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ABSTRACT: In order to achieve the large direct electrochemical
signals of guanine and adenine, an urgent request to explore novel
electrode materials and interfaces has been put forward. In this paper, a
poly(xanthurenic acid, Xa)-reduced graphene oxide (PXa-ERGNO)
interface, which has rich negatively charged active sites and accelerated
electron transfer ability, was fabricated for monitoring the positively
charged guanine and adenine. Scanning electron microscopy, Fourier
transform infrared spectroscopy, Raman spectra, X-ray photoelectron
spectroscopy, cyclic voltammetry, electrochemical impedance spec-
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troscopy, and differential pulse voltammetry were adopted to

characterize the morphology and prove the electrochemical properties of the prepared interface. The PXa-ERGNO interface
with rich negative charge and large electrode surface area was an excellent sensing platform to prompt the adsorption of the
positively charged guanine and adenine via strong z#—7z* interaction or electrostatic adsorption. The PXa-ERGNO interface
exhibited prominent synergistic effect and good electrocatalytic activity for sensitive determination of guanine and adenine
compared with sole PXa or ERGNO modified electrode. The sensing platform we built could be further applied in the adsorption
and detection of other positively charged biomolecules or aromatic molecules.
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B INTRODUCTION

Since the first report about graphene existing alone (a two-
dimensional structure of carbon atoms in crystal with one atom
thickness) in 2004," graphene has attracted widespread
attention in the electrochemical biosensing field due to its
high conductivity, good electrocatalytic activity, and large
specific surface area, which have been regarded as the key
factors for preparation of electrochemical biosensor.” Some
graphene types including graphene and functional graphene
have been adopted to detect a series of bioactive molecules,
such as ascorbic acid, dopamine, paracetamol, and serotonin.>™>
In DNA sensing field (a key branch of biosensors), various
graphene-based materials including sole graphene or graphene
nanocomposites (integrated with other functional materials)
played more and more important roles not only in DNA
hybridization detection but also in the direct electrochemistry
of bases.*™"" For example, a sensitive and selective DNA
hybridization assay was developed based on the integration of
graphene and polyaniline nanolayers showing high conductivity
and good biocompatibility."?

Besides being above DNA sequence detection, due to
guanine and adenine bases existing inside the dsDNA helix,
their direct electrochemical signals on the bare electrode are
weak to catch. The exploration of highly sensitive monitors and
electrocatalysts is very exigent. Up to now, there have been
many reports in the literature on graphene materials or
graphene-based nanocomposites as novel sensing platforms to
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simultaneously detect guanine and adenine.*™'* Fan et al.

fabricated a TiO,-graphene nanocomposite for the electro-
chemical detection of guanine and adenine, illustrating the
synergistic effect of TiO, and graphene could dramatically
improve the electrocatalytic activity toward the bases
comparing with the sole graphene film." It should be noted
that the polymer-based composite films own rich electrochemi-
cally active functional groups and excellent redox response,
which allows them to serve as synergistic scaffolds for
constructing graphene nanocomposites. For instance, a novel
biosensor based on electrochemical polymerization of alizarin
red (PAR)/graphene composite film was applied to the
simultaneous detection of bases, where the high electron
transfer ability of PAR is combined with the unique electronic
structure of graphene. The nanocomposite with more active
sites and accelerated electron transfer rate displayed amazing
electrocatalytic properties.”® Li et al. constructed an electro-
chemical sensor based on the poly(2,6-pyridinedicarboxylic
acid)/chemically reduced graphene oxide composite, which can
also exhibit prominent synergistic effects for the simultaneous
determination of guanine and adenine.”!

In this paper, xanthurenic acid (Xa, a nontoxic and excellent
redox monomer even in neutral conditions)>* was integrated
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Figure 1. Schematic representation of synergistic detection of guanine and adenine based on PXa-ERGNO.

with graphene oxide (GNO) to construct a negatively charged
and specifically structured interface, which can prompt the
adsorption of the positively charged guanine and adenine via
strong #—7x* interactions or electrostatic adsorption. The
obtained poly(xanthurenic acid)-reduced graphene oxide (PXa-
ERGNO) nanocomposite integrating the unique electronic
structure and rich active sites of PXa and the high electron
transfer ability of ERGNO showed synergistic effects for
simultaneous electrocatalytic detection of guanine and adenine
(Figure 1).

B EXPERIMENTAL SECTION

Chemicals and Apparatus. A CHI 660D electrochemical
analyzer (Shanghai CH Instrument Company, China) was used in
all of the electrochemical measurements, containing a glassy carbon
(GCE) or modified electrode as working electrode, a saturated calomel
as reference electrode (SCE), and a platinum wire as counter
electrode. Scanning electron microscopy (SEM) measurements were
carried out via a JSM-6700F scanning electron microscope (Japan
Electron Company). Fourier Transform infrared spectroscopy (FT-
IR) spectrum was obtained from Tensor 27 FT-IR spectrophotometer
(Bruker Company, German). X-ray photoelectron spectroscopy (XPS)
was performed on a Shimadzu ESCA 3600 system with an Mg Ko
(1253.6 eV) source and the bonding energy (84.0 eV) of Au 4f as
calibration. The Raman spectra was acquired using a Renishaw InVia
Raman microscope system with the laser operating at a wavelength of
A = 514 nm with 20 mW laser output power, 30 s collection time, and
a 50X magnification objective lens.

Natural graphite (spectral pure, about 30 um) and Xa were
provided by Sinopharm Chemical Reagent Co. Ltd. and Acros
Organics (Belgium), respectively. Guanine was acquired from Sigma
(St. Louis, MO, USA) and adenine was obtained from BioDee
BioTech Co. Ltd. (Beijing, China). All aqueous solutions were
prepared with ultrapure water (Aquaplus AWL-1002-P, Ever Young
Enterprises Development Co., Ltd., China).

Guanine and adenine storage solutions were dissolved into 0.1 mol/
L NaOH solution and kept in a refrigerator at 4 °C. Phosphate buffer
solution (PBS) was prepared by mixing the stock solutions of 0.1 mol/
L NaH,PO, and 0.1 mol/L Na,HPO,. Britton Robinson (BR) buffer
solution was obtained by mixing solutions of 0.1 mol/L H;PO,, 0.1
mol/L CH;COOH, and 0.2 mol/L H;BO;, and the pH value was
adjusted by a certain concentration of NaOH solution.

Fabrication of Various Electrodes. Graphite oxide (GO) was
synthesized from graphite powder by a modified Hummers method as
originally presented by Hummers.”> GNO was obtained after
suspending the resulting GO in water and sonicating it for 30 min.**

The GCE was sequentially polished with 0.3 and 0.05 ym alumina
powder and then washed ultrasonically in water and ethanol for a few
minutes, and GNO modified electrode was prepared by casting 10 L

of GNO suspension (0.1 mg/mL) on GCE surface to obtain the
GNO/GCE.

The electropolymerization of Xa was accomplished by cyclic
voltammetry (CV) between 0.65 V and —1.7 V with a scan rate of
100 mV/s at GNO/GCE for 90 segments in fresh PBS (pH 5.5)
containing 4 X 10™* mol/L Xa (SI Figure S1). The resulting electrode
was noted as the PXa-ERGNO/GCE. For comparison, the electro-
polymerization of Xa was accomplished with CV range between 0.65 V
and —0.6 V, and the electrochemical reduction of GNO via CV with a
potential range from —0.2 V to —1.7 V using bare GCE as working
electrode just without GNO or Xa existing to gain the PXa/GCE and
ERGNO/GCE.

Electrochemical Measurements. Electrochemical impedance
spectroscopy (EIS): the experiment was measured at 0.172 V from
10° Hz to 0.1 Hz. The supporting electrolyte was 1.0 mmol/L
K;Fe(CN)g and 1.0 mmol/L K,Fe(CN)g solutions (1:1) including 0.1
mol/L NaCl. CV measurements were carried out in above solution
between —0.3 and 0.6 V at a scan rate of 0.1 V/s.

Differential pulse voltammetry (DPV): pulse period, 0.5 s; pulse
width, 0.2 s; increment potential, 0.004 V; pulse amplitude, 0.05 V.
Unless otherwise stated, BR (pH 7.0) was used as the supporting
electrolyte including a certain analytical target for DPV.

Three parallel measurements were measured for each electrode in
the same condition in this assay.

B RESULTS AND DISCUSSION

Raman, SEM, XPS, and FT-IR Characterization. To
characterize the structures of GNO, Raman spectroscopy was
adopted (SI Figure $2).*"* The two peaks at 1348.6 and
15944 cm™' belonged to the D and G bands of GNO,
respectively. The D + G bands and 2D band appearing at 2943
and 2694 cm™' also show the existence of GNO. The
occurrence and the shape of the 2D band further verified the
single-layer structure of the fabricated GNO.*

The SEM image of GNO is shown in Figure 2A. The
obtained GNO showed slight wrinkles and rough surface.
ERGNO (Figure 2B) revealed a more ruffly structure after
reduction. The resemblance of crumpled silk veil waves was
intrinsic to graphene nanosheets. A protruding and irregular
polymer film could be achieved when Xa was electro-
polymerized alone (Figure 2C). Compared with GNO and
PXa, the PXa-ERGNO nanocomposite (Figure 2D) showed a
sleek and broad surface after one-step electrochemical syn-
thesis. The change of morphology proved PXa-ERGNO
composite film was synthesized successfully.

To show the change of oxygen-containing functional groups
attached to the GNO, the XPS for GNO and PXa-ERGNO
were investigated (Figure 3).>'733 The C 1s XPS data of GNO
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Figure 2. SEM images of GNO (A), ERGNO (B), PXa (C), and PXa-
ERGNO (D).
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Figure 3. XPS data of GNO (A) and PXa-ERGNO (B).

(Figure 3A) indicated the presence of 3 types of carbon bonds:
nonoxygenated C (C=C, C—C, 284.6 eV), C—OH (285.6,
eV), C—0O, or C—O—C (286.7 eV).**** However, after
electrochemical reduction, the peak associated with C—C or
C=C became predominant (Figure 3B), while the peaks
related to the oxidized carbon species were greatly weakened.
In addition, the main peak at the binding energy of 285.6 eV
appeared, which confirmed the C—N bonds from PXa. >3
The oxygenated groups could also been confirmed by the
FT-IR spectra of GNO (Figure 4A) and PXa-ERGNO (Figure
4B). The typical peaks of GNO appeared at 1065 cm™'(C—O,
epoxy or alkoxy), 1401 cm™ (O—H), 1633 cm™' (C=C), and
1740 cm™ (C=O0 in carboxylic acid and carbonyl moieties).
The peak at 3437 cm™ (O—H) could be ascribed to the
stretching mode of intercalated water. The above spectra
showing the existence of the main functional groups had
changed when the GNO was electrochemically reduced. In
Figure 4B (PXa-ERGNO), the disappearance of O—H (1401
em™) and C=O0 (1740 cm™!) vibration bands and the
maintenance of the O—H stretching vibration (3437 cm™)
and the aromatic C=C (1633 cm™') demonstrated that the
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Figure 4. FT-IR data of GNO (A) and PXa-ERGNO (B).

oxygenated species of GNO could be removed by using
electrosynthesis.39 Meanwhile, the bands at 1471 and 1378
cm™" confirmed the presence of O—H and C—N of Xa,
respectively. It could be seen that Xa and GNO had been
integrated effectively on the basis of all of the above peaks.
Synergistic Effect of PXa-ERGNO. Figure SA displayed
the CVs of PXa/GCE (a), ERGNO/GCE (b), and PXa-
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Figure S. Representative CVs (A) and Bode plots (B) of 1.0 mmol/L
[Fe(CN),]>~* solution containing 0.1 mol/L NaCl recorded at PXa/
GCE (a), ERGNO/GCE (b), and PXa-ERGNO/GCE (c).

ERGNO/GCE (c) in 1.0 mmol/L [Fe(CN)4]>*~/* solution
containing 0.1 mol/L NaCl. The redox peak currents of PXa-
ERGNO/GCE increase dramatically compared with those of
the ERGNO/GCE and PXa/GCE. The result showed that
PXa-ERGNO could facilitate the electron transfer of [Fe-
(CN)e]>/*, which was ascribed to the unique synergistic
effect of PXa and ERGNO.

EIS was widely applied to research the various surface
properties of modified electrodes, normally using [Fe-
(CN)4]** solution containing 0.1 mol/L NaCl as a classic
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probe.'”*® As shown in Figure SB, logZ of the corresponding

Bode plots in the high frequency region was selected for
comparison. It could be seen that the logZ value of PXa-
ERGNO/GCE (c) was the minimum compared with those of
PXa/GCE (a) and ERGNO/GCE (b). This was consistent
with the above CV results.

Herein, the electrochemical behavior of 0.3 mmol/L guanine,
adenine, and their mixture was investigated at different
electrodes in BR (pH 7.0) to examine their bioelectrochemical
activity based on the unique synergistic effect of PXa and
ERGNO. Figure 6 showed the oxidation signals of bases at
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Figure 6. Baseline-corrected DPVs of 0.3 mmol/L guanine (A),
adenine (B), and guanine and adenine mixture (C) at different
modified electrodes: (a) PXa, (b) ERGNO, and (c) PXa-ERGNO.

PXa/GCE (a), ERGNO/GCE (b), and PXa-ERGNO/GCE
(c), and we could see that PXa-ERGNO/GCE exhibited the
largest peak currents. It means that PXa-ERGNO prompted the
efficiency of the electron exchange between the bases and the
electrode surface because of the strong z—n* interactions or
electrostatic adsorption, and the peak-to-peak separation for
guanine and adenine was large enough (Figure 6 C, about 0.3
V) for the simultaneous determination.

Optimization of Preparation Methods and Detection
Conditions. The electrochemical detection of bases can be
obviously affected by the electrochemical preparation param-
eters of the PXa-ERGNO/GCE, such as the electropolymeriza-
tion segments. From SI Figure S3, the maximum current
responses of adenine were obtained at 90 segments. Therefore,
the electropolymerization segment of 90 was chosen for the
subsequent analytical experiments.

The effect of pH values of the detecting electrolyte on the
electrooxidation of bases was also studied, as shown in SI
Figure S4. The result stated that the oxidation peak potentials
of base shifted negatively with the increase of the solution pH
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from 5.0 to 8.0. The maximum electrooxidation current signal
of adenine was observed at pH 7.0, which was selected as the
optimization pH.

Individual Detections of Guanine and Adenine. DPV
was used to detect individual guanine and adenine with a series
of concentrations (low and high concentration section) under
optimal conditions. It is shown in Figure 7A that two linear
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Figure 7. (A) Baseline-corrected DPVs of various guanine
concentrations at PXa-ERGNO/GCE (from a to i: 0.5, 1, 3, 6, 10,
75, 150, 200, 300 umol/L). (B) Baseline-corrected DPVs of various
adenine concentrations at PXa-ERGNO/GCE (from ato i: 1, 3, 5, 7,
10, 75, 150, 200, 300 pmol/L). (C) Calibration plots of the oxidation
peak current versus different concentrations of guanine. (D)
Calibration plots of the oxidation peak current versus different
concentrations of adenine.

regions were observed in the calibration curve of guanine,19 I=
0.0701C + 0.1442 (r = 0.9688) (0.5 pmol/L to 10 umol/L) and
I =0.0027C + 0.8459 (r = 0.9722) (10 ymol/L to 300 yumol/
L). The detection limit (S/N = 3) was 0.032 pmol/L (Figure
7C).

Studies similar to those with adenine were carried out and
the calibration curves revealed the same trend from 1 gmol/L
to 300 umol/L (Figure 7B). The linear regression equation was
I=0.0577C — 0.0034 (r = 0.9787) (1 umol/L to 10 ymol/L)
and I = 0.0023C + 0.5762 (r = 0.9853) (10 umol/L to 300
umol/L). The detection limit (S/N = 3) was 0.15 pmol/L
(Figure 7D).

Comparison of Simultaneous Detection of Guanine
and Adenine. In order to investigate if the PXa-ERGNO/
GCE had the best sensitivity, comparison of the electro-
chemical simultaneous detection of guanine and adenine
mixture at PXa/GCE, ERGNO/GCE, and PXa-ERGNO/
GCE was carried out, shown in Figure 8. The PXa-ERGNO
had the highest electrochemical response, lowest detection
limit, and good linear relation. At PXa-ERGNO/GCE, the
calibration curves for guanine and adenine exhibited two linear
segments with regression equation as I = 0.0793C + 0.1514 (r =
0.9862) (0.5 ymol/L to 10 ymol/L); I = 0.0024C + 0.8948 (r =
0.9869) (10 pmol/L to 300 pmol/L) for guanine; and I =
0.076C + 0.1054 (r = 0.9876) (0.5 ymol/L to 10 umol/L) and
I1=0.002C + 0.8195 (r = 0.9889) (10 umol/L to 300 umol/L)
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Figure 8. Baseline-corrected DPVs of various guanine and adenine concentrations at (A) PXa/GCE (from a to i: 1 to 300 ymol/L), (B) ERGNO/
GCE (from a to i: 1 to 300 gmol/L), and (C) PXa-ERGNO/GCE (from a to i: 0.5 to 300 zmol/L). Calibration plots of the oxidation peak current
versus different concentrations of guanine and adenine concentrations at PXa/GCE (D), ERGNO/GCE (E), and PXa-ERGNO/GCE (F).

for adenine. Therefore, the guanine and adenine could be
sensitively and simultaneously determined from a mixture in a
large concentration domain.

Reproducibility and Stability of the Modified Elec-
trode. Ten modified electrodes obtained from the same
procedure were used to detect 0.3 mmol/L guanine and 0.3
mmol/L adenine to estimate the reproducibility. The relative
standard deviation (RSD) for the oxidation peak current of
guanine and adenine are, respectively, 6.5% and 6.2%, showing
the good reproducibility of the fabrication protocol.

The stability of guanine and adenine on the modified surface
is an important factor, which plays a critical role for obtaining
good sensitivity. It showed the long-term stability by keeping
the modified electrodes at room temperature for 5 days. During
that time, the modified electrodes could still detect guanine and
adenine in the same concentration solution, and 3.7% loss for
guanine and 3.9% loss for adenine of the peak currents were
observed. The results demonstrated that the detection signals
had no obvious decline.

Comparsion of Our Work and Previous Reports. Our
assay was also compared with previous reports: please see
Supporting Information. As can be seen from Table S3, our
work possessed the advantages of easier preparation, controlled
synthesis, and wider linear range as compared with other earlier
reports.

H CONCLUSION

In summary, compared with the sole PXa or ERGNO, the PXa-
ERGNO interface had lower overpotentials and higher peak
currents, exhibiting a remarkable synergistic effect for the
oxidation of guanine and adenine. That is to say that the
nanocomposite could greatly accelerate the electron exchange
between bases and electrode, and further promote the oxidation
property of bases on electrode surface. Moreover, our PXa-
ERGNO/GCE with rich negative charge and large electrode
surface area is easy to prepare. This easy to prepare, nontoxic,
and excellent sensing platform can improve the adsorption of
other positively charged biomolecules or aromatic molecules via
strong electrostatic adsorption or 7—z* interactions, which can
be further used in biological and medical applications.
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