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KEYWORDS Abstract An electroanalytical method is developed for guanine detection based on its electrochem-
DNA: ical oxidation on a clay-modified carbon paste electrode (clay-CPE). The electrochemical guanine
Guan;ne; signal is found to be significantly enhanced upon its complexation with Cu?* ions. Cu®*-
Copper; guanine complex formation is studied using UV-Vis spectroscopy and electrochemical pulse
Clay; voltammetry at different ratios, with 1:2 Cu®*:guanine found to be the optimal stoichiometry.
Electrochemical sensor; The clay modifier and the electrode are fully characterized using electron microscopy, Fourier-
Modified-CPE transform infrared, X-ray photoelectron and X-ray fluorescence spectroscopies, and X-ray diffrac-

tometry. The analytical method is fully optimized regarding the electrolyte, technique, and electro-
chemical parameters. A calibration curve is built obtaining a linear range of 0.1-45 uM, a limit of
detection of 0.16 uM, a limit of quantification of 0.54 pM, and a sensitivity of 1.1 pA/uM, which are
among the best reported so far and achieved with an environmentally friendly and low-cost method.
Our system is very selective with minimal interference in the presence of interferents with concen-
trations as high as 100x that of guanine. The Cu® " -mediated clay-CPE-based analytical method is
applied for the detection of nucleic acid in real-life wastewater, which is critical to achieving efficient
wastewater treatment. This demonstrates the applicability of our method for environmental pur-
poses and opens the door for other applications as well, such as diagnostics.
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access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

* Corresponding author.
E-mail address: akawde(@sharjah.ac.ae (A.-N. Kawde).

https://doi.org/10.1016/j.arabjc.2023.105091
1878-5352 © 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.arabjc.2023.105091&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:akawde@sharjah.ac.ae
https://doi.org/10.1016/j.arabjc.2023.105091
http://www.sciencedirect.com/science/journal/18785352
https://doi.org/10.1016/j.arabjc.2023.105091
http://creativecommons.org/licenses/by-nc-nd/4.0/

2 A. Al Nimer et al.
Nomenclature
A Surface area (cm?) n Number of electrons
C Concentration (mol/cm?) NPV Normal pulse voltammetry
Clay-modified CPE CPE/RC R? Coefficient of determination
CPE Carbon paste electrode Ret Charge-transfer resistance
CvV Cyclic voltammetry RNA  Ribonucleic acid
D Diffusion coefficient (cm?/s) R, Solution resistance
DNA  Deoxyribonucleic acid s Slope of the calibration curve
DPV Differential pulse voltammetry SEM Scanning electron microscopy
EDX  Energy dispersive X-ray spectroscopy Sintered clay-modified CPE CPE/SC

EIS Electrochemical impedance spectroscopy

FTIR  Fourier-transform infrared spectroscopy
GCE  Glassy carbon electrode
GPE Graphite pencil electrode

I, Anodic peak current

LOD  Limit of detection
LOQ Limit of quantification
LSV Linear scan voltammetry

SWV  Square wave voltammetry

TGA  Thermogravimetric analysis
UV-Vis Ultraviolet—visible

v Scan rate (V/s)

XPS X-ray photoelectron spectroscopy

XRD  X-ray diffraction
XRF X-ray fluorescence
a Blank standard deviation

1. Introduction

A wide array of chemical and biological substances in municipal
wastewater makes the pursuit of wastewater analysis a very attractive
research field. Wastewater monitoring is paramount for public health
because it provides information about community exposure to infec-
tious diseases, heavy metals, pharmaceuticals, and pesticides
(Mahmoudi et al., 2022, Wu et al., 2022, Sudhir, 2022, Huidobro-
Lopez et al., 2022, Hena et al., 2021, McClary-Gutierrez et al., 2021,
Mao et al., 2021b, Larsen et al., 2021, Igbal et al., 2021, de Oliveira
et al.,, 2020, Kinuthia et al., 2020, Devault and Karolak, 2020,
Ashfaq et al., 2019, Yang et al., 2019, Hwang et al., 2019, Youssef
et al., 2019, Hargreaves et al., 2018, Feng et al., 2018, Daughton,
2018, Castiglioni et al., 2014, Kasprzyk-Hordern et al., 2008). Analysis
of wastewater has also been applied to detect biological substances,
such as hormones (Phoon et al., 2020, Chen et al., 2019, Roudbari
and Rezakazemi, 2018).

Nitrogen-containing compounds are hazardous in water sources
because they consume dissolved oxygen and reduce the efficacy of
water disinfection using chlorine (Novikova et al., 2019, Jia and
Yuan, 2016). Seven major nitrogenous compounds have been discov-
ered in bodies of water with concentrations ranging from 20 to
860 pg/L (Liu et al., 2022, Ram and Morris, 1980). It is essential to
develop analytical methods for the selective detection of different
nitrogenous compounds (Hanson and Lee, 1971). Nucleosides consti-
tute DNA and RNA, and their detection and quantification in munic-
ipal wastewater are crucial because they act as precursors for organic
chloramines that stifle the antimicrobial efficiency of water disinfection
processes and interfere with the analysis of residual chlorine (Liu et al.,
2022, Ram and Morris, 1980). Guanine is a purine nucleobase, the
main constituent of guanosine nucleoside, a nucleic acid building
block. Little progress has been made in the analysis of guanine in
wastewater, and most of the reported techniques need large sample
volumes and use complex processes, such as mass spectrometry, chemi-
luminescence, and high-performance liquid chromatography (Brewer
and Lunte, 2015, Graven et al.,, 2014, Haunschmidt et al., 2008,
Todd et al., 1995, Kai et al., 1994). These techniques have many draw-
backs, such as long sample preparation time, the need for trained per-
sonnel, and expensive instrumentation.

Electrochemical techniques have been proven to be rapid, sensitive,
and cost-effective analytical methods (AbdelHamid et al., 2023, El-
Kordy et al., 2023, Elgamouz et al., 2023, Eftekhari et al., 2021,

Kavetskyy et al., 2019), and have been employed for detecting nucle-
obases such as guanine (Zhang et al., 2019a, Hu et al., 2014). Different
types of electrodes could be applied for the electrochemical detection
of guanine, among which carbon-based electrodes stand out as a
promising candidate. Unlike other electrodes such as gold and mer-
cury, which are challenging to reuse, and have limited potential win-
dow and mechanical stability, respectively (Lee et al., 2023, Barman
and Jasimuddin, 2014, Barek, 2013, Wehmeyer and Wightman,
1985), carbon-based electrodes have high electrochemical activity,
mechanical strength, and electrical conductivity (Papavasileiou et al.,
2022, Aladag Tanik et al., 2018, Gao et al., 2014). In particular, carbon
paste electrode (CPE) is cost-effective, easy to prepare, and stable. Sev-
eral electrode additives have been used to improve CPE’s electrochem-
ical activity for guanine detection, such as NdFeO; (Kumar et al.,
2019) and Ag-decorated polyaniline (Yari and Saidikhah, 2016), result-
ing in high analytical performance. However, the complex nature of
these modifiers and their intricate synthesis and processing stifle the
practicality and economic application of such electrodes. Materials
with less complexity and lower cost need to be studied as electrode
modifiers for guanine detection. Clay is an abundant naturally occur-
ring material with very good electrocatalytic activity and thus is very
promising as an economic CPE modifier (Jaber et al., 2022,
Shahamirifard and Ghaedi, 2019, Thomas et al., 2013). A clay-based
CPE could be used for guanine detection without the need for complex
materials synthesis and/or processing; however, this has not been
reported earlier.

Cu?* has been used as an electrochemical response amplifier for
purine base detection, producing a good stripping voltammetric signal
(Wang and Kawde, 2002, Shiraishi and Takahashi, 1993). Cu?®" is
known to form a complex with guanine where 2 guanine ligands che-
late one Cu®>" ion through N(7) and carbonyl oxygen (Rana et al.,
2014). However, the effect of complex stoichiometry was neither stud-
ied nor optimized for electrochemical signal amplification, and there
are no prior reports on a Cu® " -enhanced electrochemical system using
clay-modified CPE.

In the present study, an electrochemical analytical system was
developed using clay as a CPE modifier, employing a signal amplifica-
tion strategy based on Cu® " -guanine complex formation. This resulted
in a highly sensitive guanine analytical system with excellent perfor-
mance and highly competitive analytical parameters, achieving a wide
linear range of 0.1-45 uM, a limit of detection (LOD) of 0.16 uM, a
limit of quantification (LOQ) of 0.54 uM and a sensitivity of 1.1 pA/
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uM. The system showed high tolerance in the presence of interferents
as high as 100x the concentration of guanine, in addition to high
repeatability, reproducibility, and stability. Moreover, when applied
for wastewater analysis, the system proved highly practical, detecting
and quantifying guanine in a municipal tertiary wastewater sample
contaminated with nucleic acid material.

This is the first report of using a natural clay CPE modifier for elec-
trochemical guanine detection, which we have coupled with Cu®"-
mediated signal amplification, demonstrating excellent and highly
competitive analytical performance. It is also the first study on
Cu?*-guanine complex stoichiometry optimization for maximal signal
amplification. The developed guanine analytical system provides a
practical, facile, rapid, low-cost, and highly sensitive method for
nucleic acid analysis in wastewater, which would have a significant
impact on improving wastewater treatment efficiency. In addition,
guanine is a critical biomolecule with vast biological functions, ranging
from cell signaling and energy supply to regulating enzymatic pro-
cesses, blood flow, and neurotransmitter release. Abnormal guanine
level is an important marker of immune deficiency and could indicate
serious diseases such as cancer, epilepsy, and acquired immunodefi-
ciency syndrome (Zhang et al., 2019b, Ibrahim et al., 2016, Wang
et al., 2014). Thus, our method could also be applied for guanine anal-
ysis for diagnostics, which demonstrates the impact our method would
have in different fields.

2. Experimental

In this section, we describe in detail the chemicals and reagents
used, the electrode preparation process, instrumentation and
characterization, and the electrochemical testing techniques
employed.

2.1. Chemicals and reagents

The chemicals used in this study are of analytical grade and
were used as received. Calf thymus DNA (A260/280 nm:
>1.8) was used as the nucleic acid contaminant model. Gua-
nine hydrochloride (>99%), sodium hydroxide (98%),
hydrochloric acid (37%), acetic acid (99%), sodium acetate tri-
hydrate (99%), copper sulfate pentahydrate (> 98%), ascorbic
acid (>99%), sucrose (99.5%), potassium nitrate (>99%),
magnesium sulfate heptahydrate (>98%), urea (99.5%), citric
acid (>99%), sodium chloride (>99%), potassium chloride
(99.5%) were purchased from Sigma-Aldrich, USA. Clay
was collected locally and processed per our previous work
(Jaber et al., 2022). Sintered clay was prepared by heat treating
raw clay at 1000 °C for 2 h in an air atmosphere. Ultrapure
water was obtained using Elix® Essential 5 water purification
system. Guanine hydrochloride stock solution was prepared in
1 M NaOH and then diluted using an acetate buffer at a pH of
4.5.

2.2. Electrode preparation

Clay-modified carbon paste working electrode was used for
studying Cu®"'-guanine complexation electrochemically and
to develop the Cu®*-enhanced guanine electroanalytical sys-
tem. CPE preparation was carried out according to our
reported method (Jaber et al., 2022). The CPE was prepared
by mixing graphite, clay, and mineral oil with different ratios
as described below using a mortar and pestle for 15 min to
form a homogenous paste. The paste was then loaded into
3D-printed hollow electrode bodies (diameter = 2 mm) fitted
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Table 1 CPE and modified CPE electrode composition.
Electrode  Graphite (wt.%) Clay (wt.%) Mineral oil (wt.%)
CPE 70 0 30
CPE/RC 65 5 30
CPE/SC 65 5 30

with copper wires as conductors. Three working electrodes
were used; the first was unmodified CPE, comprising 70 wt%
graphite and 30 wt% mineral oil. The second and third were
clay-modified CPE (CPE/RC) and sintered clay-modified
CPE (CPE/SC), comprising 65 wt% graphite, 30 wt% mineral
oil, and 5 wt% raw and sintered clay, respectively, as shown in
Table 1.

2.3. Instrumentation

A box furnace (Carbolite, Type ELF 11/6B, UK) was used for
clay sintering. The morphology and elemental composition of
the clay powders and clay-modified CPE were studied by scan-
ning electron microscopy (SEM) coupled with energy-
dispersive X-ray spectroscopy (EDX) (Tescan Vega3, Czech
Republic) at a voltage of 20 kV. Clay surface functional groups
were characterized using Fourier-transform infrared spec-
troscopy (FTIR) (Bruker Tensor II, Germany) via the attenu-
ated total reflectance mode in the range of 4000400 cm™'.
Powder X-ray diffraction (XRD) was used to examine the clay
crystal structure using Bruker D8 Advance (Germany) with a
Cu source wavelength of 0.15406 nm, a voltage of 40 kV,
and a current of 40 mA. X-ray Fluorescence (XRF) was done
to study the clay composition using Philips PW-1410 (Nether-
lands) using a PE crystal and a Cr target at 50 kV and 40 mA.
Thermo Scientific Nexsa G2 Surface Analysis (USA) X-ray
photoelectron spectroscopy (XPS) system supplied with
monochromatic Al Ko X-ray (1486.6 eV) and operated under
a pressure of ~10~° mbar was employed for clay surface chem-
istry analysis. Thermogravimetric analysis (TGA) was carried
out in the temperature range of 30-800 °C at 10 °C/min in
an air atmosphere using Shimadzu TGA-50 (Japan) to investi-
gate the thermal weight change profiles of raw and sintered
clay. Thermo Scientific Multiskan GO spectrophotometer
(USA) was used for the UV—Vis study of Cu®"-guanine com-
plexation. pH of buffers and other solutions was measured
using OHAUS Starter 2100 pH meter (USA). Electrochemical
analysis for studying Cu® " -guanine complexation and electro-
chemical sensor development was carried out using CHI 1232a
electrochemical workstation (USA).

2.4. Electrochemical testing

All electrochemical experiments comprised a three-electrode
system consisting of a platinum wire as the counter electrode,
an Ag/AgCl (1.0 M KCl) reference electrode, and unmodified
and clay-modified CPEs as the working electrodes. The elec-
trochemical characterization of the electrodes was done in an
equimolar solution (5 mM) of Fe(CN):~/Fe(CN)¢~ prepared
in 0.1 M KClI using cyclic voltammetry (CV) at a window of
—0.2 Vto + 0.75 V, and at different scan rates ranging from
5,00 mV/s to 200 mV/s. Electrochemical impedance
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spectroscopy (EIS) was conducted at a frequency range of 10°—
0.05 Hz and a voltage amplitude of 5.0 mV to study the elec-
trode’s resistance profile. Electrochemical detection of guanine
was carried out in the voltage range of —0.2 to +1.6 V using
different voltammetric techniques as described in the Results
and Discussion Section.

2.5. Analysis of municipal tertiary wastewater

Our analytical method was applied for analyzing municipal
tertiary wastewater collected from a public irrigation area in
Sharjah, UAE, which was used as received without further
processing. Calf thymus DNA was used as the nucleic acid
contaminant. It was spiked into the wastewater and digested
using 1 M HCl in a boiling water bath for 2 h, followed by neu-
tralization using 1 M NaOH (Gao et al., 2014). Using the stan-
dard addition method, the released guanine concentration was
determined via the Cu®*-enhanced guanine sensor.

3. Results and discussion

CPE was used as the working electrode due to its low cost and
ease of preparation and regeneration. 5 wt% clay was used as
an electrode additive to improve the electrode’s electrochemi-
cal activity, according to our previous work (Jaber et al.,
2022). We studied two different forms of clay; raw clay and
sintered clay at 1000 °C. Both forms of clay displayed similar
morphology under FESEM (Fig. la, b). However, their sur-
face chemistry was different, as shown by FTIR (Fig. Ilc¢),
where raw clay showed multiple bands at 3543.2 cm™! due
to O-H stretching, 1640.7 cm ™! assigned to C=0 stretching,
and H—O—H bending, 1424.7 cm™" assigned to C—H bend-
ing, 982.7 cm™! attributed to Si—O and Al—O stretching,
and 796.7 cm ™' due to O—H bending. In addition, peaks were

detected at 636.6 cm™', 523.5 cm™!, and 462.0 cm™!, corre-
sponding to Si—O—Si bending vibrations (Jaber et al., 2022,
Fonseca et al., 2010, Ekosse, 2005). The splitting of the
O—H stretching band at 3543.2 cm™' could be attributed to
the contribution of both residual water and hydroxylated alu-
mina (Jaber et al., 2022, Zabihi et al., 2015).

After sintering the clay at 1000 °C for 2 h, only metal-oxy-
gen bond peaks could be observed, indicating dehydration and
decomposition of hydroxides and carbonates. To further inves-
tigate such transformation, clay thermal decomposition was
studied using TGA (Fig. le). Raw clay showed weight losses
of 8.0 wt%, 5.1 wt%, 5.3 wt%, and 5.4 wt% at ~140 °C,
~485 °C, ~690 °C and ~800 °C, respectively, which could
be attributed to surface water loss, clay pre-dehydration, dehy-
droxylation and carbonate decomposition, respectively (Jaber
et al., 2022). On the contrary, sintered clay showed only a min-
imal loss of ~2.3%, indicating that it is mainly composed of
dehydrated oxides with minimal hydroxyl and carbonate
groups. The surface chemistry of raw and sintered clay was
studied using XPS showing C 1s, O 1s, Ca 2s, Ca 2p, Si 2s,
Si 2p, Al 2s, and Al 2p peaks, indicating the abundance of oxi-
des and/or hydroxides of Si, Ca, and Al on the clay surface
(Fig. 1d). The core-level spectra of Si 2p, Ca 2p and Al 2p were
further deconvoluted to gain more insight into the chemical
composition of the clay surface. Si 2p of raw clay showed 2
peaks at 102.9 eV and 104.5 eV (SI, Fig. Sla), corresponding
to Si—OH and Si—O—Si, respectively (Ishak et al., 2020).
After sintering, Si—OH peak intensity decreased and a signif-
icant positive shift was observed for the Si—O—Si peak (SI,
Fig. S1d), which could be due to further oxidation upon heat
treatment. Raw clay Ca 2p spectrum showed a spin—orbit dou-
blet at 347.4 eV and 351 eV with a peak-to-peak spacing of
3.6 eV (SI, Fig. Slb), perfectly matching Ca 2p,, and Ca
2ps0, respectively (Liu et al., 2016), with no significant peak
shift observed after sintering (SI, Fig. Sle), indicating CaO
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phase in both samples. Raw clay Al 2p showed 2 peaks at
75.5 eV and 76.3 eV (SI, Fig. Slc) that could be attributed
to y-Al,O3 and AI(OH);, respectively (Barrera et al., 2018).
After sintering the AI(OH); peak intensity decreased and a
high-intensity peak appeared at 78.3 eV (SI, Fig. S1f), corre-
sponding to anhydride Al,O3 (Barrera et al., 2018). The oxide
and hydroxide components shown by XPS agreed with the
excepted raw clay composition, which is mainly formed of
metal silicates and their hydroxylated compounds (Uddin,
2008), while the decrease in hydroxylated groups, observation
of higher oxidation states, and appearance of anhydride phases
after sintering could be explained by the high-temperature
treatment at 1000 °C. The bulk of the material was investi-
gated using XRD (Fig. If) that showed the dominance of paly-
gorskite phase, with peaks detected at 21.0°, 26.8°, 28.1°, 29.6°,
30.0°, and 31.3°, corresponding to (121), (231), (400), (321),
(420), and (331) planes, respectively. The palygorskite phase
was also dominant upon sintering, with some change in the
peak relative intensity due to rearrangement and dehydration,
indicating the stability of the clay crystal structure. XRF was
used to further study the clay composition, identifying the
main oxides to be SiO,, Fe,O; CaO, ALO; and MgO
(Fig. 1g), in agreement with the XRD and XPS, except for
Fe,05, whose absence from the XPS spectrum and the lack
of specific hematite XRD peaks implied its existence in the
bulk of the sample, in an amorphous form or doped within
the crystal structure of palygorskite.

The effect of the clay additive within the CPE was studied
in 5 mM Fe(CN); /Fe(CN)¢~ prepared in 0.1 M KCI at
100 mV/s. CPE/RC showed the highest electrochemical activ-
ity with an anodic peak current of 194.4 nA, as compared to

200{ @
< 1004
=
c Y
o
= -100
o
—CPE
2007 — CPEIRC
—CPEISC
-300 : . : .
-0.2 0.0 0.2 0.4 0.6
Potential (V)
3001 ¢ CPE/RC

02 00 0.2 0.4 0.6
Potential (V)

Fig. 2

129.5 pA and 123.0 pA shown by CPE/SC and CPE, respec-
tively (Fig. 2a). The electrochemical surface area of the elec-
trodes was determined using Randles-Sevcik equation (Eq.
(1)) by conducting CV at scan rates ranging from 5.00 to
200 mV/s (Fig. 2b—d) and plotting the anodic peak current
of the 3 electrodes vs. the square root of the scan rate.
(Fig. 3a) Slopes of 363.8, 569.6, and 394.6, corresponding to
effective surface areas of 0.098 cm?, 0.15 cm® and 0.11 cm?,
respectively (Fig. 3c) were obtained, which showed the
enhanced electrode effective surface area upon the inclusion
of raw clay, corroborating the current response observed in
the CV study. The high electrochemical activity indicated that
the hydroxylated surface of the raw clay played a large part in
its electrocatalytic activity, where the highly functionalized raw
clay surface could interact more with the Fe?" /Fe>™ species
and thus catalyzed their redox reactions.

Ipg =2.69 x 10° x /> x C x A x D'* x y'/? (1)

In Eq. (1), I,4 is the anodic peak current in A, n is the num-
ber of electrons transferred during the Fe? " /Fe*" redox pro-
cesses and is equal to 1, C is the concentration of Fe?* /2™
in mol/cm3, A is the electrochemical surface area of the elec-
trode in cm?, D is the diffusion coefficient in cmz/s, and v is
the scan rate in V/s. The electrode resistance was assessed
using EIS (Fig. 3b) and fitted using a modified Randle’s equiv-
alent circuit (Fig. 3d). The unmodified CPE showed the lowest
solution resistance (Rg) and total charge transfer resistance
(Ret-tota) Of 40.3 Q and 145.5 Q, respectively, as compared
to 163 Q and 2554 Q, and 160 Q and 3356 shown by CPE/
RC and CPE/SC, respectively (Table 2). The increase in the
electrode resistance upon clay modification could be attributed

200

-

[=3

o
L

Current (uA)

—5mV
—10 mV
—20mv
+1001 —a0mv
—— 50mV
——100 mV
-200 1 ——200mV
02 00 0.2 0.4 0.6
Potential (V)
200+ d CPE/SC
—
< 1001
=,
N
ol B e
q:, 0 —5mV
— —10 mV
’5 -100 —20mV
(&) — 40 mvV
——50mv
-200 4 100 mV
—— 200 mV

02 00 02 04 06
Potential (V)

(a) CV at 100 mV/s, and (b-d) CV at different scan rates of (a) CPE, CPE/RC, and CPE/SC, (b) CPE, (c) CPE/RC, and (d) CPE/

SC in an equimolar solution (5 mM) of Fe(CN);~/Fe(CN)¢~ in 0.1 M KCI.
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models using the equivalent circuit shown in (d) (c) Effective surface area of CPE, CPE/RC, and CPE/SC.

Table 2 Nyquist plot fitting analysis of CPE, CPE/RC, and
CPE/SC.

Electrode CPE CPE/RC CPE/SC
Ry 40.3 163 160
ReTTotal 145.5 2554 3356

to its insulative nature. The lower Rt of CPE/RC compared
to CPE/SC indicated facilitated charge transfer by the func-
tional groups in the raw clay.

The Cu®* -mediated guanine detection and the effect of the
Cu? " :guanine ratio on signal amplification were assessed using
the optimal clay-modified electrode. CPE/RC showed a
smooth surface under SEM displaying graphite sheets as con-
firmed by the dominant carbon EDX signal, in addition to clay
as shown by the Si and Al signals (Fig. 4a). Voltammetric gua-
nine profile showed a peak at 1.07 V with a current of 19.8 pA
(Fig. 4b), agreeing with previous reports (Fan et al., 2011).
Upon the addition of Cu®" ions at a 1:2 Cu®* :guanine molar
ratio, an extra peak was observed at 0.67 V due to Cu ™ oxida-
tion to Cu?" (Vukmirovic et al., 2020), and the guanine peak
current increased significantly to 45.0 pA (Fig. 4b), ~2.3x
higher than in the absence of Cu®>" (Fig. 4c), which agreed
with earlier reports on the high electrochemical activity of
Cu?"-guanine complexes (Wang et al., 2003, Wang and
Kawde, 2002). Cu?*-guanine complexation reaction was fur-
ther studied using UV-Vis spectroscopy (Fig. 5a, c¢) and
voltammetry (Fig. 5b, d). Interestingly, we found that the com-
plex absorbance at 245 nm increased with the Cu?":guanine
molar ratio and stabilized at a ratio of ~0.5. This trend was

mirrored in the voltammetric study, where the complex oxida-
tion current reached a maximum at a ratio of 0.5 and then
started to decrease significantly. This analysis showed the sta-
bility of the 1:2 Cu?*:guanine complex and agreed with previ-
ous studies (Rana et al., 2014).

Electrochemical analysis is one of the most rapid, facile,
and sensitive analytical methods (Baig et al., 2022, Eftekhari
et al., 2021, Baig et al., 2021, Kavetskyy et al., 2019). Electro-
chemical methods for guanine detection are typically con-
ducted using carbon-based electrodes, such as the glassy
carbon electrode (GCE) (Mao et al., 2021a, Ortolani et al.,
2019, Gao et al., 2014, Fan et al., 2011), CPE (Kumar et al.,
2019, Yari and Saidikhah, 2016), and graphite pencil electrode
(GPE) (Vishnu and Badhulika, 2019). However such electrodes
are usually not sensitive enough, thus, they are modified with
polymers, graphene (Gao et al., 2014), carbon nanotubes
(Ortolani et al., 2019), metals (Mao et al., 2021a), metal oxides
(Fan et al., 2011), and metal sulfides (Vishnu and Badhulika,
2019) to enhance the electrochemical guanine oxidation signal,
typically using tedious and time-consuming strategies. In this
work, we used natural clay as a CPE additive and employed
the Cu®*-mediated guanine electrochemical signal amplifica-
tion strategy demonstrated earlier to further enhance the ana-
lytical sensitivity. This resulted in a facile, low-cost, and highly
sensitive electroanalytical method for guanine detection. Our
system is the first to report using a natural clay modifier for
the electrochemical analysis of guanine. In addition, we are
establishing the concept of Cu®*-guanine complexation as a
basis for guanine electrooxidation signal enhancement for a
highly sensitive sensor.

To establish the Cu?"-mediated analytical method, we
optimized starting with the electrolyte. The guanine oxidation
peak current was evaluated in acetate buffer (pH 4.5), phos-
phate buffer (pH 9.2), and NaOH (pH = 13) using linear scan
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voltammetry (LSV) at 100 mV/s (Fig. 6a, c), showing current
responses of 5.4 pA, 1.9 pA, and 0.52 pA, respectively. The sig-
nificantly high response in acetate buffer agreed with earlier
reports (Gao et al., 2014, John Jeevagan and John, 2012)
and could be explained by the instability of the Cu?"-
guanine complex at high pH (Rana et al., 2014). We compared
the influence of various voltammetric techniques at a similar
scan rate of 100 mV/s, including CV, LSV, normal pulse
voltammetry (NPV), differential pulse voltammetry (DPV),
and square wave voltammetry (SWV) (Fig. 6b,d). Interest-
ingly, LSV, CV, and DPV showed a similar current response
of ~15 pA. SWV showed a slightly higher signal of ~19 pA,
while NPV showed the highest guanine oxidation peak current
of ~72 pA. Pulse voltammetric techniques are known to
enhance analytical sensitivity due to minimizing the capacitive
current effect, which could explain the higher current in the
case of NPV over CV and LSV (Qian et al., 2021). The lower
current response of DPV and SWV compared to NPV is rather
interesting. NPV and DPV were conducted with similar
parameters of potential increment, pulse width, sampling
width, and pulse period of 0.02 V, 0.05 s, 0.0167 s, and 0.2 s,
respectively. The only different parameter is the amplitude
which is a variable in NPV and fixed at 0.05 V in DPV.
DPV showed a rather sharp peak indicating high efficiency
in minimizing the capacitive effect. Still, it could have been
at the expense of the Faradaic current, hence the low current
response. SWV was also conducted using similar parameters
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(a) SEM and EDX mapping images of CPE/RC. (b) NPV profiles of 50 pM guanine in 0.1 M acetate buffer (pH 4.5) in the
presence and absence of 25 uM Cu?", and (c) their current analysis.

of potential increment, pulse period, and amplitude of
0.02 V, 0.2 s, and 0.05 V, respectively, and behaved similarly
to DPV, which could explain the comparable current. In addi-
tion, SWV was previously reported not to perform well for
irreversible systems, as in the case of guanine (Scholz, 2015).
Guanine accumulation on the electrode surface is critical to
allow maximum adsorption before performing anodic strip-
ping. This is especially important because the employed clay
modifier has a high electrochemical surface area and is highly
functionalized. We observed that guanine oxidation current
tended to be enhanced at positive accumulation potentials
(Fig. 7a, c), which could be attributed to the deprotonated
form of guanine at pH 4.5, given its pKa of 3.5 (Villa et al.,
2020), reaching a maximum at 0.8 V and decreasing drastically
thereafter. The significant decrease beyond 0.8 V could be
explained by guanine oxidation taking place during the accu-
mulation step at the high potential of 1 V, which reduced the
available guanine at the electrode surface during stripping.
We have also studied the effect of accumulation time, observ-
ing an increase in oxidation current till 180 s, after which the
rate of increase was insignificant (Fig. 7b, d). This demon-
strated the significance of the high surface area CPE/RC, as
the accumulation time peaked at only 20 s in previous reports
(Gao et al., 2014). The highest accumulation time is mainly
due to the adsorption time required by the porous clay mate-
rial present in the electrode towards the Cu®*-guanine com-
plex. The optimal accumulation time was chosen as 180 s for
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higher efficiency, as any further increase in time resulted in an
insignificant current gain. All NPV parameters were also opti-
mized to achieve the highest possible current repose. The cur-
rent was found to increase with the increase of potential
increment to 0.008 V due to the accompanying increase in scan
rate. It decreased thereafter, possibly due to the very rapid
scan rate that could not be matched by reaction kinetics (SI,
Fig. S2a-b). The current also increased with the increase in
pulse period (SI, Fig. S2c—d), which was unexpected given
the associated decrease in scan rate. Such conflicting response
to the pulse period was reported earlier (Ye et al., 2020, Ma
et al., 2019). It could be due to the extra rest time in longer
pulse periods causing more capacitance decay or increasing
guanine diffusion from the bulk solution. A sampling width
of 0.045 s was found to be optimal, reflecting a balance
between current maximization and capacitance exclusion (SI,
Fig. S3a-b). Finally, the current decreased with increasing
pulse width (SI, Fig. S3c—d), probably due to higher capaci-
tance decay and loss of part of the Faradaic current, and the

Table 3 Optimal NPV parameters.

NPV parameter Optimum value

Accumulation potential (V) 0.8
Accumulation time (s) 180
Potential increment (V) 0.008
Pulse width (s) 0.03
Pulse period (s) 1.6

Sampling width (s) 0.045

optimal value was found to be 0.03 s. The optimal NPV
parameters are listed in Table 3.

A calibration curve for guanine detection was developed
based on the optimized Cu®*-mediated signal amplification
method parameters. A wide concentration range could be
obtained comprising 2 linear ranges of 0.1-25 pM and 25—
45 uM (Fig. 8a-b), with the regression equations below (Egs.
(2) and (3)).

L,=110x + 0534  (R>=0.995) )

L,=0.100x + 258  (R>=0.996) (3)

The LOD and LOQ were calculated according to Egs. (4)
and (5) (El Aamri et al., 2023, Ershadi and Shayanfar, 2018)
to be 0.16 uM and 0.54 uM, respectively, and the electrode sen-
sitivity was calculated based on the calibration curve slope to
be 1.1 pA/uM (Ibrahim et al., 2020).

LOD =3 x a/s 4)

LOQ =10x%xa/s (5)

where ¢ is the blank standard deviation and s is the slope of the
calibration curve.

The electrochemical parameters of the Cu? " -mediated elec-
trochemical guanine sensor are highly competitive and supe-
rior to many reported systems (Table 4). A comparison was
done with the relevant literature reporting carbon-based elec-
trodes for the electrochemical analysis of guanine. We limited
our scope to the most recent reports from 2018 to 2023 (El
Aamri et al., 2023, Mao et al., 2021a, Kumar et al., 2019,
Ortolani et al., 2019, Vishnu and Badhulika, 2019, Zhang
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Table 4 Comparison of Cu®>"-mediated guanine detection using CPE/RC with other electrochemical methods.

Electrode Technique Linear Range (M) LOD (uM) Sensitivity Ref.

(HA/pM)
TiO,/G/GCE DPV 0.50-200 0.15 0.129 Fan et al., 2011
PPy/G/GCE CvV 0.040-100 0.010 0.125 Gao et al., 2014
NdFeO;-CPE CV 0.50-100 0.25 0.01 Kumar et al., 2019
f-CB/SPE DPV 0.0010-2.00 0.28 0.208 El Aamri et al., 2023
AuPt-rGO/GCE SWV 1.00-200 0.060 1.42 Mao et al., 2021a)
WS,/graphite microfiber DPV 0.50-20.0 0.090 - Zhang et al., 2019a
MoS,-PGE DPV 15-120 0.76 0.430 Vishnu and Badhulika, 2019
NC-SWCNH/GCE LSV 0.74-6.40 0.17 1.68 Ortolani et al., 2019
Cu@Ni-MWCNTs/GCE DPV 1.0-180 0.17 0.410 Wang et al., 2018
TAN-AgNP-PANF/CPE DPV 0.90-140 3.0 0.021 Yari and Saidikhah, 2016
CPE/RC (+Cu?™") NPV 0.10-45.0 0.16 1.10 This work

G: graphene. PPy: Polypyrrole. GCE: glassy carbon electrode. f-CB: functionalized carbon black. rGO: reduced graphene oxide. PGE: pencil
graphite electrode. NC: nanocellulose. SWCNH: single-walled carbon nanohorns. MWCNTs: multi-walled carbon nanotubes. TAN: 1,3,5-

Trithiane. PANF: polyaniline nanofibers.

et al., 2019a); however, 3 earlier listings were also included due
to high relevance (Yari and Saidikhah, 2016, Gao et al., 2014,
Fan et al., 2011). The reported methods used more complex
electrode additives such as graphene, metal nanoparticles,
polymers, and metal oxides and sulfides. On the contrary,
the natural clay modifier used in our work is much less expen-
sive and easier to process. Moreover, the Cu> " -mediated sig-
nal amplification used in our study resulted in a superior
sensitivity. As shown in Table 4, Our Cu®*-mediated analyti-
cal system employing natural clay modifier showed better sen-
sitivity than that of complex systems utilizing metal oxides

(Kumar et al., 2019, Fan et al., 2011), graphene (Gao et al.,
2014, Fan et al., 2011), polymers (Yari and Saidikhah, 2016,
Gao et al., 2014), sulfides (Vishnu and Badhulika, 2019,
Zhang et al., 2019a), and metals (Wang et al., 2018, Yari
and Saidikhah, 2016). The LOD is among the lowest out there
and is superior to that of complex oxides (Kumar et al., 2019),
carbon nanotubes (Ortolani et al., 2019, Wang et al., 2018),
carbon black (El Aamri et al., 2023), Ag nanoparticles,
polyaniline nanofibers (Yari and Saidikhah, 2016), and MoS,
(Vishnu and Badhulika, 2019). We have also achieved a vast
linear range extending to a low concentration of 0.1 pM that
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is among the lowest reported even when compared to noble
metal systems such as AuPt (Mao et al., 2021a), and having
a very good upper limit of 45 uM. Most importantly, we have
accomplished such competitive performance using affordable,
abundant, and environmentally friendly materials and a facile
Cu?* -mediated signal amplification strategy. This approach is
more straightforward, economical, and practical than most of
the oxide, sulfide, metal, and polymer-based electrodes that are
complex, costly to synthesize, and challenging to scale up and
commercialize.

Our system is also highly selective, showing only minor
response changes in the presence of several interfering ions
and organic molecules, including Na* K*, Mg**, NO3,
Cl~, SO2, ascorbic acid, citric acid, glucose, and urea at 10—
100x higher molar concentration (Table 5). This demonstrated
the high electrode tolerance to different matrices and its appli-
cability for guanine detection in polluted samples like wastew-
ater. We have also shown the repeatability and reproducibility
of the proposed analytical system by performing repeated mea-
surements using the same and different electrodes, achieving
relative standard deviation (RSD) values of 1.24% (SI,
Fig. S4a) and 4.75% (SI, Fig. S4b), respectively. Moreover,
the system has outstanding stability with no response change
after an electrode storage period of one week (SI, Fig. S4c).

To show the practicality of our system, we applied the
Cu?"-mediated guanine sensor in the analysis of municipal
tertiary wastewater containing digested nucleic acid as a real-
life example. The digested nucleic acid guanine signal could
be observed, and the peak was enhanced upon the addition
of increasing concentrations of guanine standard. The concen-
tration of guanine contaminant in the wastewater sample was
calculated by standard addition as 2.98 pM. (Fig. 8c). The high
sensitivity, selectivity, repeatability, reproducibility, stability,
and practicality of the sensor demonstrated the impact of the
Cu’ " -mediated signal amplification at the clay-modified CPE
approach. The high performance of the sensor could be attrib-
uted to two main factors: the modification of CPE with 5 wt%
raw clay that proved significantly better than unmodified CPE,
and the second is Cu®*-mediated signal amplification that
enhanced the guanine oxidation signal significantly. Our sen-
sor has shown one of the highest sensitives and least LODs
with a wide linear range and superior performance parameters.
More importantly, its preparation is more facile, less costly,
and more environmentally friendly than previously reported
systems. Moreover, we demonstrated its real-life applicability
for wastewater analysis. Therefore, Cu®*-mediated electro-

Table 5 Effect of different interferents on the guanine peak
current.

Interferent Interferent: Current Percent
Guanine Change (LA) Current
molar ratio Change (%)

K /NO3 100:1 +0.659 8.86

Mg?*t /S03~ 100:1 —0.530 6.50

Ascorbic Acid 10:1 —0.279 4.54

Urea 10:1 +0.0163 0.154

KCl 100:1 +2.66 3.00

NaCl 100:1 +1.96 2.21

Sucrose 100:1 —1.92 2.17

Citric acid 10:1 —5.8 8.31

chemical sensing using clay-modified CPE is a promising plat-
form that could be further investigated in detecting other
analytes.

4. Conclusion

We developed a new analytical system for detecting guanine in wastew-
ater, exploiting the formation of a highly electrochemically active
Cu®"-guanine complex at the surface of a clay-modified CPE. The
inexpensive and readily available clay modifier is practical, economi-
cal, and has high electrocatalytic activity, while the Cu®"-guanine
complexation resulted in a significant enhancement in guanine electro-
chemical oxidation on the electrode’s surface. The Cu®* -guanine com-
plexation was studied using UV-Vis spectroscopy and pulse
voltammetry and the optimal Cu®* :guanine complexation molar ratio
was determined to be 1:2. A guanine analytical method was established
and optimized based on the Cu®’-mediated electrochemical signal
amplification on clay-modified electrode strategy, demonstrating supe-
rior sensor attributes with a wide linear range of 0.1-45 pM, LOD of
0.16 uM, LOQ of 0.54 uM and sensitivity of 1.1 pA/uM. The system
was also highly selective in the presence of several interferents at a
10-100x molar ratio and displayed high repeatability, reproducibility,
and stability. Finally, we demonstrated the sensor’s applicability in
detecting nucleic acid guanine in wastewater showing its real-life valid-
ity. The excellent analytical performance of our system demonstrated
the significance of the Cu®"-mediated signal amplification strategy
using a practical and low-cost clay-modified CPE, which would sim-
plify and lower the cost of wastewater analysis, and improve wastew-
ater treatment efficiency. In addition, our system is a very promising
candidate for guanine detection for biomedical applications such as
diagnostics, promising superior performance at a lower cost. More
work needs to be conducted for further validation of the system for
environmental and biomedical applications.
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