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Abstract: Herein, graphene oxide nanoribbons (GONRs) were obtained from the oxidative unzipping
of multi-walled carbon nanotubes. Covalent coupling reaction of 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC) and N-hydroxy succinimide (NHS) with amine functional groups
(-NHpy) of the chitosan natural polymer (CH) was used for entrapping GONRs on the activated glassy
carbon electrode (GCE/GONRs-CH). The nanocomposite was characterized by high-resolution
transmission electron microscopy (HRTEM), and field-emission scanning electron microscopy
(FESEM). In addition, the modification steps were monitored using FTIR. The nanocomposite-modified
electrode was used for the simultaneous electrochemical determination of four DNA bases; guanine
(G), adenine (A), thymine (T) and cytosine (C). The nanocomposite-modified GCE displayed a strong,
stable and continuous four oxidation peaks during electrochemistry detection at potentials 0.63, 0.89,
1.13 and 1.27 V for G, A, T and C, respectively. The calibration curves were linear up to 256, 172, 855
and 342 pM with detection limits of 0.002, 0.023, 1.330 and 0.641 uM for G, A, T and C, respectively.
The analytical performance of the GCE/GONRs-CH has been used for the determination of G, A,
T and C in real samples and obtained a recovery percentage from 91.1%-104.7%. Our preliminary
results demonstrated that GCE/GONRs-CH provided a promising platform to detect all four DNA
bases for future studies on DNA damage and mutations.
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1. Introduction

Deoxyribonucleic acid (DNA) bases are the fundamental building blocks of all life. There are
four naturally found bases, with two subgroups. Guanine (G) and adenine (A) are in the group of
purine bases in which the structure contains an aromatic pyrimidine ring fusing with an imidazole
ring [1]. The second subgroup is the pyrimidines which are thymine (T) and cytosine (C), which
only contain an aromatic pyrimidine ring within its structure [2]. By varying the sequence of these
four bases, proteomic, metabolomic and physiological information can be stored and recalled at any
time. In the human genomic sequence, if a mutation or damage occurs within the sequence it can
lead to detrimental diseases such as cystic fibrosis, sickle cell anemia and Alzheimer’s disease [3-5].
Furthermore, many discovered disease pathogenesis pathways have a high correlation to mutations
that occur within the genetic makeup. Thus, it is of a great interest to develop a biosensing platform
that allows the analysis of the DNA bases.

Various carbon-based surfaces such as graphite paste, glassy carbon and mesoporous carbon
have been employed as the detection platform [6-8]. Brett et al. [9] performed the detection of all
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four DNA bases using a non-modified glassy carbon electrode (GCE). Other researchers achieved
the attachment of two-dimensional nanomaterials such as MnO, nanoparticles on GCE surfaces
using direct electrodeposition to detect DNA bases [9]. However, to the best of our knowledge, a
nanocomposite of chitosan (CH) and graphene oxide nanoribbons (GONRs) have yet to be explored
for the simultaneous electrochemical determination of all four DNA bases.

Carbon nanotubes (CNTs) have been found to be stable under ambient conditions and
exhibit a strong ambipolar electric field which render them ideal for sensor development using
electrochemistry [10]. Due to their high surface-to-volume ratio, they can drastically enhance the
electron transport rate, which in turn enhances the overall conductivity. In addition, they are
biocompatible and do not present a background signal when incorporated into electrochemical
sensors [11]. Recently, GONRs have been synthesized by the unzipping of multi-walled carbon
nanotubes (MWCNTs) combining the electrocatalytic properties of graphene oxide with the high
surface-to-volume ratio of CNTs [12]. Unfortunately, this nanomaterial poses a challenge when in an
attempt to incorporate it into the biosensor surface. One of the drawbacks is that traditional modification
often employs simple drop-casting the materials onto the electrode. Though this approach is accessible
and simple, simply drop-casting GONRs resulted in an unstable and weakly physio-adsorbed layer
that was highly prone to detach from the biosensor surface during vigorous washing steps. However,
in a later study where chitosan was used to entrap multiwall-carbon nanotube and graphene oxide
nanoribbon mixture with the myoglobin (Mb) to generate a new species of biosensor targeting reactive
oxygen species such as nitrites (NO~) and hydrogen peroxide (H,O,) the sensor construct demonstrate
much better stability [13]. Thus, we hypothesized to resolve this challenge using a well-described
covalent coupling technique to anchor chitosan (CH)-doped GONRs on the GCE surfaces. CH is
a biopolymer commonly found in the shell of aquatic crustaceans. It is cost-effective, and highly
bio-compatible. Furthermore, it contains excellent binding ability to physio-adsorb on GONRs
creating a nanocomposite (GONRs-CH). Lastly, CH is rich in -NH, moieties which were utilized
for covalent attachment reactions. GCE was acid-activated to produce -COOH groups across the
entire electrode surface; this allowed the common reaction of 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC) and N-hydroxy succinimide (NHS) to produce a semi-stable
amine-reactive -NHS ester cross-linker and follow react with the -NHj, groups within the CH matrix
with GONR (GONRs-CH) to form amide bonds and immobilize on the surface of activated GCE. Since
the GONRs were adsorbed onto CH polymer, CH bridged GONRs and GCE surface together via the
-NH; moiety. To the best of our knowledge, this approach using facile amine coupling technique to
attach GONRs-CH onto GCE resulting a GCE/GONRs-CH assembly has yet been explored. Hence,
this study presented a novel approach at attaching modifier composite to the electrode surface as
a new approach to generate more stable electrochemical biosensors. Firstly, the obtained GONRs
were characterized by field-emission scanning electron microscopy (FESEM) and high-resolution
transmission electron microscopy (HRTEM). The stepwise modification of GCE are characterized by
FTIR. Our results showed that GCE/GONRs-CH enabled the simultaneous and individual detection
of all four DNA bases with a good limit of detection as well as maintaining an acceptable dynamic
range. In addition, further experiments demonstrated that the sensor was stable and reproducible
when challenged with real samples.

2. Experimental

2.1. Materials and Methods

Chitosan (CH, 75% deacetylated), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride
(EDC, 98%), N-hydroxysuccinimide (NHS, 98%), adenine (A, >99%), cytosine (C, 299%), thymine
(T, 299%), guanine (G, 98%), potassium hexacyanoferrate(Ill) (K3[Fe(CN)s]), potassium permanganate
(KMnOy, 299%), hydrogen peroxide solution (H,O,, 30 wt%) sulfuric acid (HySO4, 95.0%-98.0%) and
multi-walled carbon nanotubes (MWCNTs with OD of 20-30 nm with a wall thickness of 1-2 nm and
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length ranging from 0.5 to 2 ym and purity of >95%) were obtained from Sigma-Aldrich Company
(Oakville, ON, Canada) and all chemicals were used as received. Phosphate electrolyte and buffer
solution (PBS) at pH in the ranges 2.0 to 8.0 were prepared using H3POy (0.2 M) and the pH was
adjusted with NaOH (1.0 M). All solutions were prepared in Milli-Q® water with a resistivity of
18.2 M().cm and a total organic carbon (TOC) < 5 ppb from Cascada LS water purification system (Pall
Co., Mississauga, ON, Canada).

2.2. Instrumentation

High-resolution transmission electron microscopy (HRTEM) and field-emission scanning electron
microscopy (FESEM) imaging studies were performed on a Hitachi Field Emission Transmission
Electron Microscope HF-3300 (Hitachi, Tokyo, Japan). Fourier-transform infrared spectroscopy
(FTIR) analysis was performed using a Bruker Alpha ii with attached reflection model (Bruker,
Massachusetts, United States). An aliquot (10 puL) of samples were drop-coated onto a carbon-coated
copper grid (Electron Microscopy Science, Pennsylvania, USA). All electrochemical measurements were
completed at room temperature using an Autolab PGSTAT 128N (EcoChemie, Utrecht, The Netherlands)
potentiostat/galvanostat controlled by NOVA™ 2.1 software in connection with a conventional
three-electrode cell including the nanocomposite-modified GCE as the working electrode and a
platinum wire as the counter electrode with a saturated silver/silver chloride electrode (Ag/AgCl) as the
reference electrode. All electrochemical impedance spectroscopy (EIS) measurements are performed in
10 mM [Fe(CN)g]*>#~ with 0.10 M KCl over the frequency range from 0.1 Hz to 100 kHz with a 10 mV
potential amplitude. Different pulse voltammetry (DPV) was performed from ™0.3 to 1.6 V at a step
potential of 5 mV with a modulation amplitude of 0.025 V, a modulation time of 0.05 s and an interval
time of 0.5 s.

2.3. Synthesis of Graphene Oxide Nanoribbons (GONRs)

The oxidative unzipping of MWCNTs was achieved by following a modified version of the Tour
method [14]. Briefly, an aliquot (50 mg) of MWCNTs was stirred in 50 mL concentrated H,SO4 for
12 h at room temperature. The mixture was kept mixing for another 1 h after adding 250 mg KMnQO,
as an oxidant. Then, the oxidized mixture was heated at 55 °C in an oil bath for 30 min followed by
raising the reaction temperature to 70 °C to stabilize the reactants. Afterwards, the reaction chamber
was allowed to cool down to room temperature. The solution at room temperature was poured into
150 mL of water (in an ice bath at 0 °C) with 2 mL of HyO, (37%) and centrifuged at 13,000 rpm for
15 min. The solid pellet was collected and then stirred in 50 mL water for 30 min and ultrasonicated
for 15 min. An aliquot (6 mL) of H,O, was added to the mixture and centrifuged again. The residues
were stirred in 50 mL ethanol for 30 min and ultrasonicated for 15 min. An aliquot (50 mL) of diethyl
ether was added to the mixture and centrifuged again. The products, GONRs, were washed in 25 mL
of ether twice and dried at room temperature.

2.4. Preparation of Nanocomposite-Modified GCE

GCEs were first polished with alumina powder at different particle sizes of 1.0 um, 0.3 um and
0.05 pm for 15 min for each size. The polished GCEs were then sonicated in water to remove the
excess alumina particles. The acid-activation then proceeded in 0.5 M H,50, in the potential range
from —1.0 to 1.5 V at a scan rate of 100 mV/s for 30 cycles. After gently rinsing with water, the
preparation of acid-activated GCEs was completed. The activated GCEs were modified with 150 mM
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) dissolved in water for 1 h,
then dipped in 300 mM N-hydroxy succinimide (NHS) for 2 h and dried with flowing stream of N,
(purity 99.999%). The stock solution of CH (0.05% (w/v)) was prepared by mixing 500 mg CH powder
in 1 L water and 10 mL acetic acid. The stock solution of CH was stirred for 1 h using a magnetic
stirrer. The nanocomposite was prepared by mixing a desired amount of GONRs (2 mg) in 2 mL of CH
followed by ultra-sonication for 10 min. The covalently-activated GCE surfaces were then modified by
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drop-casting an aliquot (20 pL) of the freshly prepared nanocomposite solution. The modification steps
are illustrated in Scheme 1. The nanocomposite-modified electrodes were allowed to dry overnight at
room temperature and then gently rinsed with water.
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Scheme 1. Schematic illustration of the preparation of graphene oxide nanoribbons (GONRs) using
acid activation and oxidation with KMnO, followed by ultra-sonication in chitosan (CH) solution.
The nanocomposite was attached with amine coupling reaction between the primary amine groups of
CH and active N-hydroxy succinimide (NHS) esters anchored on the activated glassy carbon electrode
(GCE) surface.
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2.5. Preparation of DNA Base Stock Solutions

The stock solutions of 0.01 M G, A, T and C nucleobases were prepared in 5 mL water with 100,
20 and 60 pL of 9.0 M NaOH solution for dissolving of G, A and T, respectively.

3. Results and Discussion

3.1. Characterization of GONRs

To demonstrate the successful synthesis of GONRs, HRTEM and FESEM imaging studies were
performed. Shown in Figure 1a,b is various images of the GONRs. As demonstrated, the unraveling
process of the MWCNTs was observed, where sheet like structure were present. As shown in Figure 1c,d,
the FESEM of graphene nanoribbons continued to appear as sheet-like structures compared to the
tubular structures observed in MWCNTs (shown in Figure S6, in the Supplementary Materials) which
was similar to what was previously observed [15]. Thus, demonstrating the synthesis of GONRs
was successful.
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Figure 1. High-resolution transmission electron microscopy (HRTEM) (a,b) and field-emission scanning
electron microscopy (FESEM) (c,d) images of GONRs with scale bar of 1 um.

3.2. Characterization of GCE and Stepwise GCE Modification

To show the corresponding modification steps were successful, FTIR analysis of the electrode
surface was performed. As shown in Figure 2, the acid activated glassy carbon electrode presented
the acidic OH stretch and C-H stretch at 3441 and 2963 cm™!, respectively. A free OH stretch was
also observed at 3733 cm™! indicating the electrode surface were presented with the expected -COOH
group. After amine coupling activation using EDC and NHS, a C=0 stretch was observed around
1777 cm~! and a small peak around 1918 cm~! suggesting the N=C=N functional group from EDC,
which was previously reported [16]. After attaching the chitosan and GONRs (CH-GONRs) composite,
the N=C=N peak disappeared, and with the addition of CH-GONRs composite, a broad peak correlated
to -COOH was found at 3400 cm™! corresponding to the carboxyl and hydroxyl functional groups
found on GONRs. A peak was found at 1774, which suggests the presence of amide moieties similar
to the previous report [17]. Lastly, a small N-H stretch shoulder peak appeared around 3250 cm™,
which corresponds to the presence of N-H from the chitosan. Conclusively, from the FTIR results,
the modification process was successful.
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Figure 2. The FTIR spectra of GCE (grey), GCE post 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC)/NHS activation (orange) and GCE-EDC/NHS-CH-GONR (green).

3.3. Electrochemical Characterization of GCE/GONRs-CH

To monitor the modification process as well as the electrochemical activity of GCE/GONRs-CH,
CV and EIS were performed. In Figure 3, the bare GCE showed an anodic and cathodic peak for [Fe
(CN)g]>*~ at 0.27 V and 0.15 V (vs. Ag/AgCl), respectively (Figure 3a). CV of the modified GCE
with EDC/NHS was similar to GCE but when the GCE modified with CH and EDC-NHS-CH, the
anodic potential increased with a decrease in the reduction potential for both modified electrodes but
the increasing anodic potential for GCE/EDC-NHS-CH was more than that of GCE-CH. This result
supported the successful attachment of CH on GCE surface. The GCE/GONRs-CH displayed an
obvious increase in anodic and cathodic currents while confirming the incorporation of GONRs in CH.
EIS (Figure 3b) was also performed after the CV scans, and the results are displayed as Nyquist plots
fitted with a modified Randles equivalent circuit. Firstly, for bare GCE and the modified GCE with
EDC/NHS amine coupling agents, the corresponding charge-transfer resistance (R.t) values showed
no observable differences. After the incorporation of CH on the surface, the R increased. This was
expected as CH was not modified with any redox-active components. This was reflected (as shown
in Figure 3b) in the corresponding Nyquist plots, where an increase of Rt from 473.47 () to 180.14 O
was observed for GCE-CH to GCE, respectively. For the GCE where the surface was activated with
EDC/NHS and CH was introduced, the R further increased. This suggested that the amine coupling
reaction allowed for more CH to attach to the electrode surface. Lastly, the modified GCE/GONRs-CH
displayed a decrease in Rt with an increase in the current density in CV study. This was attributed to
the electrocatalytic property of GONRs to facilitate electron transfer.
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Figure 3. Cyclic voltammograms (a) and the Nyquist plots (b) of GCEs after various modifications.
GCE (grey), GCE/CH (orange) and GCE/GONRs-CH (green). EIS measurements were performed
in 10 mM [Fe(CN)g]3~*~ with 0.10 M KCI over the frequency range from 0.1 Hz to 100 kHz with a
potential of 0.28 V vs. Ag/AgCl on a 10 mV potential amplitude. Rt values were obtained by the fitting

of the Nyquist plot with the modified Randle equivalent circuit (shown in b, inset).

3.4. Simultaneous Detection of Guanine, Adenine, Thymine and Cytosine

It was important to examine the performance of the GCE/GONRs-CH in both separate and mixed
solutions of nucleobases. As shown in Figure 4, DPV peaks were found at 0.63, 0.89, 1.13 and at 1.27 V
which were corresponding to the oxidation potentials of G (orange line), A (yellow line), T (green line)
and C (blue line), respectively. When all four nucleobases were mixed, as shown on the differential
pulse voltammogram, the electrochemical oxidation signals correlating to all four nucleobases were
detected (Figure 4-black line) in a single scan. Four nucleobases were detected with excellent peak
separation. This demonstrated that GCE/GONRs-CH provided a promising sensor surface for detecting
four nucleobases simultaneously as well as individually.
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Figure 4. Differential pulse voltammograms of GCE/GONRs-CH (60 uM, red line), G (12 uM, orange
line), A (12 uM, yellow line), T (170 uM, green line) and C (170 uM, blue line) individually and in the
mixture (black line) in 0.1 M PBS (pH 7.0).

As shown in Figure 5, when detecting four nucleobases using a bare GCE, low and board peaks
were recorded for the nucleobases. With the incorporation of the CH at GCE/CH, the peaks for the
nucleobases completely became non-observable. This was expected as CH did not have redox-active
components incorporated to facilitate the electron transfer. Finally, at GCE/GONRs-CH, the peaks
for the four nucleobases became observable. Henceforth, the modification of GCE with GONRs-CH
nanocomposite was shown to greatly enhance the electrochemical performance.

G A T C

GCE-EDC/NHS-CH-GONRs

GCE-CH

L 1 1 1 1 1

0.4 0.6 0.8 1 1.2 1.4
Potential (V)

Figure 5. Different pulse voltammetry (DPV) of the GCEs after various modification steps in the
presence of G, A, T and C at GCE-CH (grey line), GCE (orange line) and GCE/GONRs-CH (green line)
in 0.1 M PBS (pH 7.0) containing 0.001 M of nucleobase solutions.

3.5. pH Effect

The effect of the pH environment on the electrochemical detection performance of GCE/GONRs-CH
in the presence of four nucleobases was analyzed. As shown in Figure Sla, the peak potentials were
shifted towards lower potentials as pH increased. In addition, the peak currents for nucleobases
were increased with increasing the pH from 2.0 to 7.0 and then decreased when pH reached to 8.0.
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Based on the DPV studies, pH 7.0 displayed the highest peak currents with the best peak separation.
Thus, it was determined to be the optimal pH environment. In addition, to further understand the
mechanism of the electron-proton exchange processes, the potential shift was plotted against the pH
and the results are shown in Figure S1b. By fitting the plotted values, a slope was interpreted for
each nucleobase and they were found to be 0.0472, 0.0488, 0.0473 and 0.0473 V/pH for G, A, T and
C, respectively. This complies with the Nernstian value of 0.059 V/pH. Therefore, this suggested
the electrochemical oxidation of nucleobases followed an equal ratio of proton to electron exchange
mechanism as described by previous reports in the following Scheme 2 [18-20].
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Scheme 2. The electrochemical oxidation of nucleobases.

3.6. Calibration Curves

To correlate the signal response to the concentration of the nucleobase, a calibration curve was
constructed. As shown in Figure 6, the DPVs depicting the current density of the four DNA bases as it is
simultaneously added into the solution. The GCE/GONRs-CH sensor demonstrated a linear response
to the analyte added. The peak currents were extrapolated and plotted against the concentration and
the results are shown in Figure S2 and summarized in Table 1. Two segment linear regression curves
were found with the exception of C with one segment. The calibration curves were linear up to 256,
172, 855 and 342 uM with a limit of detection (LOD= 3Sy,/m where S, and m are standard division of
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blank solution for 10 determinations and slope of calibration curves, respectively) 0.0018, 0.0231, 1.3304
and 0.6406 uM for G, A, T and C, respectively. The figures of merit of the nanocomposite-modified
sensor in comparison with the reported ones in literature for simultaneous determination of G, A, T
and C are shown in Table 2. Based on Table 2, the linear ranges and LOD of GCE/GONRs-CH were
more improved as well as comparable with those reported ones for the electrochemical detection of all

four nucleobases.
C
//’/
17170
2

1.2 1.4

1
Potential (V)

Figure 6. Differential pulse voltammograms of GCE/GONRs-CH in the presence of mixed solutions
with G (0.05-256 uM), A (0.05-172 uM), T (5.0-855 uM) and C (2.5-342 uM) in 0.1 M PBS (pH 7.0).

Table 1. Summary of the calibration curve and the R? values of the linear fit, the limit of detection and
the dynamic range for the electrochemical detection of four nucleobases using GCE/GONRs-CH.

Analyte I II LOD (uM) Dynamic Range (uM)
ALy = 0.3651x + 0.066 AL, = 0.0621x + 1.493

G P P 0.002 0.05-256.0
RZ =0.9919 R2 =0.9901
ALy =0.1963x + 0.144 Al = 0.0606x + 0.881

A g xr g X 0.023 0.05-172.0
R2 =0.9911 RZ =0.9916
Al = 0.008x + 0.4086 Al = 0.0008x + 2.947

T P P 1.330 5.0-855.0
R? = 0.9944 RZ =0.9923
AL, = 0.0186x + 0.4199

C P X+ 0.641 2.5-342.0

R? = 0.9909
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Table 2. Analytical performance of GCE/GONRs-CH in comparison with those reported in the literature.

Analyte Modified Working Electrode = LOD (uM) Dynamic Range (uM) Ref.
GCE 0.06 0.2-10 [21]
CILE? 0.00787 0.3-50 [22]

G Pretreated GCE b 0.03 0.08-2.7 23]
TiO,-graphene/GCE 0.15 0.5-200 [24]
GCE/GONRs-CH 0.0018 0.013-256 This study
GCE 0.07 0.2-10 [21]

CILE 0.25 1.5-70 [22]

A Pretreated GCE 0.03 0.08-2.7 [23]
TiO;-graphene/GCE 0.10 0.5-200 [24]
PTH/NPAu/MWNTSs © 0.008 0.05-5 [25]
GCE/GONRs-CH 0.023 0.11-172 This study
GCE 0.89 1-20 [21]
PANI/MnO, ¢ 1.3 10-100 [9]

T «-CD/CNT/CE © 5 25-1800 [26]
PEDOT/GR/GCE f 0.33 2.5-650 [7]
GCE/GONRs-CH 1.330 6.0-855 This study
GCE 1.76 1-20 [21]
PANI/MnO, 1.3 10-100 [9]

c CPE 8 1.9 10-1000 [27]
PEDOT/GR/GCE 0.33 1-1000 [7]
GCE/GONRs-CH 0.640 3.5-342 This study

2 Carbon Ionic Liquid electrode. P Glassy carbon electrode activated with phosphate buffer (pH 5.0).
¢ Polythionine-gold nanoparticles and multi-wall carbon nanotubes. ¢ Polyaniline and manganese oxide.
¢ x-Cyclodextrin incorporated carbon nanotube coated electrode. f Poly(3,4-ethylenedioxythiophene)-graphene
oxide composite film glassy carbon electrode. 8 Carbon paste electrode.

The cross-interference studies for the simultaneous determination of G, A, T and C were also
performed and the results are shown in Figure S3. In this study, the concentration of three nucleobases
were held constant, while the concentration of one of the nucleobases was increased in the mixture.
Based on Figure S3, the relative percent signal deviations were calculated as 3.29, 3.07, 2.59 and 2.86%
for G, A, T and C, respectively.

3.7. Reproducibility and Stability

To demonstrate that GCE/GONRs-CH provided stable and reproducible results, multiple
measurements in the presence of G (30 uM), A (30 uM), T (300 pM) and C (170 uM) were performed.
As shown in Figure 5S4, the current peaks for A, T, G and C demonstrated a relative standard deviation
of 4.7%, 2.7%, 4.6% and 2.24%, respectively (n = 10). The stability of GCE/GONRs-CH was determined
by storing the nanocomposite-modified electrodes at room temperature over a period of 3 weeks and
the results are shown in Figure S5. Consecutive measurements were taken at week-3 and compared to
the ones recorded initially on the first day of week-1. The I, values were calculated to be retained at
98.5,93.1,91.9 and 96.9% compared to the initial responses recorded for the electrochemical oxidation
signal of G, A, T and C, respectively.
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3.8. Real Samples

To determine the real sample applications of GCE/GONRs-CH, it was subjected to detect the four
nucleobases G, A, T and C in real samples. To understand the effect that the sugar backbone might
have towards the electrochemical detection, the first sample was prepared to detect the nucleobases
in the mononucleotide form. Two types of real samples of nucleotides and dsDNA were used for
simultaneous determination of G, A, T and C. For the first sample, the DNA mononucleotides were
pretreated to release the DNA bases from the glycoside bonds as described by previous literature [28].
Briefly, 1 mg/mL of DNA mononucleotides was dissolved in 1 mM of HCI and then the solutions were
boiled in a water bath for 2 h. The pH was then adjusted using 1 M NaOH to pH 7.0 and stored in
—20 °C before use. For dsDNA samples, a digestive process was used to break the double-stranded
helices and release the DNA bases as described previously [29]. In this method, 1 mg of calf thymus
dsDNA sample was dissolved in 1 mL of 1 M HCl solution and then, the solution was heated to boil
under stirring for 2 h. The solution was cooled down to room temperature, and further neutralized to
pH 7.0 using 5 M NaOH and stored in —20 °C before use. The results for simultaneous determinations
of these two pretreated real samples are summarized in Table 3. In this table, the “Detected” is the
analyte concentration before standard solution addition. “Spiked” indicates the concentration of
analyte added into the solution, and finally “Determined” is the analyte concentration that was found
after correlating the signal obtained from the sensor to the presented linear regression curve (1 = 3).
The results for the first real sample demonstrated a recovery percentage between 95.4 to 97.9%. This
demonstrated that the sensor platform was able to detect the nucleobases in mononucleotide form.
In addition, a recovery percentage was observed from 91.14% to 104.7% for the second real sample.
Before the standard addition, it was expected the matching pair G and C or A and T should have a
similar concentration. However, it was found that the detected concentrations fluctuated between
the two sets of matching nucleotides. This was attributed to the pre-treatment process, where the
calf thymus DNA was subjected to acid treatment to denature the nucleotides and release them from
the double-helical form. Thus, it is likely that during the denaturation processes resulted in loss of
analytes, henceforth an unequal concentration was observed. Nevertheless, it was noteworthy that
these preliminary results demonstrated GCE/GONRs-CH as a promising biosensor to detect all four
DNA bases in real samples after pre-treatment.

Table 3. Application of GCE/GONRs-CH for simultaneous determination of G, A, T and C in the two
real samples of single nucleotides and dsDNA (1 = 4, for the reported RSD values).

Analyte Detected (uM) Spiked (uM) Determined (uM) Recovery (%)
A 25.9 + 3.89 25 23.85 +0.30 9541 +1.2
Single T 244 +492 50 4891 +£1.03 97.90 £ 2.06
Nucleotides G 249 +2.87 25 24.08 +0.22 96.34 + 0.88
C 225+ 1.10 15 14.44 + 0.44 96.28 +£2.93
A 13.04 + 1.47 25 23.80 £0.13 95.26 + 0.52
dsDNA T 11.38 +2.28 40 39.8 £1.37 99.50 + 3.4
G 19.23 +1.10 25 22.8 +0.39 91.14 £ 1.7
C 23.75 £2.79 20 209 +2.75 104.7 £ 13.8

4. Conclusions

In this study, we have modified a GCE with a novel nanocomposite of CH and GONRs.
Using common EDC/NHS amine coupling activation of GCE surfaces, the nanocomposite was
successfully attached on the surfaces as displayed by the CV and EIS studies. The modification of
GCE with the nanocomposite displayed a significant increase in current signal intensity compared to
bare GCE and GCE/CH. Finally, GCE/GONRs-CH displayed a stable and reproducible signal intensity
over several weeks of storage and demonstrated acceptable recovery values with the detection of
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simultaneous detection of the four nucleobases in real samples after pretreatment procedures of DNA.
With further modification and improvement, this nanocomposite-modified GCE can be developed into
the next generation of new biosensors for the detection of DNA damage and mutations.

Supplementary Materials: Differential pulse voltammograms voltammograms of pH dependence, calibration
plots, differential pulse voltammograms of interference studies, reproducibility and stability studies are available
online at http://www.mdpi.com/2079-6374/10/4/30/s1, Figure S1. (a) Differential pulse voltammograms of
GCE/GONRs-CH surfaces in 0.1 M PBS with the presence of G (70 uM), A (70 uM), T (290 uM) and C (290 uM). (b)
The dependence of peak potentials of four nucleobases on pH. Figure S2. The calibration plots of G (a, 0.05-256
uM), A (b, 0.05-172 uM), T (c, 5-855 uM) and C (d, 2.5-342 uM) with the concentration plotted against the anodic
peak current. Figure S3. Interference studies of four analytes. Figure S4. DPVs of 10 consecutive runs on the
GCE/GONRs-CH in the presence of 10 uM G, 10 uM A, 80 pM T and 80 pM C in 0.1 M PBS (pH 7.0). Figure S5.
DPVs of GCE/GONRs-CH in the presence of 50 uM G, 50 uM A, 100 pM T and 100 puM C at week 1 (blue) and
week 3 (orange) in 0.1 M PBS (pH 7.0). Figure S6. HRTEM image of MWCNTs with the scale bar of 20 nm.

Author Contributions: J.Z., S.L., M.N. and K.K. conceived the experimental plan. J.Z., S.L., M.N. performed
all experiments. J.Z., S.L.,, M.N. and K.K. analyzed the data. J.Z., S.L.,, M.N. and K.K. wrote the manuscript.
All authors have given approval to the final version of the manuscript.

Funding: KXK. acknowledges financial support from the Canada Research Chairs Tier-2 award for
“Bioelectrochemistry of Proteins” (Project n0.950-231116), Ontario Ministry of Research, Innovation and Science
(Project no. 35272), Discovery Grant (Project no. 3655) from NSERC Canadian Network for Research and
Innovation in Machining Technology, and Canada Foundation for Innovation (Project no. 35272).

Acknowledgments: Authors would like to thank the Jason Tam at faculty of Chemical Engineering and Applied
Chemistry at the University of Toronto as well as the Ontario Centre for the Characterization of Advance materials
(OCCAM) for their generous assistance with the HRTEM and FESEM imaging studies in the Department of
Materials Science and Engineering in the University of Toronto.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Dinesh, S.; Shikha, G.; Bhavana, G.; Nidhi, S.; Dileep, S. Biological activities of purine analogues: A review.
J. Pharm. Sci. Innov. 2012, 1, 29-34.

2. Saenger, W. Structure and function of nucleosides and nucleotides. Angew. Chemie Int. Ed. Engl. 1973, 12,
591-601. [CrossRef]

3. Yang, Y.; Geldmacher, D.S.; Herrup, K. DNA replication precedes neuronal cell death in Alzheimer’s disease.
J. Neurosci. 2001, 21, 2661-2668. [CrossRef] [PubMed]

4. Wu, D.Y.; Ugozzoli, L.; Pal, B.K.; Wallace, R.B. Allele-specific enzymatic amplification of 3-globin genomic
DNA for diagnosis of sickle cell anemia. Proc. Natl. Acad. Sci. USA 1989, 86,2757-2760. [CrossRef] [PubMed]

5. Rommens, ].M.; Kerem, B.; Alon, N.; Grzelczak, Z.; Zielenski, J.; Lok, S.; Plavsic, N.; Chou, J.; Drumm, M.L.;
Iannuzzi, M.C.; et al. Identification of the cystic fibrosis gene: Cloning and characterization of complementary
DNA. Science 1989, 245, 1066—1073.

6. Brotons, A.; Vidal-Iglesias, FJ.; Solla-Gullén, J.; Iniesta, J. Carbon materials for the electrooxidation of
nucleobases, nucleosides and nucleotides toward cytosine methylation detection: A review. Anal. Methods
2016, 8, 702-715. [CrossRef]

7. Ouyang, X,; Luo, L.; Ding, Y.; Liu, B.; Xu, D. Simultaneous determination of purine and pyrimidine bases
in DNA using poly(3,4-ethylenedioxythiophene)/graphene composite film. . Electroanal. Chem. 2014, 735,
51-56. [CrossRef]

8.  Thangaraj, R.; Senthil Kumar, A. Simultaneous detection of guanine and adenine in DNA and meat samples
using graphitized mesoporous carbon modified electrode. ]. Solid State Electrochem. 2013, 17, 583-590.
[CrossRef]

9. Anu Prathap, M.U.; Srivastava, R.; Satpati, B. Simultaneous detection of guanine, adenine, thymine, and
cytosine at polyaniline/MnO, modified electrode. Electrochim. Acta 2013, 114, 285-295. [CrossRef]

10. Novoselov, K.S.; Geim, A K.; Morozov, S.V,; Jiang, D. PGR Tips on writing effective CVs. Phys. Rev. Lett.
2004, 306, 666—669.

11.  Zhang, M.; Smith, A.; Gorski, W. Carbon nanotube-chitosan system for electrochemical sensing based on
dehydrogenase enzymes. Anal. Chem. 2004, 76, 5045-5050. [CrossRef]


http://www.mdpi.com/2079-6374/10/4/30/s1
http://dx.doi.org/10.1002/anie.197305911
http://dx.doi.org/10.1523/JNEUROSCI.21-08-02661.2001
http://www.ncbi.nlm.nih.gov/pubmed/11306619
http://dx.doi.org/10.1073/pnas.86.8.2757
http://www.ncbi.nlm.nih.gov/pubmed/2704745
http://dx.doi.org/10.1039/C5AY02616D
http://dx.doi.org/10.1016/j.jelechem.2014.09.037
http://dx.doi.org/10.1007/s10008-012-1895-0
http://dx.doi.org/10.1016/j.electacta.2013.10.064
http://dx.doi.org/10.1021/ac049519u

Biosensors 2020, 10, 30 14 of 14

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Chen, L,; Tang, Y.; Wang, K.; Liu, C.; Luo, S. Direct electrodeposition of reduced graphene oxide on glassy
carbon electrode and its electrochemical application. Electrochem. Commun. 2011, 13, 133-137. [CrossRef]
Mani, V.; Govindasamy, M.; Chen, SM.; Chen, TW.; Kumar, A.S.; Huang, S.T. Core-shell heterostructured
multiwalled carbon nanotubes@reduced graphene oxide nanoribbons/chitosan, a robust nanobiocomposite
for enzymatic biosensing of hydrogen peroxide and nitrite. Sci. Rep. 2017, 7, 1-10. [CrossRef] [PubMed]
Kosynkin, D.V.; Higginbotham, A.L.; Sinitskii, A.; Lomeda, ].R.; Dimiev, A.; Price, B.K.; Tour, ].M. Longitudinal
unzipping of carbon nanotubes to form graphene nanoribbons. Nature 2009, 458, 872-876. [CrossRef]
[PubMed]

Kosynkin, D.V.; Lu, W,; Sinitskii, A.; Pera, G.; Sun, Z.; Tour, ].M. Highly conductive graphene nanoribbons by
longitudinal splitting of carbon nanotubes using potassium vapor. ACS Nano 2011, 5, 968-974. [CrossRef]
[PubMed]

Xiong, K.; Fan, Q.; Wu, T.; Shi, H.; Chen, L.; Yan, M. Enhanced bovine serum albumin absorption on the
N-hydroxysuccinimide activated graphene oxide and its corresponding cell affinity. Mater. Sci. Eng. C 2017,
81, 386-392. [CrossRef] [PubMed]

Xin, X.; Sun, S.; Li, H.; Wang, M.; Jia, R. Electrochemical bisphenol A sensor based on core-shell multiwalled
carbon nanotubes/graphene oxide nanoribbons. Sens. Actuators B Chem. 2015, 209, 275-280. [CrossRef]
Sharma, V.K,; Jelen, F,; Trnkova, L. Functionalized solid electrodes for electrochemical biosensing of purine
nucleobases and their analogues: A review. Sensors 2015, 15, 1564-1600. [CrossRef]

Sun, W,; Xi, M.; Zhang, L.; Zhan, T.; Gao, H.; Jiao, K. Electrochemical behaviors of thymine on a new ionic
liquid modified carbon electrode and its detection. Electrochim. Acta 2010, 56, 222-226. [CrossRef]
]ankowska—éliwir’lska, J.; Dawgul, M,; Kruk, J.; Pijanowska, D.G. Comparison of electrochemical determination
of purines and pyrimidines by means of carbon, graphite and gold paste electrodes. Int. |. Electrochem. Sci.
2017, 12, 2329-2343. [CrossRef]

Oliveira-Brett, A.M.; Piedade, ].A.P,; Silva, L.A.; Diculescu, V.C. Voltammetric determination of all DNA
nucleotides. Anal. Biochem. 2004, 332, 321-329. [CrossRef] [PubMed]

Sun, W,; Li, Y;; Duan, Y.; Jiao, K. Direct electrocatalytic oxidation of adenine and guanine on carbon ionic
liquid electrode and the simultaneous determination. Biosens. Bioelectron. 2008, 24, 988-993. [CrossRef]
[PubMed]

Wang, H.S,; Ju, H.X,; Chen, H.Y. Simultaneous determination of guanine and adenine in DNA using an
electrochemically pretreated glassy carbon electrode. Anal. Chim. Acta 2002, 461, 243-250. [CrossRef]

Fan, Y,; Huang, K.J.; Niu, D.J.; Yang, C.P; Jing, Q.S. TiO,-graphene nanocomposite for electrochemical
sensing of adenine and guanine. Electrochim. Acta 2011, 56, 4685-4690. [CrossRef]

Liu, H.; Wang, G.; Chen, D.; Zhang, W.; Li, C.; Fang, B. Fabrication of polythionine/NPAu/MWNTs modified
electrode for simultaneous determination of adenine and guanine in DNA. Sens. Actuators B Chem. 2008, 128,
414-421. [CrossRef]

Wang, Z.; Wang, Y.; Luo, G. The electrocatalytic oxidation of thymine at «-cyclodextrin incorporated carbon
nanotube-coated electrode. Electroanalysis 2003, 15, 1129-1133. [CrossRef]

Ruan, C.X;; Lou, J.; Duan, Y.Y.; Sun, W. Electrochemical oxidation of cytosine on carbon paste electrode and
its determination. J. Chin. Chem. Soc. 2010, 57, 1056-1060. [CrossRef]

Zen, ].M,; Chang, M.R; llangovan, G. Simultaneous determination of guanine and adenine contents in DNA,
RNA and synthetic oligonucleotides using a chemically modified electrode. Analyst 1999, 124, 679-684.
[CrossRef]

Wu, K;; Fei, ]J.; Bai, W.; Hu, S. Direct electrochemistry of DNA, guanine and adenine at a nanostructured
film-modified electrode. Anal. Bioanal. Chem. 2003, 376, 205-209. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.elecom.2010.11.033
http://dx.doi.org/10.1038/s41598-017-12050-x
http://www.ncbi.nlm.nih.gov/pubmed/28928402
http://dx.doi.org/10.1038/nature07872
http://www.ncbi.nlm.nih.gov/pubmed/19370030
http://dx.doi.org/10.1021/nn102326c
http://www.ncbi.nlm.nih.gov/pubmed/21204566
http://dx.doi.org/10.1016/j.msec.2017.08.044
http://www.ncbi.nlm.nih.gov/pubmed/28887988
http://dx.doi.org/10.1016/j.snb.2014.11.128
http://dx.doi.org/10.3390/s150101564
http://dx.doi.org/10.1016/j.electacta.2010.08.096
http://dx.doi.org/10.20964/2017.03.16
http://dx.doi.org/10.1016/j.ab.2004.06.021
http://www.ncbi.nlm.nih.gov/pubmed/15325301
http://dx.doi.org/10.1016/j.bios.2008.07.068
http://www.ncbi.nlm.nih.gov/pubmed/18799301
http://dx.doi.org/10.1016/S0003-2670(02)00297-0
http://dx.doi.org/10.1016/j.electacta.2011.02.114
http://dx.doi.org/10.1016/j.snb.2007.06.028
http://dx.doi.org/10.1002/elan.200390137
http://dx.doi.org/10.1002/jccs.201000147
http://dx.doi.org/10.1039/a900532c
http://dx.doi.org/10.1007/s00216-003-1887-0
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental 
	Materials and Methods 
	Instrumentation 
	Synthesis of Graphene Oxide Nanoribbons (GONRs) 
	Preparation of Nanocomposite-Modified GCE 
	Preparation of DNA Base Stock Solutions 

	Results and Discussion 
	Characterization of GONRs 
	Characterization of GCE and Stepwise GCE Modification 
	Electrochemical Characterization of GCE/GONRs-CH 
	Simultaneous Detection of Guanine, Adenine, Thymine and Cytosine 
	pH Effect 
	Calibration Curves 
	Reproducibility and Stability 
	Real Samples 

	Conclusions 
	References

