine bases (C and U); however, the ratios
increased significantly for purine nucleic bases (A and G). This fact
revealed that both the size and geometry of the working electrode do
have a strong impact on the electrochemical performance of these
screen-printed graphite electrodes, which is probably closely related to
diffusion phenomena of the electroactive species present in the medium.
On the basis of the above experimental results, the microband elec-
trode was selected to further investigate the electrochemical behaviour
of the nucleobases and their corresponding halogenated homologues. As
it was seen, the electrochemical performance with mbSPGE was optimal
in terms of sensitivity compared to dSPGE, the improvement being
directly related to the reduction of the geometrical area of the working
electrode that in turn showed a higher current density under the same
electroanalytical oxidation conditions.

3.3. Electroanalytical figures of merit

3.3.1. Effect of pH on the electrochemical response

The influence of buffer pH on the electrochemical responses of the
nucleobases was investigated in the pH range from 5.5 to 8.0 upon
mbSPGE at a fixed concentration (Fig. 3 and S3). Both the oxidation
peak potentials and peak current densities were affected by the elec-
trolyte pH, as general trend, when buffer pH increase, the oxidation peak
potential is shifted towards more negative potential, indicating that
protons were involved in the oxidation reaction mechanism (more
rapidly deprotonation at higher pH). Observation of the SWV profiles
obtained for A-BrA and G-BrG pairs reveals anodic humps at pH between
5.5and 6.5 beyond +1.10 V vs. Ag/AgCl, which were more pronounced

—
1)
~—

for the brominated nucleobases (Figure S3).

The SWV were then analysed through a plot of peak potential over
pH, as depicted in Fig. 3. First, for the unmodified nucleobases, a linear
pH dependence has been found between the peak potentials of nucleic
bases and the pH of the electrolyte with two well defined pH ranges
5.5-6.5 and 7.0-8.0. Accordingly, an inflexion point was observed be-
tween 6.5 and 7.0 for all the bases studied, being less pronounced for
purine bases, A and G, which response is quasi linear in the whole pH
range. This behaviour is probably related to the different acidity con-
stants (pKa) of the nucleobases and, therefore, to the presence of a va-
riety of tautomeric species present in each pH range [19,32]. The slopes
of peak potential against pH obtained from the SWV responses at un-
modified nucleic bases were found close to Nernstian behaviour (slope
close to -59.16 mV), suggesting that the number of protons and electrons
involved in the oxidation mechanism are equal. Regarding the bromi-
nated nucleobases, similar performance was observed for BrC and BrU
following a near Nernstian behaviour in both pH ranges. Notwith-
standing, brominated purines did not follow this trend, as changes in
electrolyte pH provokes an abrupt decrease in the peak potential for the
first pH range (5.5-6.5), followed by almost constant peak potential for
the second range (7.0-8.0).

Due to the proximity of the physiological conditions and the
simplicity of the electrochemical response, pH 7.0 was selected to carry
on the electrochemical analysis over the concentration range of un-
modified and brominated nucleobases.

3.3.2. Concentration range and calibration curves

To evaluate the analytical characteristics of the mbSPGE in the
electro-oxidative detection of the non-halogenated and halogenated
nucleobases, the calibration curves were constructed. Fig. 4 illustrates
the current density obtained by SWV with increasing concentration of
nucleic base. Overall, SWV responses of these molecules revealed a
slight shift toward positive electrode potentials with the increase of
concentration (below 50 mV) denoting irreversibility or partial
adsorption (Figure S4).

The resulting calibration curve plots exhibited a linear relationship
(r? 2 0.960) for all brominated nucleobases. The concentration range
was varied according to the solubility limit of the molecules studied,
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Fig. 3. Peak potential versus pH solution, obtained from the SWV response (parameters: pulse amplitude, 50 mV; potential step, 2 mV; frequency 4 Hz) after
background subtraction, for (a) C-BrC, (b) U-BrU, (c¢) A-BrA, and (d) G-BrG pairs. The dash lines in the figure are guide for the eye.
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ranging from 0.2 to 1.0 mM, for BrC and BrU, while for BrA and BrG was
from 0.02 to 0.17 mM, and from 0.02 to 0.04 mM, respectively. The
reproducibility between electrodes was explored with three mbSPGEs

(S/N = 3). The results indicated that this method enables the sensitive
identification of brominated RNA nucleobases with high reproducibility
(relative standard deviation, RSD, < 5 %). The linear fitted equations of

all brominated nucleobases are depicted in Eqgs. (1)-4. A limit of detec-
tion (LOD) (S/N = 3) 0of 0.110, 0.111, 0.009, 0.003 mM was estimated
for BrC, BrU, BrA, and BrG, respectively, applying the 3 Sd/m criteria,
where Sd represents the standard deviation of the background signal and
m is the slope of the calibration plot.

/
BrC : jpous pA ) = 2.061-Coe (mM) + 0.687; 1 = 0.990 )
)
BrU:j  pd mm? = 1.489-C (mM)+0.610;/ = 0.995 @
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Presumably, the linear response of G (Eq. (8)) was associated with
the narrow concentration studied (0.02-0.04 mM) in contrast to the
wider concentration range tested for the rest of the nucleic bases

(0.2-1.0 mM). It is worth noting that the main objective of this work was
not the optimization of the sensing process for the nucleobases, hence

lower concentration values were not tested in an attempt to exhaustively

study the linear range, but relatively high concentrations (at the mM
range) were used with the aim of analyzing the electrochemical per-

formance of the nucleobases investigated.

In this sense, the presence of the Br functional group in the nucleo-

bases influenced the oxidation process, as was clearly demonstrated by

face electrode prior to their oxidation, as suggested by the Langmuir
adsorption model already reported in previous study focusing on cyto- sine
and methyl-cytosine electrooxidation in oligonucleotide environ- ment
[29].

Conversely, different performance was observed for the unmodified
nucleobases. Fig. 4 reveals that an adsorption and/or fouling phenom-
enon of mbSGE occurred and consequently, a non-linear response was
found (with the exception of G). The results were fitted to the well-
known Langmuir binding isotherms (Figure S5) which assumes there is
an equilibrium between nucleobase and electrode surface, and is defined
as j=(max®b®Ci)/(1+(b e C;)); where C; is the concentration of the
nucleobase, jmax 1s the maximum peak current density, and b refers to
adsorption energy [33]. The fitting of the electro-oxidation values of C,
U and A to the Langmuir equation revealed b values of 3.87, 8.16, and
6.52 mM™!' for C, U and A, respectively (Egs. (5), 6, and 7), indicating
faster adsorption kinetics for U and A compared to the lower value ob-
tained for C. These results indicate that the nucleobases C, U and A in the
investigated concentration range were bound to the carbonaceous sur-



the opposite analytical response to their electrooxidation on the elec-
trode surface, hindering their adsorption on the electrode due to size,
steric and/or conformation impediments.

3.3.3. Identification of nucleobases in mixed synthetic solutions

According to Fig. 2, the electrochemical oxidation of C and U at
the mbSPGE occurred at around +1.21 and +1.15 V vs. Ag/AgCl,
respec- tively, making simultaneous identification of both
nucleobases in a mixture almost impractical due to the proximity of
the anodic peaks. By contrast, the electroanalytical response to the
/ ,) _ _14.94-C(mM) 2

mm

= +3.87-C(mmy T =09 ©)

Ct e HA

oxidation reaction of A and G was produced at +0.89 and +0.56 V vs.
Ag/AgCl, respectively, enabling their qualitative discrimination. In this
respect, the SWV response of a mixture of C, A and G in their
unbrominated form was depicted in Figure S6. Comparing the single
component response with the electrooxidation response of the
multicomponent mixture, a shift of the SWV peaks associated with the
nucleobases of about 50 mV toward a more positive potential was observed
for each component. The latter was even more noticeable for C and G and
possibly attributed to a matrix effect within the oxidation reaction.
These results pointed out the

feasibility of qualitative electroanalytical detection of the three un-
modified nucleobases, C, A, and G by their electrochemical oxidation
upon mbSPGE. Furthermore, when U was added to the mixture, the



oxidation peaks associated with C and U overlapped in the range of
+1.00 and +1.40 V vs. Ag/AgCl rendering the distinction between them
troublesome (see Figure S6) as expected based on their individual
response. Another point to be addressed was the evolution of the elec-
trochemical response when both the non- and brominated nucleobases
were present within the phosphate buffer solution, and whether it would
still be possible to distinguish between the brominated nucleobase and
its unmodified counterpart. In this regard, Fig. 5 shows the SWV
response of different mixtures of BrU-U and BrC-C at mbSPGE.
Different concentrations of the brominated molecule (from 0.5 to 1.5
mM) were studied by keeping the unmodified nucleic base constant at
2.5 mM. By comparing the SWV response of the mixture U and BrU, two well-
defined anodic peaks were distinguished at ca. +1.16 and +0.99 V vs.
Ag/AgCl, respectively, which allowed the identification of BrU in the
presence of U. However, despite the U concentration was remained
constant, its current density decreased upon increasing BrU concentra-
tion. Thus, the anodic peak attributed to U oxidation was strongly
affected in the SWYV profile by the presence of BrU, or even there was
overlapping of the two anodic electrochemical signals.

As expected, based on how it behaves as a single component, BrU
showed linear relationship between the peak current density and con-
centration following the equation: jyea (MA/mm?) = 0.337¢Cyp,y (mM) +
0.7993 (1> = 0.995). Nevertheless, the slope of the curve was reduced by
four times compared to the slope found for the single component (Eq.
(2)). Hence, this demonstrated the strong influence on the electro-
chemical response when both U and BrU coexist together. This fact
might be attributed to a possible competition of electroactive site during
the electrooxidation reaction undertaken.

In the case of the SWV response of the simultaneous presence of C
and BrC (Fig. 5b), the detection of both nucleobases turned less evident
due to the proximity of the oxidation potentials and foremost more
significant was the shape of the peaks (wider than for U and BrU,
Fig. 5a). This results in the overlap of the individual peaks observed in
the manner of a broad hump between +0.90 and +1.35 V vs. Ag/AgCl.
Nonetheless, taking advantage of this broad SWV response, it was
possible to identify the brominated modification of cytosine undergone
in the presence of C. With the aim to deeper analysis of the electro-
analytic behaviour of this pair, the deconvolution of the broad peak into
two contributions (Figure S7) allowed to obtain a relationship between
current peak and BrC concentration following the equation: jpeax (MA/
mm?)= 0.979Cg,c (mM) + 1.317 (r* = 0.999). The slope of the curve
was twice lower than that obtained for the single component (Eq. (1))
confirming the high effect on the BrC electrochemical oxidation under
the presence of its counterpart. Furthermore, it should be noted that the
pairs A-BrA and G-BrG have not been examined as mixed solutions, since its
individual oxidation potential (Fig. 2) allow to predict the high

overlapping of the nucleobase and halogenated-nucleobase oxidation
potential.

3.4. Simultaneous electrochemical behaviour of all three 5-halocytosines
at mbSPGE

Once the behaviour of brominated nucleobases was analyzed, we
turned out to study the effect of the halogen nature incorporated to the
cytosine with the aim of expanding the study toward other halogens. Our
previous work [19] showcased the qualitative detection of FC, CIC and
BrC at GCE in 0.1 M acetate buffer pH 5, displaying SWV responses
in the range of 1.27-1.31 V vs. Ag/AgCl. In this work, we went beyond
GCE by employing mbSPGE under optimal conditions (0.1 M PBS pH
7.0) across these three halogenated cytosines. Fig. 6 depicts the SWV
response of C and its halogenated nucleobases using the mbSPGE plat-
form. The oxidation peaks were observed at +1.20, +1.02, +1.07 and
+1.09 Vvs. Ag/AgCl for C, FC, CIC and BrC, respectively. As seen, all the
halocytosines showed well-defined peaks shifted towards lower poten-
tials (ca. 150 mV) compared to C response. The anodic peaks were
located close to each other with a slight trend toward more positive
potential following BrC > CIC > FC. This is in concordance with Sanjuan

—_—C
FC

—CIC

—PBrC

) Halogen electronegativity

j (RA/mm?)

2.0 pA/mm?

110 1:2
E (V vs. Ag/AgCl)

0.6 0.8 1.4 1.6

Fig. 6. Square wave voltammetry performed at mbSPGE for 0.6 mM of C, CIC,
BrC and FC in 0.1 M PBS at pH 7.0. SWV parameters: pulse amplitude, 50 mV;
potential step, 2 mV; frequency 4 Hz.

25mMU + 0.0 mM Bru
——25mMU + 0.5 mM Bru
—2.5mMU + 1.0 mM BrU
71 —25mMU + 1.5 mM BrU
——0.0mMU + 1.5 mM BrU

1 ——25mMC+0.0mMBrC
25mMC+05mMBrC
1 25mMC+1.0mMBrC
—25mMC +1.5mMBIC
41 ——00mMC+1.5mMBIrC

2.0 yAimm?

T T
1.00 1.25
E (V vs. Agragcl)

1.50

T

T T
1.00 1.25 1.50

E (V vs. Ag/agcl)

T
0.75

Fig. 5. Square wave voltammetry response of mixture of (a) U (2.5 mM), and BrU (from 0.5 to 1.5 mM) and (b) C (2.5 mM), and BrC (from 0.5 to 1.5 mM) in 0.1 M
PBS at pH 7.0 at mbSPGE. SWV parameters: pulse amplitude, 50 mV; potential step, 2 mV; frequency 4 Hz.
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et al. and was ascribed to the total free energy and solvation energy for
the halogenated nucleobases.

Different concentrations of halogenated cytosines were tested in the
range between 0.2 and 1.0 mM showing a linear response of peak cur-
rent vs. concentration with r> = 0.993, 0.983, 0.990 and LOD of 0.139,
0.142,0.110 mM for FC, CIC, and BrC, respectively. These results open
up wide possibilities of electrochemical detection and quantification of
different halogenations of C using screen-printed graphite electrodes at
conditions that are close to physiological environment.

4. Conclusions

In this work, the electrochemical behaviour of different halogenated
nucleobases on graphite screen-printed electrodes has been explored
with the aim of demonstrating the qualitative detection of different
epigenetic modifications on the nucleobases, namely bromination of G,
A, U, and C. The results show the appearance of well-defined peaks
related to the electrooxidation of the brominated nucleobases at physi-
ological pH. The different electrochemical response, in terms of peak
potential, peak shape and current density, could be attributed to changes
in the electronic density within the nucleobase due to the effect of the Br
atom, which has a significant influence on the interaction between the
molecule and the carbon-based electrode surface. The results showed
the higher current density obtained with the microband geometry as
opposed to the planar disc- one working electrode, which is associated
with the enhanced mass transport. Finally, a synthetic mixture of un-
modified nucleobases, as well as a mixture of halogenated nucleobase
and its counterpart, was analysed, revealing the possibility of detecting
the bromination of some nucleobases, paving the way for research on the
development of carbon-based point-of-care electrochemical sensors for
epigenetic modification of RNA, directly related to the early diagnosis of
several diseases.
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