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Abstract: The abnormal levels of four DNA bases, namely guanine (G), adenine (A), thymine (T),
and cytosine (C) are implicated in several cancers, metabolic diseases, and HIV/AIDS. Therefore,
the accurate detection and concentration measurement of these four DNA bases is of significant
interest. Furthermore, there has recently been a push towards developing chemical sensors which
are more sustainable and cost-effective. Herein, we developed a graphite paste electrode which
incorporated the biochar of sugarcane and methylene blue (GPE-SC-MB) in order to simultaneously
detect these four DNA bases. The linear ranges obtained for the four DNA bases are 0.67-38.67 uM
for G, 0.67-126.67 uM for A, and 6.67-1600 uM for T and C. The limit-of-detection (LOD) values
obtained were 0.037 uM for G, 0.042 uM for A, 4.25 uM for T, and 5.33 uM for C. The electroactive
surface area of the electrode as well as the diffusion coefficients for each analyte were determined.
Lastly, the GPE-SC-MB was tested in real samples using human saliva with recovery values between
99.0 and 103.0%. Thus, biochar from sugarcane proved to be an effective electrode modifier material
for the development of sensitive electrochemical sensors.
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1. Introduction

Deoxyribonucleic acid (DNA) is the genetic code which underlies every living or-
ganism and is the first and most essential component of the “Central Dogma” which
gives instructions to cells to synthesize proteins [1,2]. DNA is composed of a phosphate
backbone, a sugar group, and four types of bases, those being guanine (G) and adenine
(A) which are classified as purines, and thymine (T) and cytosine (C) which are classified
as pyrimidines [3,4]. These four DNA bases are also involved in extracellular signaling
pathways [5], as well as numerous metabolic pathways which result in the synthesis of var-
ious metabolites including energy carriers, the most notable being adenosine triphosphate
(ATP) [6-8].

Several diseases may arise from the abnormal levels of DNA bases in blood including
Lesch-Nyhan disease, gout, orotic aciduria, HIV/AIDS, epilepsy, and diseases which arise
from genetic predispositions as well as some cancers [9-14]. Therefore, there is a need to
sensitively measure the concentration of DNA bases in blood in order to clinically diagnose
such diseases.

Traditionally, there are numerous analytical methods which can measure the concen-
tration of DNA bases such as high-performance liquid chromatography with tandem mass
spectroscopy (LC-MS/MS) [15-17], ultra-high performance liquid chromatography with
tandem mass spectroscopy (ULC-MS/MS) [18,19], gas chromatography [20,21], capillary
electrophoresis [22,23], Raman spectroscopy [24], as well as ultraviolet-visible (UV-vis)
spectroscopy [25]. However, these techniques present various drawbacks such as the high
cost of bench-top instruments, complex protocols requiring highly trained users, long times
for sample pre-treatment and analysis [12-14].
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Electrochemical sensors can function as platforms which overcomes these drawbacks
as they can be adapted to be highly portable, user-friendly, and cost-effective, and can be
used as point of care devices for the rapid analysis of DNA bases. Oliveira-Brett et al. [26]
elucidated the electrochemical oxidation mechanism for G and A using a glassy carbon
electrode (GCE), they also developed an electrochemical sensor able to detect all four DNA
bases over a wide range of pH [27]. Since then, several researchers developed electrochemi-
cal sensors for the detection of DNA bases using a wide variety of nanocomposites [28-31].

Furthermore, in recent years, there has been a push towards developing green, sustain-
able electrochemical sensors using a variety of materials [32-34]. Baby et al. [35] recently
analyzed the use of various eutectic solvents to synthesize MgFe,O4 which was used as
an electrocatalyst for the simultaneous determination of nitrofurantoin and 4-nitrophenol.
Zaidi [36] successfully utilized 3-pyridine carboxylic acid amide (Nicotinamide), an envi-
ronmentally friendly compound, as a functional monomer over reduced graphene oxide
(rGO), which was used to detect adrenaline. Chaithra et al. [37] were able to synthesize
biomass-derived carbon nanospheres from the leaves of Mimosa pudica, which were then
incorporated with Pd nanoparticles for the electrochemical sensing of morin. Further-
more, there were recent reports of using biochar derived from sugarcane stalks which
were successfully incorporated into biosensors [38,39]. Recent studies have also shown
that sugarcane bagasse can be used as a sustainable bio-sorbent to remove methylene
blue (MB) from wastewater polluted with the compound [40-42]. MB was frequently
demonstrated to be a useful redox mediator that can amplify the detection of DNA hy-
bridization [43,44]. Previous reports have also shown that MB displays specific affinity
towards G bases [45]. Given these recent findings, our group was inspired to pursue the
combination of sugarcane absorbed with MB and use it as an electrode modifier to develop
a sensitive electrochemical sensor.

Recently, our group reported a carbon-based electrode modified with a graphene oxide
(GO) and multi-walled carbon nanotube (MWCNT) nanocomposite [14], as well as the
development of graphene oxide nanoribbons in chitosan [46], both for the simultaneous
determination of DNA bases. Herein, we developed a graphite paste electrode (GPE),
which incorporated the biochar from the bagasse of sugar canes along with methylene
blue (MB), which was able detect all four DNA bases with improved sensitivity over
a wide linear range of concentrations using differential pulse voltammetry (DPV). The
performance of the GPE with sugarcane biochar (5C) and methylene blue (GPE-SC-MB)
was tested over a range of pH values and was also compared against a blank GPE, as well
as against a GPE which incorporated only SC (GPE-SC). A scan rate study was performed
to evaluate the electroactive surface area, as well as chronoamperometry to elucidate the
diffusion coefficients for each DNA base. Finally, the modified electrode was compared
with the existing sensors for DNA detection in the recent literature. The sensor was also
tested in human saliva samples with satisfactory recovery values.

2. Materials and Methods
2.1. Reagents

The four DNA bases (G, A, T, and C), along with methylene blue (MB) (C14H13CIN3S-
xHO), paraffin oil, potassium hexacyanoferrate (II) trihydrate (K4[Fe(CN)g]-3H,0), potas-
sium hexacyanoferrate (III) (K3[Fe(CN)g]), potassium chloride (KCl), hydrochloric acid
(HC1), and sodium hydroxide (NaOH) were all purchased from Sigma-Aldrich (Oakville,
ON, Canada). The electrolyte solutions of 0.2 M phosphate buffer ranging from a pH of 3.0
to 8.0 were made using 85% (v/v) phosphoric acid obtained from Fischer Scientific (Missis-
sauga, ON, Canada), and the pH was adjusted using 10 M NaOH. Sugarcane stalks were
purchased from a local vendor in Mississauga, ON, Canada. The four DNA base solutions
(G and A were 0.01 M, T and C were 0.05 M) were made by dissolving each compound
in deionized water in the presence of 100 uL of concentrated NaOH. All dilutions were
performed using deionized water.
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2.2. Instrumentation

Scanning electron microscopy (SEM) was performed using a Hitachi S530 Scanning
electron microscope (Hitachi Ltd., Tokyo, Japan). All Fourier transform-infrared spectrums
(FT-IR) were obtained using an Alpha Fourier transform infrared spectrometer (Bruker
Corp., Billerica, MA, USA). The pH of electrolyte solutions was measured using a VWR
SB70P pH meter. Electrochemical measurements were performed at room temperature us-
ing Autolab Potentiostat/Galvanostat (PGSTAT 302N, Metrohm AG, Herisau, Switzerland)
in connection with NOVA™ software (NOVA 2.1.2, Metrohm AG, Herisau, Switzerland).
The electrochemical cell was a three-electrode one where the working electrode was the
GPE-SC-MB (unless stated otherwise), the counter electrode was platinum, and the ref-
erence electrode was a saturated silver/silver chloride (Ag/AgCl) electrode. All DPV
measurements were recorded from +0.4 to +1.6 V at a step potential of 5 mV, a modula-
tion amplitude of 25 mV, a modulation time of 0.05 s, and an interval time of 0.5 s. The
redox probe solution of 10 mM [Fe(CN)s]>~/#~ in 0.1 M KCl was used in electrochemi-
cal impedance spectroscopy (EIS) measurements. The Nyquist plots were obtained in a
frequency range from 0.1 Hz to 10 kHz. NOVA™ software was used for the fitting and
simulation of the obtained EIS plots using the modified Randles equivalent circuit.

2.3. Preparation of Methylene Blue-Modified Sugarcane Biochar (SC-MB)

Before activation, SC was washed with deionized water to remove any impurities and
then cut to 5 cm pieces and dried at room temperature (RT) for 72 h. They were further
dried to a constant weight in an oven at 110 °C for 12 h. Activation was carried out using a
furnace at 500 °C with heating rate of 15 °C/min, for 2 h and then cooled to RT and milled
for 2 h using a ball milling machine. The obtained product was named as sugarcane biochar
(SC). A portion (5 g) of SC was mixed and shaken with 10 mL of a saturated MB solution
for 24 h. The final product (SC-MB) filtered and washed with deionized water until the
rinse was colorless. Finally, SC-MB samples were dried in an oven at 90 °C for 12 h.

2.4. Preparation of Graphite Paste Electrode (GPE) with SC-MB

The modified GPE with SC-MB was prepared using stoichiometric dilution by pro-
gressively mixing 4 mg of SC-MB with 196 mg of graphite powder. The mixture was
homogenated and grounded in a ceramic mortar with a pestle for 10 min and then mixed
with 5 mg of paraffin oil for another 10 min. The prepared paste was filled in 3 mm internal
diameter glass tubes and a copper wire was used as the electrical connection. This modified
electrode is denoted as GPE-SC-MB. The modified electrode with only SC was prepared in
a similar manner using 4 mg of SC (2%, w/w) and denoted as GPE-SC in the absence of MB.
Moreover, the method was also used for developing the bare GPE using only a mixture of
graphite and paraffin oil in the absence of SC-MB. The latter two electrodes were used for
comparison studies.

2.5. Human Saliva Samples

All experimental studies using human saliva were conducted following the ethical
guidelines of the University of Toronto. The saliva sample was collected from a male
volunteer and was stored in an ice bath prior to use. Six hundred (600) pL of the saliva
sample was mixed with 2.4 mL of 0.2 M phosphate buffer (pH 7.0). The DNA base solutions
were then sequentially added to the mixture to perform the electrochemical measurements.

3. Discussion
3.1. Characterization of GPE-SC-MB Nanocomposite

SEM was used to investigate the microscopic structure of the intact SC-MB hybrid
nanocomposite (post-heating, before grinding) as shown in Figure 1A-D with different
magnifications. As shown in Figure 1, the cell wall of the bagasse fibers provided ample
surface area for the MB molecules to be adsorbed into the SC, providing an abundance of
active sites for the electrochemical reactions to proceed with high electron transfer efficiency.
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The arrows in Figure 1 indicate the micropores within the sugarcane structure that have
been shown to be filled with MB during the adsorption process [41]. Previous literature
shows that chemisorption is the dominant mechanism by which MB is attached to the
surface of the sugarcane [41]. The structural morphology of the SC is also similar to that
obtained from previous studies of sugar cane [47]. Although these SEM images were
taken prior to the grinding of the SC-MB hybrid nanocomposite, our hypothesis is that the
overall surface density of the MB on the SC surface was largely preserved, even though
the grinding process might lead to the breakdown of the overall macrostructure of the SC.
SEM images of the SC-MB hybrid nanocomposite after grinding are shown in Figure S1.

o Z &gs
SEB8um b 188um
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Figure 1. (A-D) SEM images of intact bagasse fibers treated with a saturated MB solution overnight
which was used to develop the SC-MB hybrid nanocomposite. The scale bars in images (A-D) are
500 pm, 100 pm, 50 um, and 20 pm, respectively. The arrows indicate the micropore structure within
the SC.

Figure 2 shows the FT-IR of the SC-MB hybrid nanocomposite as well as the MB
and SC separately. As shown, the spectrum of MB displayed peaks characteristic of the
structure including a C=C stretch at ~1490 cm~!, a C-H bend arising from the aromatic
portion at ~1590 cm~!, a sp® C-H stretch at ~2920 cm !, a sp? C-H stretch at ~3020 cm™?,
as well as the characteristic S-H stretch at ~2690 cm~! and a N-H stretch at ~330 cm 1. All
of these peaks for MB were in agreement with previous studies of the compound [48]. The
FT-IR of the sugar cane also showed characteristic peaks of SC. This was demonstrated by
the glycosidic 3-(1—4) at ~ 890 cm~!, an asymmetrical C-O-C stretch at ~ 110 cm~!, as
well as a C=C stretch at ~1560 cm-1 and a C-H bend at ~1590 cm !, both of which were
indicative of an aromatic ring structure. The FT-IR spectrum of SC closely resembled those
previously reported [47]. Furthermore, at the SC-MB spectra, several peaks characteristic
of MB were observed such as the C-N stretching observed at ~1578 cm ™!, and the C-N
stretching vibration due to the -N(CHjz),* at 1373 cm !, similar to the reports of previous
studies [41], although these signals were somewhat weak, which was likely a result of the
relatively low amount of MB that was adsorbed on SC. Recent research on the effects of MB
adsorption onto SC corroborated this observation [40]. Although, further research is needed
to determine why some MB peaks were absent or attenuated in the SC-MB spectrum, we
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hypothesize that this might be due to the adsorption of MB deep within the micropores of
the SC, a phenomenon referred to as “micropore filling” [41].
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Figure 2. FT-IR spectra of MB (powder), SC, and the SC-MB hybrid nanocomposite.
3.2. Comparison of the Modified Electrodes

A comparison of different electrodes to evaluate their electroactivity with regards to
the oxidation of the four DNA bases is shown in Figure 3A-D. The study compares a bare
GPE, a GPE with 2% (w/w) SC (GPE-5C) and the GPE-SC-MB. Figure 3A-C shows the
voltammograms of the GPE, GPE-SC, and GPE-SC-MB in the presence (solid line) and
absence (dashed line) of the DNA bases. The three electrodes detected G, A, T, and C at the
potentials of 0.67,0.93, 1.12 and 1.28 V, respectively. Figure 3D shows an overlay of the GPE,
GPE-SC, and GPE-SC-MB voltammograms in the presence of the DNA bases. Interestingly,
the GPE-SC displayed a moderately improved sensitivity for the pyrimidines G and A, but
a lower sensitivity for the purines, T and C, compared to the GPE. The GPE-SC-MB hybrid
nanocomposite displayed improved sensitivity for all four DNA bases compared to the
bare GPE and GPE-SC. Table 1 shows a comparison of the peak currents of obtained from
all three electrodes.

Electrochemical impedance spectroscopy (EIS) was used as another comparison study
and the results are shown in Figure 3E. The Nyquist plots for all electrodes contained
two parts; (1) a semicircle at higher frequencies, where the diameter displayed the charge
transfer resistance (Rct), (2) a straight line, at lower frequencies which resulted due to the
mass transfer limitations (W, Warburg element). The R values of bare GPE, GPE-SC,
GPE-SC-MB were 1024.9,172.2, and 30.1 (), respectively. The R for the GPE-SC and GPE-
SC-MB were about 5.95 and 34.0-fold lower in comparison to the bare GPE, respectively.
The low R resulting from the addition of the SC and SC-MB to GPE showed an increase in
the conductivity of the modified electrodes, due to the conductive nature of SC and SC-MB.
This result emphasized the fact that both SC and SC-MB facilitated the electron transfer
mechanism. Indeed, after using SC-MB as an electrode modifier in GPE, the Rt was the
lowest in comparison to bare GPE and GPE-SC. It can be ascribed to the adsorption of the
MB on SC that acted as a mediator for rapid electron transfer.
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Table 1. A comparison of the anodic peak current values observed using the bare GPE, GPE-SC, and
GPE-SC-MB for four DNA bases G (33.3 uM), A (33.3 uM), T (333.3 uM) and C (333.3 uM) in 0.2 M
phosphate buffer (pH 7.0).

IPra IP IP IP

,a ,a ,a
Guanine (uA) Adenine (uA) Thymine (uA) Cytosine (1A)

GPE 6.83 6.04 3.80 4.28

GPE-SC 21.04 10.45 294 2.74

GPE-SC-MB 28.55 12.83 6.08 5.07

e
L

15 - ——GPE with DNA 24 - ——GPE-SC with DNA
13 - bases bases
11 4 - - -GPE without DNA 19 + - - -GPE-SC without DNA
3 . bases 3 “ bases
€ 7 t
Q [+}]
£ 5 £ 9
> 3
(SN O
4
1
-1 -1

0.55 0.75 0.95 115 135 0.55 0.75 0.95 115 1.35

Potential (V) Potential (V)
C) . D)
34 - ——GPE-SC-MB with DNA 34 -
55 bases 29 - —GPE
- - -GPE-SC-MB without

i 24 1 DNA bases 21 28 1 —GPE-SC
z =Y —GPE-SC-MB
g o
S 3

0.55 0.75 0.95 1.15 1.35 0.55 0.75 0.95 1.15 1.35
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Figure 3. Cont.
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Figure 3. (A-C) Voltammograms of the GPE, GPE-SC, and GPE-SC-MB using DPV in the presence
(solid line) and absence (dashed line) of the four DNA bases G (33.3 uM), A (33.3 uM), T (333.3 uM)
and C (333.3 uM) in 0.2 M phosphate buffer (pH 7.0). (D) An overlay of the voltammograms of (A-C)
comparing the performances of the GPE, GPE-SC, and GPE-SC-MB. (E) The Nyquist plots of GPE,
GPE/SCC, GPE/SCC-MB. The inset shows the modified Randles equivalent circuit which was used
to fit the Nyquist plots, where Rg, Ret, Cq; and W represent the solution resistance, the charge transfer
resistance, the double-layer capacitance and the Warburg element.

3.3. pH Effect and Reproducibility

The effect of varying the pH of the electrolyte on analyte detection was studied using
DPV. This study served two purposes: first, it allowed for the determination of the optimum
pH at which the sensor operated, and second, the oxidation mechanism of analytes could
be determined by plotting the oxidation potential with respect to pH [14]. Figure 4A shows
the results of the simultaneous determination of the DNA bases when the solution pH
was varied from 3.0 to 8.0. Noticeably, the anodic peak potentials for each base shifted
to a higher potential with respect to decreasing pH. As shown, all four bases display
anodic peaks between pH 3.0 and 8.0 with varying sensitivity. Based on the magnitude of
the current response for all four bases, the optimum pH to conduct the electrochemical
detection of the analytes was determined as pH 7.0.
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Figure 4. (A) Voltammograms obtained from the simultaneous electrochemical detection of the four
DNA bases using DPV at varying pH conditions (pH 3.0, 4.0, 5.0, 6.0, 7.0 and 8.0). The concentrations
of DNA bases were 33.3 uM for G and A, and 333.3 uM for T and C, and (B) plot showing the linear
relationship between anodic peak potential and pH.

Figure 4B shows a plot of the relationship between oxidation potential and pH, with
the equations representing those relationships. The slopes of the linear relationship between
oxidation potential and pH were found to be 48.9, 57.4, 55.1, and 61.1 mV/pH for G, A,
T, and C, respectively. Given these slopes were close to the Nernstian theoretical value
of 59.1 mV/pH, it was deduced that the mechanisms for the electrochemical oxidation of
the bases involved an exchange of an equal number of protons and electrons, which was
in agreement with the previously cited literature [14,27]. Scheme 1 shows the oxidation
mechanisms of DNA bases. For the oxidation of G, A, and C, the mechanism involved the
exchange of two protons and electrons in the rate determining step (Scheme 1, (1), (2), and
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(4)), while for T, the mechanism involved the exchange of only one proton and electron in
the rate determining step (Scheme 1, (3)).

¢ </fi %I& 0

Ketone - Enol
Tautomenization

o o
N N
== NH +2¢,+2H NH
O e — o |
\ /
N a22ed «2 v
N N NH 2¢,=2H u N NH;
NH, NH;
N
\N ) N \N
A </ | -2¢,-2H /
————
G 2
N " +H,0 N . ° ( )
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+21:0 | =6 =61 +HO [-2¢,-21
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HO
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Scheme 1. The proposed oxidation mechanisms of the four DNA bases as deduced from studying
the effect of pH on the anodic peak potential values.
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Next, a reproducibility study was performed using the GC-SC-MB, where the con-
centration of all four DNA bases were kept constant for seven successive measurements
(n =7) (Figure S2). The RSD calculated for G, A, T, and C were 1.3%, 2.2%, 3.5% and 0.7%,
respectively, indicating excellent reproducibility between measurements.

3.4. Calibration Plots for the Simultaneous Electrochemical Detection of DNA Bases

In order to assess the linear range of detection for the GPE-SC-MB, a calibration
curve was developed by simultaneously spiking the four DNA bases into phosphate buffer
(pH 7.0). Figure 5A shows the calibration curves developed for the four bases while
Figure 5B-E shows the calibration plots for G, A, T, and C. Table 2 shows the equations
that represent the linear ranges for all four analytes along with the regression coefficients
for each equation, the limit of detection (LOD), and limit of quantification (LOQ) for each
DNA base. Two separate linear ranges were detected for the detection of DNA bases as
reported in prior electrochemical studies [49-53]. The linear ranges determined for G were
from 0.67 to 20.0 uM for the first linear range and from 20.0 to 38.67 uM for the second
linear range. The linear ranges for A were from 0.67 to 16 pM for the first linear range
and from 16.0 to 126.67 uM for the second linear range. Prior studies have attributed the
phenomenon of observing two linear ranges to be due to the low concentration of analyte
molecules diffusing to the electroactive surfaces rapidly and resulting in a high response
current. In contrast, at higher concentrations, some of the analyte molecules are adsorbed
onto the electroactive surface that hinder the diffusion of incoming molecules, resulting in a
different slope of calibration curve being generated at these high concentration ranges [53].
Only one linear range was observed for the purines T and C, which was also consistent
with prior studies [14]. For both T and C, the linear range was from 6.67 to 1600 uM. To
the best of our knowledge, this is the widest linear range reported for the detection of T
and C (Table 3). Furthermore, the discrepancy between the pyrimidines (G and A), which
displayed a relatively large current response with respect to concentration, and the purines
(T and C), which displayed a relatively small current response with respect to concentration
was attributed to the purines being more difficult to oxidize due to their inherent difficulty
in donating electrons attributed to slower electron transfer rates [28]. Furthermore, it would
be interesting for future experiments to determine the efficacy of the sensor in detecting
DNA homopolymers such as polyadenine, polyguanine, polythymine, and polycytosine
and whether their concentration can be determined based on the length of the polymer.

Table 2. Equations representing the linear plots for the four DNA bases along with their regression
coefficients, LODs, and LOQs. Al}, refers to the current after background subtraction.

Analytes Equations R? LOD (uM) LOQ (uM)

AIP(Gl) =0.9330 [G] + 0.0347 0.9967

G 0.037 0.12
AIp(GZ) =0.2565[G] + 14.008 0.9927
AIP(Al) =0.3230 [A] + 0.2496 0.9901

A 0.042 0.14
AIp(AZ) =0.0715[A] + 7.0113 0.9919

T AIp(T) =0.0133 [T] + 0.0327 0.9952 4.25 14.17

C AIp(C) =0.0219 [C] + 0.5660 0.9925 5.33 17.79

The LOD for each base was calculated using the equation 35D/m where SD is the
standard deviation of the current peaks from the background signals and m is the slope
from the calibration plots. The LOD was 0.037 uM for G, 0.042 uM for A, 4.25 uM for T,
and 5.33 uM for C. As shown in Table 3, these relatively low LODs in combination with
the wide linear range for T and C suggested that this cost-effective, sustainable platform
exhibited excellent sensitivity for the aforementioned bases. The LOQ for each DNA base
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was calculated in a similar manner using the equation 10SD/m and are also shown in
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Figure 5. (A) An overlay of voltammograms representing the calibration curves for the simultane-
ous detection of G, A, T, and C using DPV at the GPE-SC-MB. Calibrations plots for (B) guanine,
(C) adenine, (D) thymine, and (E) cytosine.
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Table 3. Analytical performance comparison of this sensor with the ones reported in the recent

literature.
LOD Linear Range
Platform Method DNA Base (uM) (uM) Reference
G 0.0018 0.013-256
Graphene oxide nanoribbon in chitosan A 0.023 0.11-172
modified gl bon electrode (GCE) CPTV [46]
odified glassy carbon electrode T 1.330 6.0-855
C 0.640 3.5-342
G 0.11 1-78
ide- A 0.43 2-119.5
Graphene .o>.<1de MWCNT DPV [14]
modified GCE T 1.71 12.5-227.5
C 0.80 5-132.5
G 0.76 25-200
Graphitized mesoporous modified carbon paste electrode DPV [54]
A 0.118 25-150
Cu-Ni nanosphere decorated N,B-doped reduced DPV G 0.118 1.0-160 [55]
graphene oxide-modified glassy carbon electrode (GCE) A 0.134 1.0-120
MWCNT-Fe304 polydopamine Ag-nanoparticle-modified G 1.47 8-130
DPV [56]
carbon paste electrode A 5.66 10-120
G 0.3 2-120
A 0.4 2-110
Graphene multilayer-modified GCE DPV [57]
T 6.5 20-1100
C 4.5 20-1100
G 3.3 3-170
MWCNT embedded with Au/reduced graphene SWV A 3.7 3-190 [28]
oxide GPE T 7.9 7.5-800
C 9.0 9-900
G 0.58 2-120
Graphene-Nafion™-modified GCE DPV [58]
A 0.75 5-170
G 0.28 3-300
2-(4-bromophenyl)-1-phenyl-1H-phenanthro-[9,10-d]- SWV A 0.24 1-300 [13]
imidazole-modified GCE T 32 30-800
C 6.8 20-750
G 4x107* 0.01-0.5
Boron-doped carbon nanospheres modified GCE SWV [59]
A 2x 1074 0.01-0.5
Copper metal-organic framework with reduced graphene DPV G 0.012 0.02-100 [60]
oxide-modified GCE A 0.002 0.005-200
MWCNT-COOH with a Cu -porphyrin metal covalent G 0.0055 0.04-130
. . X DPV [12]
organic framework with Co nanoparticles on GCE A 0.0072 0.06-130
G 0.037 0.67-38.67
A 0.042 0.67-126.67
GPE-SC-MB DPV This work
T 4.25 6.67-1600
C 5.33 6.67-1600
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3.5. Scan Rate

In order to calculate the active surface area of the electrodes, a scan rate study was per-
formed by running CV experiments using successive scan rates in a solution containing an
electroactive probe [14]. Figure SSA-C shows the cyclic voltammograms conducted using
the GPE, GPE-SC, and GPE-SC-MB in a solution of 5 mM K3Fe(CN)g, 5 mM K4Fe(CN)g
with 0.1 M KCl. Figure S3D shows a plot of the current vs. the square root of the scan
rate with respect to the anodic and cathodic current peaks for the bare GCE, GCE-SC
and GCE-SC-MB. To calculate the electroactive surface area, the following Randles-Sevcik
equation was used:

i, =269 x10° n? ACyD? v2

where iy is the current resulting from the Fe(CN)g3~/4~, n is the number of electrons ex-

changed (for Fe(CN)g® 74—, n=1), Cyis 10~5 mol/cm? (the concentration of Fe(CN)g>~/47),
v is the scan rate and D is the diffusion coefficient of Fe(CN)y3~/4~ which is 7.6 x 10~°
cm-s~1 [61]. The electroactive surface area (A) values were calculated as 0.557 cm?,
0.753 cm?, 1.629 cm? for GPE, GPE-SC, and GPE-SC-MB, respectively, indicating that
the GPE-SC-MB had approximately 3-fold more the electroactive surface area than the
bare GPE.

3.6. Chronoamperometry

The diffusion coefficient of the analytes was obtained using chronoamperometry at
GPE-SC-MB and the results are shown in Figures 54-57. All chronoamperograms were
performed in a 0.2 M phosphate buffer (pH 7.0) with varying concentrations of the DNA
bases. Based on these results, the diffusion coefficient (D) was determined for each analyte
according to the Cottrell equation shown below:

nFAC \/D
\/(nt)

where i is the current in Amperes, 71 is the number of electrons exchanged, F is the Faraday’s
constant (96485 C/mol), A is the electroactive surface area calculated from the scan rate
study, C is the concentration of the DNA base, and ¢ is time in s. The diffusion coeffi-
cients of the DNA bases were determined as 4.04 x 107>, 1.27 x 107° 3.12 x 10~°, and
951 x 1077 cm?/s for G, A, T, and C, respectively.

3.7. Real Samples

The performance of the GC-SC-MB for the simultaneous detection of the DNA bases
was evaluated in a sample of human saliva using standard addition. The purpose of this
study was to evaluate preliminarily whether the GC-SC-MB could maintain its performance
in a real sample matrix. The saliva was diluted 5-fold with 0.2 M phosphate buffer (pH 7.0).
The saliva was diluted as the effect of non-specific adsorption would be significant for a
100% saliva matrix. Unfortunately, the GC-SC-MB was unable to detect the DNA bases
prior to spiking, likely due to the concentration of the native DNA bases being less than
the LOD.

Once the saliva mixture was prepared, it was then spiked with known concentrations
of G, A, T, and C (1.33-14.67 uM for G and A; 20-200 uM for T and C). The voltammograms
obtained for the spiking of the real samples are shown in Figure S8. Given the lower
concentrations used in this experiment when compared to the calibration curve generated in
Figure 5A, the current generated from the electrooxidation of the DNA bases is expectedly
lower. The detected concentrations were determined by using the calibration curves
outlined above. The recovery values for each DNA base (12.0 uM for G and A; 146.7 pM
for T and C) are shown in Table 4. The recovery values obtained were between 99 and 103%
which indicated that the sensor had the potential of applications in clinical samples.
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Table 4. Detected concentrations and the recovery for the simultaneous detection of the four DNA
bases using the GC-SC-MB (n = 3).

Sample Matrix

DNA Base

Spiked Concentration Detected Concentration + S.D. % Recovery + %RSD
(] o

(uM) (uM)
G 12.0 123+ 0.2 1025+ 1.7
- Sl A 12.0 121403 100.8 + 2.5
uman saltva T 146.7 145.7 4 0.7 99.3 + 0.5
C 146.7 149.1 + 0.6 101.7 & 0.4

4. Conclusions

In this study, a sustainable GPE was constructed using biochar from sugarcane bagasse
soaked in a solution of MB which was successfully employed to simultaneously detect G, A,
T, and C. Compared to the previous electrochemical platforms, this electrode showed a rela-
tively wide linear range of detection and low LOD. Furthermore, the electrochemical sensor
was tested in various phosphate buffers of different pH to elucidate the electrochemical
oxidation mechanism of the four DNA bases. By varying the scan rate, it was determined
that the electroactive surface area of the modified electrode was 1.629 cm?2. Furthermore,
chronoamperometry measurements were performed to determine the diffusion coefficient
of each DNA base. Finally, the electrode was tested in a real sample matrix of human saliva
samples which showed promising % recovery values indicating its potential to be used in
a clinical setting as a diagnostic tool. Future studies should focus on further optimizing
this sensor for analyzing more complex sample matrix such as blood and 100% saliva
such that the sensor can be ultimately developed to be a point-of-care diagnostic test for
patients with who suspect to be experiencing diseases with abnormal levels of DNA bases.
Furthermore, given the sustainable material used to create the sensor, further research
should be conducted to develop other point-of-care tests using similarly sourced material.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /chemosensors11030169/s1, Figure S1: SEM images of the SC-
MB nanocomposite after grinding; Figure S2: reproducibility study with seven successive DPV
measurements; Figure S3: scan rate dependence study; Figure S4: chronoamperograms of the GC-
SC-MB in the presence of varying concentrations of guanine for the calculation of diffusion constant;
Figure S5: chronoamperograms of the GC-SC-MB in the presence of varying concentrations of adenine
for the calculation of diffusion constant; Figure S6: chronoamperograms of the GC-SC-MB in the
presence of varying concentrations of thymine for the calculation of diffusion constant; Figure S7:
chronoamperograms of the GC-SC-MB in the presence of varying concentrations of cytosine for the
calculation of diffusion constant; Figure S8: differential pulse voltammograms showing the standard
addition study in saliva samples.
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