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ABSTRACT: The novel poly(cytosine)-modified glassy carbon
electrode-based electrochemical sensor was fabricated potentiody-
namically for the detection of Guanine (G) in clinical and
biological samples. The surface of the electrode was successfully
activated by electropolymerization, and about a 7.5-fold current
improvement due to modification was achieved. From the analysis
of the dependence of peak current and peak potential on a scan
rate, a higher R2 for the peak current on the square root of scan
rate (R2 = 0.999) than the dependence of peak current on scan rate
(R2 = 0.982) indicated that the oxidation of G at poly(cytosine)/
GCE was predominantly diffusion controlled. The oxidative peak
response of the electrode revealed a high linear range of G
concentration (0.1−200 μM) under optimized conditions. The
detection limit and limit of quantification were 6.10 and 20.13 nM,
respectively, associated with the %RSD of under 1%. The validation of the developed electrochemical sensor for the determination of
G was investigated by analyzing human urine DNA and serum samples with spike recovery results in the range of 98.20−103.70%
with the interferent recovery percentage in the range of 97.86−103.10% containing 50−300% of potential interferents. The newly
designed sensor demonstrated the highest level of performance for the G detection in real samples.

1. INTRODUCTION
Healthy growth and development in the human body depend
heavily on biomolecules like guanine, which are essential
nucleic bases found in deoxyribonucleic acid (DNA) and
ribonucleic acid (RNA) molecules.1 These biomolecules such
as proteins are physiologically important materials that cover
highly abundant constituents for the human body next to
water.2 Guanine (G) is one of the most important oxypurine
organic bases that is involved in building both DNA and RNA.
It plays several roles in biological systems in processes like
energy supply, coenzyme formation, and metabolic regulation.3

It is highly regarded as an important material in regulating
coronary and cerebral circulation, releasing neurotransmitters,
controlling blood flow, preventing arrhythmias, and modulat-
ing the activity of adenylate cyclase.2 Its abnormal concen-
tration variation in the biological systems is associated with an
indication of mutation of the immune system and various
diseases, including acquired immune deficiency syndrome
(AIDS), epilepsy, mental retardation, cancer, and tumori-
genesis.1,4−6 Thus, the development of innovative biosensors
that enable the identification and measurement of particular
molecules facilitates the detection and surveillance of illnesses
such as cancer and AIDS.

In this regard, many analytical methods, such as
chemiluminescence,7 gas chromatography,8 high-performance
liquid chromatography,9 and micellar electrokinetic chroma-
tography with indirect laser-induced fluorescence detection,10

have been employed in determining G from different samples.
Even though most of these reported methods may have high
advantages such as ease of operation, high sensitivity, user-
friendliness, and assay selectivity, they may have one or more
of the drawbacks of either being expensive, time-consuming,
requiring tedious sample preparation procedures, or needing
skilled manpower. There is still a need for reliable and simple
methods.11,12 The electrochemical methods simplify the
mentioned drawbacks owing to their simplicity, rapid response,
and low cost, offering a greater sensitivity and dynamic range
comparable to other analytical methods.11,13,14
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Furthermore, electroanalytical biosensors have been em-
ployed to determine G directly from blood samples using bare
electrodes.15 However, because of the limited surface area of
the electroactive parts and low electron transfer, the response
for the direct oxidation of G has been very poor on bare
electrodes.16 To eradicate limitations, such as difficulties,
enormous chemically modified electrodes by utilizing different
materials, such as nanomaterials,17,18 and graphene,19 resulting
in more electrochemical active sites, have been fabricated and
revealed improved oxidation signals. Nevertheless, almost all of
them employed complicated and time-consuming procedures
of electrode preparation, showed very short linear range, large
background current, easy leakage of the surface-immobilized
materials, and low catalytic activities.18 Therefore, there is still
a need for novel, improved, simple, and stable electrodes
modified chemically through different materials with high
selectivity and greater sensitivity to investigate G from different
matrices.
Hence, developing a more accurate, selective, faster, low-

cost, and sensitive method for the qualitative detection and
quantitative determination of G is crucial. In this regard,
cytosine (C) could be used as an electrode modifier for
biosensing G from different clinical and biological samples.
Cytosine (C) is an aminopyrimidine nucleobase contained

in RNA and DNA along with uracil/thymine, adenine, and G.
Little or no reports could be found regarding the utilization of
polycytosine as a modifying substrate for glassy carbon
electrodes. Hence, this work demonstrates the fabrication,
characterization, and application of a novel electrochemical
biosensor based on poly(cytosine)/GCE for the determination
of G in blood serum, human urine, and blood DNA extract
samples using voltammetry, especially the square wave
voltammetric method.

2. EXPERIMENTAL PART
2.1. Chemicals and Apparatus. Analytical grades of

guanine and cytosine standards (99.0%, Sigma-Aldrich) were
obtained from Ethiopian food and drug administration
(EFDA), analytical grade of potassium hexacyanoferrate a
standard couple of K3[Fe(CN)6] and K4[Fe(CN)6] (98.0%,
BDH laboratories supplies, England), K2HPO4 and KH2PO4
(98%, Blulux laboratories (P)Ltd.), highly pure KCl (99.5%,
from Blulux laboratories (p) Ltd.), NaOH (Extra pure, Lab
Tech Chemicals), sodium acetate (99.7%, Blulux laboratories
(p) Ltd.), and HCl (37%, Fisher Scientific), acetic acid (Fisher
Scientific), sulfuric acid (loba Chemie), boric acid (from
Blulux laboratories (p) Ltd.), and orthophosphoric acid (loba
Chemie) were among the chemicals used. A 0.50 M H2SO4
stock solution was used for stabilizing the bare and modified
electrodes. The buffer solutions, such as phosphate buffer
solutions (PBS), acetate buffer solutions (ABS), and Britton-
Robinson buffer solutions, were prepared from their respective
acids and conjugate bases in deionized water, and the pH was
adjusted using 1.0 M NaOH and 0.1 M HCl solutions.
Instruments such as pH meter (AD8000, Romania),
refrigerator (Lec. refrigeration PLC, England), CHI 760E
potentiostat (Austin, Texas, USA), deionizer (Evoqua water
technologies), and electronic balance (Nimbus, ADAM
equipment, USA) were also among the instruments/apparatus
used.
2.2. Analytical Procedure. 2.2.1. Solution Preparation.

The stock standard solution of 5 mM G was prepared in a 50
mL graduated flask by dissolving 37.78 mg of G powder in

deionized water. The working solution of different concen-
trations of G in a 0.1 M appropriate buffer solution of
optimum pH was prepared from the stock solution by serial
dilution. A 1 mM cytosine monomer was prepared by
dissolving an exact 4.50 mg of cytosine powder with deionized
water in a 25 mL flask.
2.2.2. Electrochemical Measurements. An electrochemical

cell contained with a three-electrode system composed of a
bare glassy carbon electrode, GCE (3 mm diameter, PEEK
GCE Glassy Carbon Electrode), or poly(cytosine)/GCE as a
working electrode, silver/silver chloride (3.0 M KCl) as a
reference electrode, and platinum coil electrode as a counter
was employed for all electrochemical measurements of the
target solution. Meanwhile, cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) were used for
the characterization of electrochemical behavior and the
surface catalysis of the bare and modified electrodes using
Fe(CN)63−/4− as a probe, and the CV was applied for the
electrochemical qualitative investigation of G. The square wave
voltammetric technique was used for the quantitative
determination of G and to validate the electrochemical
performance of the developed biosensor.
2.2.3. Fabrication of Electrode. First, a bare (unmodified)

glassy carbon electrode was polished to a mirror-like finish
surface with alumina slurries on a polishing cloth and then
continuously rinsed with distilled water. Then, the polished
electrode was allowed to dry in the air at room temperature.
The deposition (polymerization) of the cytosine monomer

on the surface of the polished glassy carbon electrode was done
by scanning in different potential windows between −1.2 and
1.8 V at a scan rate of 100 mVs−1 for 15 cycles in the 1.0 mM
of cytosine.
The prepared poly(cytosine)/GCE was then washed by

rinsing with distilled water many times to remove any
nonreactive monomer from the electroactive surface of the
electrode and stabilized in a monomer-free 0.5 M H2SO4 by
scanning in the electrode potential window between 0.80 and
−0.80 V until a steady cyclic voltammogram was obtained, and
the new working electrode was assigned as poly(cytosine)
modified glassy carbon electrode (poly(cytosine)/GCE). After
the modified electrode was rinsed with distilled water, it was
used for electrochemical studies.
2.2.4. Real Sample Preparation. 2.2.4.1. Human Blood

Serum Sample. A leftover human blood sample was collected
from Tibebe Ghion Hospital, Bahir Dar, Ethiopia, and stored
in a refrigerator for 24 h. After that, 10 mL of the blood sample
was then centrifuged at 4000 rpm for 15 min to remove all
unwanted precipitating materials. The working solutions of
serum samples for G determination were prepared by
transferring 2.5 mL of the supernatant to 25 mL and filling
it with ABS of pH 5 (1:10). Finally, spike recovery was
investigated by preparing different concentrations of standard
solutions of G spiked into the serum samples.
2.2.4.2. Human Urine Sample. A leftover human urine

sample was collected from a Tibebe Ghion hospital at the
laboratory level and centrifuged at a speed of 4000 rpm for 10
min. A 1 mL portion was transferred into a 25 mL flask and
filled up to the mark with ABS of pH 5.0 solution. Various
concentrations of G were prepared and spiked to the target
samples for the recovery test.
2.2.4.3. DNA Extracts. DNA extract samples were collected

from Bahir Dar University, biotechnology research laborato-
ries. These extract samples were stored in the refrigerator until
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investigation. The working solution of the DNA extracts was
prepared by mixing with ABS at pH 5.0 in a ratio of 1:10.

3. RESULTS AND DISCUSSION
3.1. Fabrication of Poly(cytosine)/GCE. In the polymer-

ization of cytosine on the surface of the electrode, the potential

scan range was the most significant factor to be optimized,
followed by the film thickness. No film was deposed on the
surface of the electrode at potential windows narrower than
−1.2 to +1.8 V. Hence, the optimized potential window for the
cyclic voltammetric electropolymerization of cytosine at GCE
was between −1.2 and +1.8 V, at a scan rate of 100 mVs−1 for
15 cycles of acetate buffer solution containing 1.0 mM of
cytosine.
During the electropolymerization of the cytosine monomer,

a visible reductive peak at about −0.54 V, whose peak current
increased with scan number, was seen (Figure 1). The current
appearance is an indication of the electrodeposition of an
electroactive polymer film on the GCE surface which is
ascribed to the characteristic peak for the cytosine polymer
film deposition through reduction-induced polymerization and
consequently of the radical formation in between the ring and
amide nitrogen within the cytosine.20

As can be realized from the voltammograms of bare GCE
(inset curve A of Figure 1) and poly(cytosine)/GCE (inset
curve B of Figure 1) in a monomer-free 0.5 M H2SO4 solution
(inset A of Figure 1), a couple of two distinct redox peaks (a−
a′) at about −0.03 and −0.02 V only at the poly(cytosine)/
GCE indicated the successful deposition of a redox-active
poly(cytosine) film at the surface of sensor GCE. In contrast to
the electrochemically modified GCE, the only cathodic peak
signal (of curve A) that emerged at the unmodified GCE
around about −0.48 V was ascribed to molecular oxygen
reduction, as shown in Figure 1, inset (A).
3.2. Optimization of Film Thickness. The number of

cycles of the monomer (thickness of the film) adsorbed on the
electroactive surface of GCE by electrochemical deposition is
one of the useful pieces of information that affects the
electrocatalytic performance of the electrode toward the
analytes. Hence, the optimum film formed upon the variable
number of cycles of monomer deposition on the modification
process of the working GCE should be determined. The
contribution of film thickness to the performance of the GCE
was optimized by studying electrodepositing the cytosine
monomer on the surface of the electrode with a varied number
of CV cycles (10, 15, 20, 25, and 30 cycles), as depicted in
Figure S1.
Initially, from 10 to 15 cycles, the anodic oxidative peak

current of 1.0 mM G increased drastically, which might be due
to a consecutive increase in the surface area of an electrode as
thickness increases as a result of successive depositions of the
monomer on the surface of the electrode. As the thickness of
the polycytosine film increased beyond 15 cycles, the peak
current of G started at a constant rate, which could be due to
the surface hindrance of a high quantity of the film on the
effective electroactive surface area of the electrode due to the
overloading of the modifier on the electroactive surface that
clogs the active surface of the electrode.21

Furthermore, the symmetric shape and oxidation peaks were
recorded at lower oxidative potential by 15 cycles, which
signifies the effective formation of an optimum sensing film at
the electroactive surface of GCE. As can be seen clearly in the
inset of Figure 2, starting from those points of view, a 15 cyclic
electropolymerization potential scan was chosen as the optimal
film thickness for fabricating Poly(cytosine)/GCE from its
starting monomer material for the quantitative investigation of
G in selected samples from clinical and body fluid samples.
3.3. Characterization of the Fabricated Poly-

(cytosine)-Modified GCE. The electrochemical activity,

Figure 1. CVs of 1.0 mM cytosine scanned in the potential range of
−1.2 to +1.8 V for 15 cycles at a 100 mVs−1 scan rate. Inset A: Cyclic
voltammograms of (a) bare GCE and (b) poly(cytosine) of 0.5
H2SO4 in pH 5.0 ABS scanned between 0.8 and +0.8 V at 100 mV s−1

,
Inset B: 8th cycle of H2SO4 stabilization of bare (a) and
poly(cytosine)/GCE.

Figure 2. Blank corrected cyclic voltammograms of 1.0 mM G in pH
7.0 PBS at poly(cytosine)/GCE after different numbers of polymer-
ization cycles (a−e: 10, 15, 20, 25, and 30, respectively) at 100 mVs−1.

Figure 3. Cyclic voltammograms of (a) unmodified GCE and (b)
poly(cytosine)/GCE modified GCE in 0.1 M KCl containing 10.0
mM (Fe(CN)6)3−/4− in 0.1 M KCl at a scan rate of 100 mV s−1.
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including electroactive surface area, electric current con-
duction, charge-transfer kinetics, and catalytic features of the
developed biosensor, was characterized electrochemically using
CV and EIS.
3.3.1. Cyclic Voltammetric Characterization. The electro-

chemical activity of poly(cytosine)/GCE was characterized by
CV using [Fe(CN)6]3−/4− as a redox probe as presented in
Figure 3. The CV response of the poly(cytosine)/GCE is
shown in Figure 3 for bare GCE (curve a) and poly(cytosine)/
GCE (curve b) for 10.0 mM [Fe(CN)6]3−/4− probe in a 0.1 M
KCl at 100 mVs−1 of scan rates. A pair of reduction and
oxidation peaks appearing on both bare and poly(cytosine)/
GCE are ascribed to a one-electron electrochemical process of
[Fe(CN)6]3−/4−. The ΔEp was 228 mV for the unmodified
GCE, and the poly(cytosine)/GCE showed improved electro-
catalytic behavior with peak-to-peak potential separation
(ΔEp) of 50 mV. The formation of the enhanced peak current
of the probe with narrower peak-to-peak separation at the
poly(cytosine)/GCE might be due to an increased effective
surface area of the electrode and improved charge transfer
capability of the polymer film, indicating the electrocatalytic
activity of the nobel modifier material.

As can be revealed from Figure 3, the redox peak potential
difference at the unmodified GCE to the poly(cytosine)/GCE
and peak current improvement at the poly(cytosine)-modified
electrode by about 170% (1.7-fold) of the current response at
the unmodified is clear verification for the successful
deposition by electropolymerization of the monomer on the
electroactive surface of the GCE.
To confirm the improvement of the active surface of the

poly(cytosine)/GCE, the electroactive area of both the bare
and poly(cytosine)/GCE was investigated. The influence of
scan rate on the CV response of the bare and poly(cytosine)-
based GCEs for [Fe(CN)6]3−/4− as shown in Figure 4, was
utilized for the determination of the effective electroactive
surface area employing Randles-Sevcik equation (eq 1).22,23

I AD n Cv2.69 10p
5 1/2 3/2 1/2= × (1)

where IP = peak current (amperes), n = stands for the number
of electrons transferred in a redox cycle, A = the electrode
surface area (cm2), C = molar concentration of redox-active

Figure 4. CVs of bare GCE (A) and poly(cytosine)/GCE (B) in 0.1 M KCl containing 10.0 mM Fe(CN)63−/4− in 0.1 M KCl at various scan rates
(a−l: 10, 20, 40, 60, 80, 125, 150, 175, 200, 250, and 300 mVs−1, respectively). Inset: a respective sketch of oxidative peak current versus square
root of scan rate for both bare and poly(cytosine)/GCE.

Figure 5. Nyquist plot of (b) bare GCE, (a) poly(cytosine)/GCE
containing 10.0 mM [Fe(CN)6]3−/4− and 0.1 M KCl inset: circuit
diagram of the impedance.

Table 1. Summarized Circuit Parameters of the EIS Study

electrode Rs (Ωcm2) Rct (Ω cm2) frequency (Hz) Cdl (F) ko

bare GCE 100 5140 251.18 1.23 × 10−7 4.30 × 10−9

poly(cytosine)/GCE 100 500 31.62 1.0 × 10−5 4.40 × 10−8

Figure 6. Cyclic voltammograms in the absence (a) and presence of 1
mM Guanine (c) at GCE, and the absence (b) and presence of 1 mM
Guanine (d) at poly(cytosine)/GCE in pH 5.0 ABS at a scan rate of
100 mVs−1. (inset: background corrected 1 mM Guanine on (a) GCE
and (b) poly(cytosine)/GCE).
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species (mol/cm3), D = the diffusion coefficient (cm2/s), and v
= scan rate in V s−1

Taking n = 1 for [Fe(CN)6]3−/4− because 1 electron is being
transferred during the redox process diffusion coefficient, D =
7.6 × 10−6 cm2/s for [Fe(CN)6]3−/4−, the electroactive surface
area calculated from the slope of the plot of anodic peak
current versus square root of scan rate (inset of Figure 4A,B)
was 0.136 cm2 for unmodified GCE and 0.316 cm2 for
poly(cytosine)/GCE, showing that modification of the work-
ing electrode increased the effective surface area of the
electrode by about 2.312 folds. The observed electrocatalytic
effect of the modified surface toward current enhancement of
[Fe(CN)6]3−/4− was thus because of the increased electrode
surface area.
3.3.2. Electrochemical Impedance Spectroscopic Charac-

terization. EIS is utilized to characterize the charge transfer

catalysis of the electrodes comparatively.24 EIS was utilized to
investigate an electrode’s interface electrochemical properties.
In comparison to the unmodified glassy carbon electrode
(Figure 5, curve a), the poly(cytosine)/GCE (Figure 5, curve
b) possessed a semicircle with a very small diameter, which is
an indication that the surface of the electrode is modified with
an electrochemically active polymer film that effectively
activates the charge transfer conductivity of the electroactive
surface. At poly(cytosine)/GCE, the charge-transfer resistance
(Rct) value, which is defined as the rate of charge exchange on
the electrode−solution interface, decreased, implying the
immobilization of highly conductive polymeric material with
a high surface area that acted as electron transfer channels.
Interestingly, poly(cytosine)/GCE exhibited a very low rate of
charge-transfer resistance (high charge transfer) and high

Figure 7. (A) CVs of poly(cytosine)/GCE in ABS of variable pH values (a−i: 3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 6.5, 7.0, and 7.5, respectively) containing
1.0 mM G (B) plot of (a) peak potential and (b) peak current vs. pHs in the range of the pHs.

Scheme 1. Proposed Irreversible Oxidative Reaction Mechanism for G

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c01939
ACS Omega 2024, 9, 26222−26234

26226

https://pubs.acs.org/doi/10.1021/acsomega.4c01939?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01939?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01939?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01939?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01939?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01939?fig=sch1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c01939?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


double-layer capacitance as compared to the unmodified
electrode.

Figure 8. (A) CVs of poly(cytosine)/GCE in pH 5.0 ABS containing 1.0 mM G at various scan rates (a−l: 10, 20, 40, 60, 80, 100, 125, 150, 175,
200, 250, and 300 mVs−1, respectively), (B) plot of Ip vs. (v)1/2, (C) plot of Ip vs. scan rate, and (D) plot of log Ip vs. log (v).

Figure 9. Plot of Epa vs ln(scan rate) for 1.0 mM G at pH 5.0 of ABS
on poly(cytosine)/GCE.

Figure 10. SWVs of unmodified GCE (a,c) and poly(cytosine)/GCE
(b,d) at pH 5.0 ABS in the absence of G (a,b) and containing 1.0 mM
G (c,d) at step potential: 4 mV, amplitude: 15 mV, and frequency of
25 Hz Inset: background subtracted SWVs of (a) bare GCE and (b)
poly(cytosine)/GCE.

Figure 11. Blank corrected SWVs of poly(cytosine)/GCE in pH 5.0
ABS for varied concentrations of G (a−k: 0.1, 0.5, 1.0, 5.0, 10.0, 20.0,
40.0, 60.0, 80.0, 120, 160, and 200.0 μM, respectively) at a step
potential of 4 mV, amplitude of 25 mV, and frequency of 25 Hz. Inset:
plot of peak current vs. concentration of G.

Figure 12. Blank corrected SWVs of poly(cytosine)/GCE in pH 5.0
ABS for intraday stability of 40 μM G at a stepping potential of 4 mV,
amplitude of 25 mV, and SWV frequency of 25 Hz.
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From Figure 5, it can be observed that both the surface
untreated (bare) GCE and poly(cytosine)/GCE revealed
semicircles of different diameters at the high-frequency region
and a line at about 45° at the low-frequency region attributed
to diffusion of the probe from the bulk solution toward the site
of the electrode−solution interface.25 From the Nyquist plot,
the diameter of the semicircle at a higher frequency region
resembles the charge-transfer resistance (Rct) of the current
electrode, and the linear portion at the lower frequency region
represents the diffusion process.25 The Rct value of poly-
(cytosine)/GCE, which is (500 Ω) much less than bare GCE
(5140 Ω), is an indication of a higher diffusion rate of the
electron due to the surface activation of GCE that is agreed

with those resulted from the CV characterization of the current
study. This result reveals the successful deposition of the
ploy(cytosine) at the GCE surface. The double layer capacity
of the GCE (Cdl) and charge transfer rate (ko) for both bare

Figure 13. Blank corrected SWVs of poly(cytosine)/GCE in pH 5.0
ABS for intraday stability of 40 μM G at a stepping potential of 4 mV,
amplitude of 25 mV, and SWV frequency of 25 Hz.

Figure 14. Background subtracted SWVs of poly(cytosine)/GCE in
pH 5.0 ABS containing (a) unspiked urine sample, (b) + 20.0 μM
standard G, and (c) + 40.0 μM standard G. at a stepping potential of
4 mV, square wave amplitude of 25 mV, and pulse frequency of 25
Hz.

Table 2. Recovery Study of Various Concentrations of G in
Spiked Urine, Serum, and DNA Samples

sample
added standard

(μM)
expected
(μM) found (μM)a recovery

0.0 0.0 0.0 0.0
urine 20.0 20.0 19.86 ± 2.10 99.30

40.0 40.0 39.65 ± 1.70 99.13
0.0 0.0 0.0 0.0

serum 20.0 20.0 19.65 ± 2.34 98.25
40.0 40.0 40.06 ± 1.76 100.15
0.0 0.00 1.40 ± 1.21

DNA 20.0 21.40 22.25 ± 0.83 103.97%
40.0 41.40 41.28 ± 1.52 99.71%

aMean ± %RSD for n = 3.

Figure 15. Background subtracted SW voltammograms of poly-
(cytosine)/GCE in pH 5.0 ABS containing (a) unspiked blood serum
sample, (b) serum sample +20.0 μM standard G, and (c) serum
sample +40.0 μM standard G. at a stepping potential of 4 mV, SWV
amplitude of 25 mV, and SWV frequency of 25 Hz.

Figure 16. Background subtracted SW voltammograms of poly-
(cytosine)/GCE in pH 5.0 ABS containing (a) unspiked blood serum
sample, (b) serum sample +20.0 μM standard G, and (c) serum
sample +40.0 μM standard G at a step potential of 4 mV, amplitude of
25 mV, and SWV frequency of 25 Hz.

Table 3. Summary of Interference Recovery Results of G
Containing Concentrations: 20.0−120.0 μM DIC, GA, and
UA

interferent
interferent
added (μM)

current
response
(μA)

expected
current (μA) recovery

%
error

0 20.08
20 19.98 20.08 99.50 0.5

UA 40 20.54 20.08 102.30 2.3
80 20.60 20.08 102.58 2.58
120 20.71 20.08 103.10 3.1
0 20.08
20 19.88 20.08 99.00 0.99

GA 40 19.89 20.08 99.05 0.95
80 20.02 20.08 99.70 0.30
120 20.28 20.08 100.99 0.99
0 20.08 20.08
20 20.51 20.08 102.14 2.14

DIC 40 20.89 20.08 104.03 4.03
80 21.28 20.08 105.97 5.97
120 21.45 20.08 106.82 6.82
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and poly(cytosine)/GCE are computed by applying the
equations as portrayed below (eq 2) and (eq 3), respectively,
and summarized clearly in Table 1.

C
R f

1
2dl

ct max

=
(2)

where Cdl is the double-layer capacitance, Rct is the charge-
transfer resistance of the interface double layer, and fmax is the
frequency corresponding to the maximum imaginary impe-
dance on the Nyquist plot diagram.
Conversely, from the Nyquist plot of the EIS analysis, the

rate of charge transfer (ko) at the GCE and poly(cytosine)/
GCE is obtained byeq 3:

k
RT

n F ACR
o

2 2
ct

=
(3)

where ko is the charge transfer rate, R is the universal gas
constant, T is the Kelvin temperature, A is the electroactive
area, and others as usual.

3.4. Study of the Electrochemical Behavior of G on
Poly(cytosine)/GCE. The electrochemical feature of G on
cyclic voltammetric investigation at poly(cytosine)/GCE was
performed by analysis of 1 mM G and compared with that of
the unmodified GCE (Figure 6). As can be depicted from
Figure 6, the appearance of a single well-resolved oxidative
peak at around 800 mV potential in both bare and
poly(cytosine)/GCE, and no peak in the backward scan
direction for G is an indication of the irreversible oxidation of
G at both unmodified and poly(cytosine)/GCE. The observed
oxidative peak current response at the poly(cytosine)/GCE
(curve b of inset of Figure 6) is around 7.5-fold (over 65 μA)
to the oxidative peak signal at the unmodified GCE (curve b of
inset of Figure 6). This could be ascribed to the high surface
roughness and effective area of the polymer-modified
electrode.
In addition to that, the anodic peak potential of G at the

poly(cytosine)/GCE appearing at less potential than (Ep = 800
mV) that of the bare GCE (Ep = 893 mV) is supposed to

Figure 17. Background cs of 40.0 μM G standard solution (pH5.0 ABS) containing different concentrations of interfering substances (A) gallic
acid, (B) uric acid, (C) diclofenac, at concentrations a−e: 0.0, 20.0, 40.0, 80.0, and 120.0 μM) at a stepping potential of 4 mV, amplitude of 25 mV,
and SWV frequency of 25 Hz.

Table 4. Summary of Comparison of the Figures of Merits of the New Sensor with the Reported Methods

modifier electrode technique LOD (μM) linear range (μM) refs

NF/CHT-ARGO NF/CHT-ARGO/GCE DPV 0.10 0.10−120 41
GMC GMC/GCE DPV 0.76 25−150 42
Au50Pt50NCs-rGO Au50Pt50NCs-rGO/GCE SWV 0.06 1−200 43
GS/IL/CHT GS/IL/CHT/GCE DPV 0.75 2.5−150 44
graphene-NF graphene-NF/GCE DPV 0.58 10−300 45
PANI/MnO2 PANI/MnO2/GCE DPV 4.80 10−100 46
SWCNT-Lys SWCNT-Lys/GCE LSV 0.075 0.2−25 47
MWCNT/CHT MWCNT/CHT/GCE DPV 0.06 0.2−450 48
PPDA/CRGO PPDA/CRGO/GCE DPV 0.01 0.05−6.00 49
poly(cytosine) poly(cytosine)/GCE SWV 0.0061 0.1−200 this work
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improve the charge transfer capability of the poly(cytosine)/
GCE.
Generally speaking, after surface modification, the improve-

ment of the oxidative peak current response of G and its peak-
to-peak potential reduction at poly(cytosine)/GCE is an
indication of the electrocatalytic ability of the complex
modifier toward the electrooxidation of G.
The potential decrease by about 93 mV is confirmed by the

modifier’s electrocatalytic activity for G oxidation, and a 7.5-
fold peak current augmentation may have caused the reported
increases in conductivity and surface area.
3.5. Investigation of Effect of Electrolytic Solutions.

The kind of buffer solution also has an impact on the
electrochemical activity of an electroactive species. The most
used types of supporting electrolytes having high buffering
capacities are acetate buffer solution (ABS), Britton-Robinson
buffer solution (BRBS), and phosphate buffer solution (PBS)
[86]. Figure S2 displays the cyclic voltammetric signals of 1
mM G at pH 5.0 of different buffer solutions. As can be shown
in Figure S2, a highly intensive oxidative peak at a lower
electrode potential, with an enhanced peak current for G in the
modified electrode, is obtained in ABS.
3.6. pH Effect on Peak Current and Peak Potential.

Investigating the effect of the pH of the supporting electrolytic
solution on the current response and peak potential direction
of an electroactive species at an electrode is one piece of
information that helps us study the involvement of proton and
electron in the redox reaction. Figure 7 explains the influence
of pH on the oxidation peak current and potential of 1.0 mM
G in ABS using poly(cytosine)/GCE in ABS. As observed from
Figure 7, the anodic peak potential shifts toward the negative
direction as pH varies from 3.5 to 7.5 (Figure 7A), which
confirms the participation of the proton in the electrochemical
oxidation reaction of G on the surface of poly(cytosine)/GCE.
From the plot of oxidation peak potential versus pH (Figure
7B), the slope of 0.056 V (curve (a)) indicates the involvement
of electrons and protons in a 1:1 ratio,26 and the proposed
reaction scheme for the oxidation route of G is represented in
reaction Scheme 1 below.
On the other hand, the oxidative peak current of G at the

poly(cytosine)/GCE increased with pH values increasing from
3.5 to 5.0 (curve (b) of Figure 7B) after then decreasing at pH
regions beyond 5.0 (curve (b) of Figure 7B), which may be
attributable to the interaction of the G with the electrode-
modifying materials. G presents a pKa value of 4.2, and the
increasing current trend in the acidic region might account
partly for the possible attraction between guanine and the
cytosine (pKa 9.2) deposited by electropolymerization in the
reduced form.27,28

3.7. Effect of Scan Rate on Ipa and EPa of G Oxidation.
One parameter that determines the behavior of the analyte’s
response, the rate that determines the step, and the
participation of protons and electrons is the scan rate. The
influence of scan rate on the signal form of peak current signal
and the position peak potential of G at poly(cytosine)/GCE
was investigated, as shown in Figure 8. As can be perceived
from Figure 8, the observed oxidation peak potential of G
shifts to a more positive direction with an increase in the scan
rate (Figure 8A). The potential shift upon scan rate strongly
indicates that the electrochemical oxidation of G is irreversible.
Then again, from the linear correlation curve, a higher
correlation (R2 = 0.999) for the dependence of peak current
on the square root of scan rate (Figure 8B) than on scan rate

(R2 = 0.982) (Figure 8C) is an indication that the
electrochemical oxidation of G at poly(cytosine)/GCE was
predominantly a diffusion-controlled process.29 That was also
confirmed by the slope of 0.48 for the plot of the logarithmic
value of peak current versus logarithmic scan rate, which nearly
agrees with the ideal value of 0.5 for the diffusion-controlled
process (Figure 8D).30−32

In addition, the number of participant electrons that
incorporated/involved in the electroanalytical behavior of the
G oxidation at poly(cytosine)/GCE was determined from the
response of CV by taking a sole scan rate simply by
determining the αn values from the irreversible process. This
was calculated by taking the difference between the peak
potential (Ep) and the half-wave potential (Ep1/2) usingeq 4:33

E E
n

47.7
p p1/2 =

(4)

where α stands for the charge transfer coefficient, and n implies
the number of electrons participated. At the scan rate of 100
mVs−1, the peak potential Ep and halve wave potential Ep1/2
values for the CV of G (from scan rate) are obtained to be 908
and 861 mV, respectively, and the value of αn was calculated
and obtained as 1.01. Considering α for an irreversible
electrode−solution interaction process is 0.50,30 the number of
electrons (n) transferred in the electroanalytical oxidation of G
at the active surface of poly(cytosine)/GCE was estimated at
2.03 (∼2.0).
For the irreversible electrochemical reactions, the relation

between Ep and ln(v) obeys eq 5.
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where Ep = peak potential, Eo = the forma potential, α = the
electron transfer coefficient, ko = the electrochemical rate
constant, R is the universal gas constant, F is Faraday’s
constant, T is Kelvin temperature, and the other parameters
with their usual meanings.
From the plot of Epa versus ln v (Figure 9), taking the slope

of 0.026 (slope = RT
nF(1 )

= 0.026 for the fitted line (Epa(v) =

0.78 + 0.026 ln (v) of the curve of the plot of Epa versus ln(v).
At laboratory room temperature (approximately 25 °C) and

taking n = 2 for G oxidation, the value of (1 − α) was
calculated using eq 3 and obtained to be 0.5. Taking the one
electron for the oxidation of G calculated using eq 4, the
coefficient of electron transfer (α) was found to be 0.5,
confirming the irreversibility of the electroanalytical oxidation
of G.34

3.8. Quantitative Investigation of G at Poly(cytosine)/
GCE by SWV. For quantitative monitoring of G in clinical and
biological matrixes, square wave voltammetry was applied
because, with its maximum sensitivity and very low detection
limit, it is the most effective electroanalytical technique for
quickly decaying the nonfaradic current.35 Figure 10 shows the
square wave voltammograms of with and without 1 mM G in
pH 5.0 ABS at unmodified and poly(cytosine)/GCE and
voltammogram of background corrected bare (curve of inset a)
and poly(cytosine)/GCE (curve of inset b). As depicted in
Figure 10, the appearance of well-shaped and highly intensive
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oxidate square wave voltammograms with about 9-fold current
performance improvements was noticed. This confirms the
contribution of the poly(cytosine) as the catalytic activator for
the electrooxidation of G toward poly(cytosine)/GCE.
3.9. Optimization of the SWV Parameters. For further

analysis, selected SWV parameters (step potential, pulse
amplitude, and wave frequency) were optimized. Although
an increase in peak current response with an increase in step
potential, frequency, and square wave amplitude is implicit,
these parameters should be investigated and optimized by
agreeing with the response of the increased Faradaic peak
current and complemented capacitive current.
3.9.1. Effect of Step Potential. The oxidative peak current

of 1.0 mM G at the poly(cytosine)/GCE increased with step
potential in the range from 2 to 12 mV (Figure S3). However,
the increase in oxidative peak current is accompanied by a loss
of peak symmetry range and peak potential shift. Additionally,
the peak current increment decreases at high step potentials.
Thus, a step potential of 4 mV was chosen as the optimum step
potential for further square wave voltammetric analysis due to
the drastically enhanced Faradaic current.
3.9.2. Effect of Square Wave Amplitude. The effect of

square wave amplitude on the oxidative peak current of G at
the poly(cytosine)/GCE was checked in the wave amplitude
range of 10−45 mV (Figure S4). A square wave amplitude of
25 mV was chosen as a compromise between the peak current
increment and the accompanied peak broadening.
3.9.3. Effect of Frequency. The influence of SW

voltammetric frequency on the current intensity of G on
poly(cytosine)/GCE was studied, and the result is depicted in
Figure S5. The response of the electrode toward G at various
frequencies reveals the increase in the intensity of the peak
current with frequencies, which is similar to the trend observed
for the effect of amplitude. A frequency value of 25 Hz was
chosen for reasons similar to those for the stepping potential
and pulse amplitude.
3.10. Calibration Curve and Detection Limit of the

Developed Method. Under optimized experimental con-
ditions and parameters, the SWV responses of varying
concentrations (between 0.1 and 200 μM) were investigated
(Figure 11). The limit of detection and limit of quantification
were calculated by LOD = 3 s/m and LOQ = 10 s/m36,37

where s is the standard deviation of the blank for quintuplicate
measurements and m is the slope of the calibration curve. By
utilizing the formula, LOD and LOQ were found to be 6.1 and
20.13 nM, respectively (inset of Figure 11). Associated %RSD
values were under 1% for triplicate measurement, showing the
precision of the developed novel electrochemical biosensor
based on the poly(cytosine) as an electrode modifier.
3.11. Stability and Reproducibility Studies. To

investigate the long-term stability, accuracy, and repeatability
developed a biosensor for selective and reproducible measure-
ments, the performances of the modified electrodes were
evaluated by recording six successive SWVs of the developed
electrochemical sensor in pH 5.0 ABS containing 40.0 μM G at
an interval of 2 hrs. in a day as shown in Figure 12 with an
error of 3% (%RSD). This indicates the qualitative
effectiveness of the proposed sensor for successive applications
in biological samples.
Similarly, the long-term stability and repeatability developed

G biosensor for selective and reproducible measurements of
40.0 μM G at pH 5.0 ABS were studied for 14 successive days
with SWVs at an interval of 2 days between days as presented

in Figure 13 with a relative error (%RSD) of 3.4%. This result
also confirms that the valuable activity of the proposed sensor
is the best alternative means for reproducible material for
electrochemical determination of G from different samples and
is highly stable for repeatable response for sensor application.
3.12. Application of Poly(cytosine)/GCE for Determi-

nation of G in Real Sample. The valuable application of the
current biosensor was confirmed by applying it in real sample
analysis. The due sensor was used to successfully determine the
G from clinical blood serum, urine, and laboratory-level
extracted DNA samples.
3.12.1. Human Urine Sample. Figure 14 represents SW

voltammograms for a clinical human urine leftover sample
prepared following the procedure described elsewhere in the
experimental procedure.38 It can be clearly understood from
Figure 14 that the voltammetric signal without any significant
peak at the characteristic potential of G indicates that the urine
sample does not contain active G in the analyzed human urine
sample (Figure 14 peak A), and the appearance of a sharp peak
intensity at a potential away from the characteristic potential
for G is attributed for the existence of potentially active uric
acid in the urine sample (peak B of Figure 14).39,40 The
selectivity of the newly proposed method for quantification of
G in human urine by adding a certain quantity of uric acid was
further examined by a spike recovery test. The spike recovery
investigation was studied by adding 20 and 40 μM standard
solutions of G into a urine sample and is enclosed in Table 2.
The spike recovery of the proposed material on G
determination from the urine sample was in the range of
99.13 to 99.30%, indicating the robust applicability of the
sensor for quantitative determination and qualitative diagnostic
analysis.
3.12.2. Human Blood Serum Sample. For further

application, the validity of the developed biosensor was
utilized for the analysis of G from leftover blood serum
samples collected from the hospital. Figure 15 shows
background subtracted SWV for a human blood serum sample
prepared by following the procedure explained in the
procedure part elsewhere. Without any considerable quantity
of standard G, there was no observable signal of a peak current
at the characteristic potential of G, indicating the absence of
the target analyte in the analyzed human serum sample, while
after the addition of a known concentration of G, the
corresponding peak intensity enhancement was observed
(peaks b and c of Figure 15) [140, 141]. The selectivity of
the developed method for G in human serum was further
examined by a spike recovery test. The recovery test was
computed from the spiked standards, and the recovery results
were obtained in the range of 98.25 to 100.15% (Table 2).
3.12.3. DNA Extract Samples. Furthermore, the applic-

ability of the current electrochemical poly(cytosine)/GCE-
based sensor for the screening and determination of G was
investigated from DNA samples extracted from human blood
samples. This was done by determining the target analyte from
DNA extract without and with spiking a known concentration
of standard G. As presented in Figure 16, there is the
appearance of peak current (peak a) for the detected G in the
unspiked DNA, and there is an increase of current response
intensity with the increase of the concentration of spiked
standard G, indicating that the peak was because of the
existence of G in DNA.
The spike recovery of results of G in the collected DNA

extract sample was obtained in the percentage between 99.71
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and 103.97% as shown in Table 2 with %RSD under 3.7% for
G in the human DNA sample validated the novel electro-
chemical sensor for successful determination of G in the
human DNA sample.
3.13. Interference Study. For the valid application,

during the G determination, different samples such as serum,
DNA, and urine samples containing some potential interferents
were investigated successfully. In this study, the compounds
that are expected to be potential interferents, such as uric acid
and gallic acid, were evaluated. The outcome of the added-on
intensity peak current of the analyte is outlined in Table 3.
The contribution of each interferent was investigated at a

variable concentration of those potential interferents, as can be
seen in Figure 17. As the quantity of the interferences varies,
their peak current varies accordingly; conversely, there is no
change in the oxidative peak current response of the G,
indicating the developed sensor is highly selective toward the
targeted species.
Table 3 shows the concentration of G detected as the

concentration of the spiked interferents varied. In all the cases,
G was recovered between 97.86 and 103.10%. This confirms
that the studied interferents could not affect the determination
of G, and hence that the developed electrochemical biosensor
was valid for the study of G from real samples in the presence
of interfering compounds.
3.14. Comparison of the Present Work with the

Reported Methods. The performance characteristics of the
present sensor electrode, such as the type of modifier, linear
range of detection, detection limit, availability of the electrode
modifier, and cost, were compared with some of the recently
reported voltammetric methods for the study of the oxidation
of G, as depicted in Table 4.
The present poly(cytosine)/GCE manifested a very wide

linear range and the lowest LOD value of all of the previously
reported works. Thus, the current reported method based on
poly(cytosine) film from an easily accessible cytosine
monomer as a modifier showed a supercilious performance
over those that used expensive electrode modifiers.

4. CONCLUSIONS
Poly(cytosine)-based biosensor was developed for the
detection of Guanine (G), and characterization of the sensor
was done by CV and EIS. The electrochemical behavior of G at
the poly(cytosine)/GCE was studied through CV. Moreover,
the study of the dependency of peak current on the square root
of the scan rate pointed toward a diffusion-controlled process
of G at poly(cytosine)/GCE. Notably, the shift in peak
potential with pH highlighted proton involvement in the
electrochemical oxidation of G.
For the sensitive and selective determination of G in

different samples like blood serum, urine, and DNA extracts,
SWV based on poly(cytosine)/GCE was employed and
revealed a linear relationship between the oxidative peak
response and G concentration within the range of 0.1−200
μM, with an impressive limit of detection and limit of
quantification of 6.10 and 20.13 nM, respectively.
Real sample analysis confirmed that only DNA extracts

contained detectable G, measuring around 1.40 μM, which falls
below the permissible level of G in human blood DNA. The
sensor was assessed for interference, stability, and reproduci-
bility, affirming its reliability for quantitative and qualitative G
analysis. In conclusion, the newly developed sensor proved to

be highly sensitive, selective, and stable, demonstrating its
efficacy for G detection and analysis.
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