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A B S T R A C T

An innovative electrochemical sensor assembly relying on a simple “green” electrochemical reduction route is
presented for the sensitive detection of 8-hydroxy-2′-deoxyguanosine (8-OHdG), the most abundant oxidative
product of DNA. The sensing film consisted of poly (L-arginine) and graphene wrapped Au nanoparticles was
fabricated on glassy carbon electrode (GCE/P-Arg/ErGO-AuNPs) using subsequent ‘layer-by-layer’ regime
through electrochemical technique. The proposed method was also successfully applied for the quantification of
8-OHdG in the presence of interfering biomolecules like ascorbic acid and uric acid. Scanning electron micro-
scopy (SEM) was utilized to characterize the surface morphology of the composite electrode. Electrochemical
characterizations of the bare and modified electrodes were carried out via cyclic voltammetry (CV) and elec-
trochemical impedance spectroscopy (EIS). According to differential pulse voltammetry (DPV) results, there
were linear relationships between the peak currents and the concentrations in the ranges of 1.0–100 nM (R2 =
0.996), and 0.5–10 µM (R2 = 0.990), with a detection limit (S/N=3) of 1.0 nM. Furthermore, the proposed
sensor was successfully applied for the determination of target analyte in human urine samples and a very high
recovery percentage was obtained.

1. Introduction

8-hydroxy-2′-deoxyguanosine (8-OHdG) is an important biomarker
and one of the major products of oxidative DNA damage, produced by
the attack of reactive oxygen species (ROS) at the eighth carbon atom of
guanine base (Martins et al., 2017) (Scheme 1). The higher con-
centrations of 8-OHdG in body fluids is typically correlated with human
hepatocarcinogenesis (Shimoda et al., 1994), various cancers
(Bialkowski et al., 1996), neurological disorders (Chen et al., 2009),
diabetes (Nishikawa et al., 2003), and aging (Tamae et al., 2009).
Therefore, the analysis of 8-OHdG in human fluid is extremely im-
portant to measure its level in patients suffering from the above-stated
diseases and also for the assessment of an individual's cancer risk or the
exposure to various carcinogens (Li et al., 2007).

So far, various techniques have been employed to quantitative
analysis of 8-OHdG in biological samples, including high performance
liquid chromatography with electrochemical detection (HPLC-ECD)
(Saravanabhavan et al., 2010), gas chromatography-mass spectrometry
(GC-MS) (Lin et al., 2004), high performance capillary electrophoresis

(HPCE) (Weiss and Lunte, 2000) and post labelling method (Maatouk
et al., 2004). Nevertheless, the requirement of sophisticated and la-
borious technologies, long response time and high cost of analysis limit
those techniques applicability. Unlike conventional techniques, several
biosensing devices have been reported in the literature based on the
electrochemical oxidation activity of 8-OHdG as it undergoes oxidation
via a two-electron and two-proton charge transfer reaction (Jia et al.,
2018; Kumar et al., 2017a; Li et al., 2007; Martins et al., 2017, 2016;
Shahzad et al., 2017a; Shang et al., 2018a; Yang et al., 2015a). How-
ever, most of these electrodes demonstrated the low sensitivity and low
selectivity and were not explored in biological fluids. It is well known
that, ascorbic acid (AA) and uric acid (UA) are the main interferents in
the determination of 8-OHdG in biological fluids (Jia and Wang, 2013a)
due to their similar electrochemical response. Therefore, sensitive de-
termination of trace amount of 8-OHdG in complex matrix like urine is
still a challenge and thus calls for more intense research.

In recent years, poly (L–arginine) modified electrode has attracted
significant attention which can be easily electropolymerized on elec-
trode surface through combination of -NH2 and -COOH (Tığ, 2017; Yi
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et al., 2016; Zhou et al., 2015). Such polymer films can notably improve
the stability of the electrode response and improve the electroactivity
properties of analytes. Several researchers combined graphene oxide
(GO) and polymer composites to improve the electrocatalytic perfor-
mance of the electrodes (Devadas et al., 2014; Hasanzadeh et al., 2017;
Tığ, 2017). Owing to the two-dimensional (2D) honeycomb lattice, GO
based materials with tunable oxygen functionalities on their basal plane
provide an effective sensing platform for pursuing experiments in se-
lective detection of bio-entities (Khan, 2017; Khan et al., 2017a,
2017b). Au-nanoparticles (AuNPs) decorated graphene oxides are one
of the most studied and widely employed materials in electrochemical
sensing (Khalil et al., 2016). Graphene with nanoparticles provide ad-
ditional synergistic properties by improving electron mobility, elec-
trical conductivity, as well as increasing surface area for analyte
binding (Otari et al., 2017). The incorporation of AuNPs into graphene
not only prevent restacking and agglomeration of the graphene sheets
during reduction process but also enhance the achievable selectivity
and sensitivity of the sensing platform. Recently, Zhang et al. also re-
ported that rGO/AuNPs composite shows better catalytic activities than
AuNPs/GO composite or free AuNPs (Huang et al., 2010).

In this work, a novel electrochemical sensor was proposed for the
first time based on the advantages of polymer, reduced graphene oxide-
metal nanoparticles nanocomposite film modified glassy carbon elec-
trode (GCE/P-Arg/ErGO-AuNPs) for the determination of 8-OHdG in
the presence of AA and UA. The electrocatalytic activity of the different
modified electrodes was also evaluated. Furthermore, the potential
application of the modified electrode for sensing these compounds in
human urine samples was also investigated.

2. Materials and methods

2.1. Reagents

L-arginine, 8-Hydroxy-2′-deoxyguanosine (8-OHdG), L-Ascorbic
acid, uric acid Tetrachloroaurate (HAuCl4) trihydrate were purchased
from Sigma Aldrich, China. Graphene nanosheet was produced from
natural graphite powder by a modified Hummers method and it was
kindly supplied by Prof. Yuta Nishina, Japan. The detail of GO na-
nosheet preparation was described in previous report (Morioku et al.,
2016) and in Supporting Information (SI). All the reagents for GO na-
nosheet preparation were purchased from Sigma Aldrich. The solutions
of analytes were prepared daily by dissolving the required amount of

reagent in 0.1 M PBS (pH 7.4). A redox probe solution was prepared in
0.1 mol L−1 KCl, which contained 5.0 mmol L−1 Fe (CN)63− and 5.0
mmol L−1 Fe (CN)64−. All of the chemicals used in this work were of
analytical grade and used without purification.

2.2. Preparation of GCE/P-Arg/ErGO-AuNPs nanocomposite electrode

The sequential ‘layer-by-layer’ film was fabricated on a GCE with a
diameter of 3 mm by cyclic voltammetry (CV). Prior to modification,
the GCE electrode was polished to a mirror finish using a 0.05 μm
alumina slurry, after which it was sonicated in nitric acid (1:1), ethanol,
and deionized water. Next, the electrode was rinsed with ultra-pure
water and allowed to dry under N2. The cleaned GCE was dipped into
0.1 M PBS (pH 7.4) containing 2.5 mM L-Arg and cyclic voltammetry
(CV) was performed in the potential range from -2.2 to 2.0 V at 100
mVs-1 for definite cycles. After electropolymerization, the GCE/P-Arg
electrode was carefully washed with ultrapure water and dried in air.
To prepare GCE/P-Arg/ErGO-AuNPs film, 0.5 mg mL−1 GO was dis-
persed in 0.1 M PBS (pH 7.4) solution in nanosheet form and was stirred
and sonicated for 15 min and 1 h respectively. Later, 0.5 mM HAuCl4
solution was added during sonication of GO. The GO-AuNPs nano-
composite was electrodeposited on GCE/P-Arg electrode under deox-
ygenated conditions (guaranteed via nitrogen bubbling) through a
series of 15 cyclic voltammetries between − 1.2 and 0.7 V vs. Ag/AgCl
and at a scan rate of 50 mV s−1. After electrochemical reduction of GO
(ErGO) and simultaneously electrodeposition of ErGO-AuNPs, the
modified electrode GCE/P-Arg/ErGO-AuNPs was washed with ultra-
pure water, and then air-dried and stored in 4 °C for use. For electrode
characterization and comparison, four different electrodes were also
prepared with or without P-Arg, ErGO, and AuNPs respectively.

2.3. Apparatus

Electrochemical measurements were carried out using CHI electro-
chemical workstation (Shanghai CH Instruments). A conventional three
electrode system was used for electrochemical performance. GCE with a
surface area of 3 mm was used as the working electrode, Ag|AgCl
electrode as the reference electrode and platinum wire as the counter
electrode. Scanning electron microscopy (SEM) was performed using
Hitachi S-3000H model and electrochemical impedance spectroscopy
(EIS) studies were analyzed using ZAHNER impedance analyzer EIM6ex
ZAHNER (Kroanch, Germany). All electrochemical measurements were

Scheme 1. Formation and electrochemical detection mechanism of 8-OHdG biomarker with GCE/P-Arg/ErGO-AuNPs modified electrode.
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Fig. 1. SEM images of (A) GCE/P-Arg film, and (B) GCE/P-Arg/ErGO-AuNPs nanocomposite film. The arrow marks indicate the wrapping of AuNPs by GO nanosheet.
(C) The EDX spectrum of the nanocomposite film, and (D) their corresponding element mapping showing the distribution of Au nanoparticles on GCE/P-Arg/ErGO-
AuNPs nanocomposite film. Low (E) and high (F) resolution TEM images of ErGO-AuNPs nanocomposite. Survey and high resolution XPS spectra of ErGO-AuNPs
nanocomposite film: (G) spectrum of Au 4f pattern, and (H) high resolution C 1s spectrum with fitted curves.
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carried out at room temperature and electrolyte solutions were kept
under nitrogen (N2) atmosphere.

3. Results and discussion

3.1. Layer-by-layer electrochemical modification of electrode

The details of the observations during electrochemical depositions
were descried in Supporting Information (SI). The electropolymeriza-
tion of L-arginine was performed by cyclic sweeping from − 2.3 to 2.0
V at 100 mV/s for fifteen cycles in 0.1 M PBS containing 2.5 mM L-
Arginine solution at pH 7.4. Fig. SI-1 shows the continuous cyclic vol-
tammograms of electrochemical polymerization of P-Arg on the surface
of GCE. The formation of polymer film on the bare GCE electrode
surface was confirmed with the increasing of peak current with the
number of CV cycles (Zhou et al., 2015). The monomer L-Arginine
oxidizes at high positive potential and forms α-amino acid free radical
that stimulates the polymerization. The resulted poly (L-Arginine) or P-
Arg contains more amino than carboxyl and can directly linked on the
electrode surface by the formation of covalent bond (C-N) as shown in
Fig. 1A. To the best of our knowledge, this is the first-time observation
of clear P-Arg film electrodeposition on GCE with regular and patterned
interconnected net-like structure. The observed surface morphology
indicates that P-Arg film has been successfully adhered to the electrode
surface.

We adopted an electrochemical technique for the simultaneous re-
duction of GO and its co-electrodeposition along with nano Au (AuNPs)
without reducing agents onto the electrode surface using cyclic vol-
tammetry. For electrodeposition of ErGO-AuNPs composite, a disper-
sion containing 0.5 mg mL−1 GO and 0.1 mM HAuCl4 was prepared.
The details of the GO nanosheet preparation and the formation of

graphene wrapped AuNPs has been described in SI. The CV electro-
deposition was performed in the dispersion after N2 bubbling for 10
min, which was performed between − 1.2 and 0.7 V at a sweep rate of
50 mV s−1 for 15 potential cycles.

The formation of ErGO nanosheet was confirmed by several mea-
surements and reported in our previous work (Khan et al., 2018). The
increase in the peak currents with successive potential scans confirms
the electrodeposition of conductive film over the electrode that in-
creased with every new cycle. This process is responsible for simulta-
neous reduction/electrodeposition of nonconductive GO and AuNPs
into electrochemically-reduced GO (ErGO) wrapped AuNPs, which is
very stable due to its poor solubility in common solvents (Morioku
et al., 2016). As shown in Fig. 1B, AuNPs with an average size of ~ 25
nm uniformly and densely wrapped with the ErGO film. The size of
AuNPs and its homogeneous distribution throughout ErGO film de-
pends not only on the concentration of GO and AuNPs solution, but also
on the number of the deposition cycle and scan rate. For the details of
the optimum conditions, please see Supporting Information (Fig. Si-3).
To the best of our knowledge, the clear wrapping of AuNPs with several
layers of ErGO nanosheets is observed for the first time. The TEM
images (Fig. 1E, F) are very much consistant with SEM findings and
prove the clear wrapping of AuNPs with ErGO sheets.

To investigate the structural evolution of electrochemically de-
posited ErGO-AuNPs nanocomposite, XPS measurement was done and
shown in Fig. 1g, h. High resolution Au 4f peaks (Au 4f5/2 and Au 4f7/2
spin-orbit doublets) were observed from ErGO-AuNPs nanocomposite
modified electrode which are centered at ~ 83.5 and ~ 87.0 eV re-
spectively. The characteristics and chemical nature of gold within the
nanocomposite has been attributed as metallic Au° (after reduction of
Au3+ to Au°) as suggested by other researchers as well (Kar et al.,
2016). Moreover, compared with standard referencing position of

Fig. 2. Cyclic voltammograms (A) and Nyquist plot of EIS (B) of the different electrodes measured in 0.1 M L−11 KCl including 5.0 mM L−11 Fe(CN)63−1/4−1: (a) bare
GCE, (b) GCE/P-Arg, and (c) GCE/P-Arg/ErGO-AuNPs nanocomposite film. CVs of modified electrode in 0.1 M PBS (pH 7.0) solution with 0.1 µM 8-OHdG measured
at different scan rates (10–300 mV/s) (C), and the corresponding calibration plots between the anodic and cathodic peak currents with the scan rate (D).
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metallic Au°, the observed negative shift of ~ 0.6 eV reveals the strong
interaction between ErGO and AuNPs (Li et al., 2012). Fig. 1g re-
presents the high resolution XPS spectra of C 1s region with clear
binding arrangement of C-O inside the nanocomposite film. Gaus-
sian–Lorentzian peak shape was used to resolve the C 1s curve fitting.
Three well defined peaks centered at ~ 284.66, ~ 286.70, and ~ 288.3
eV have been assigned to C˭C/C–C, C–O, and C˭O respectively. The high
atom ratio of C/O indicates the deoxygenation during electrochemical
reduction process.

3.2. Electrochemical characterization of GCE/P-Arg/ErGO-AuNPs
nanocomposite electrode

The electrochemical characterization of the bare and modified
electrodes was performed via CV and EIS in 0.1 M L−1 KCl including 5.0
mM L−1 Fe(CN)63−/4−. A pair of well-defined redox peaks corre-
sponding to Fe(CN)63−/4− appeared with the lowest peak currents at
the bare GCE. The peak to peak separation (ΔEp) value was calculated
as 254 mV, 185 mV, and 95 mV for bare GCE, GCE/P-Arg, and GCE/P-
Arg/ErGO-ANPs electrode respectively (Fig. 2A). The positive charges
of P-Arg facilitates the electrochemical reaction of Fe(CN)63−/4− as
reported by earlier researchers (Hasanzadeh et al., 2017; Tığ, 2017). An
obvious increased redox current and a decreased potential difference
were observed after modification with ErGO and AuNPs nanocompo-
site. The possible reason may be ascribed to that the conductive gra-
phene sheets connected individual AuNPs that effectively facilitated
fast electron transfer between the modifying layer and GCE substrate,
thus resulting in synergetic signal amplification. Therefore, the results
demonstrated that GCE/P-Arg/ErGO-AuNPs with excellent electro-cat-
alytic prosperities were designed.

We have also calculated the electrochemical active surface area (A)
for bare and modified electrodes based on the Randles–Sevcik equation
(Du et al., 2014).

= ×I AD n γ C2.69 10p
5 1/2 3/2 1/2 (1)

where A is the electroactive surface area, D is the diffusion coefficient of
the molecule (equal to 6.70±0.02 × 10−6 cm2/s), C is the con-
centration of the probe molecule in the solution (mol/cm3), n is the
number of electrons in the redox reaction, γ is the scan rate (V/s). The
calculated A value for the GCE, GCE/P-Arg, and GCE/P-Arg/ErGO-
AuNPs were 0.089 cm2, 0.142 cm2, and 0.312 cm2 respectively. This
finding proved that GCE/P-Arg/ErGO-AuNPs modified electrode has
the maximum electrochemical active surface area and high electron
transfer kinetics.

Electrochemical impedance spectroscopy (EIS) experiments were
performed to confirm the synergy between various modified electrodes

and the results were shown in Fig. 2B. It could be easily observed that
the bare GCE shows the largest semicircle appeared with a Rct of 1089
Ω, showing the lowest transfer rate. Whereas GCE/P-Arg modified
electrode shows a Rct value of 441 Ω. When the electrode is modified by
ErGO-AuNPs nanocomposite, the diameter of semicircle obviously de-
creases (Rct value of 115 Ω) owing to the high electrical conductivity,
thereby promoting a higher electron transfer rate in the redox probe.
Moreover, the relationship between different scan rate and peak current
was also studied to investigate the electrochemical mechanism of pro-
posed electrode. A linear relationship with good correlation coefficients
was found between the peak current values and the scan rate as shown
in the inset of figure., which suggesting that the mass transfer phe-
nomenon is an adsortion-controlled process at the solution-electrode
interface.

Fig. 2c represents the CV behavior of GCE/P-Arg/ErGO-AuNPs
modified electrode toward 8-OHdG detection at different scan rates. A
well-defined oxidation peak was observed at + 0.36 V which gradually
shifted toward positive values with the increasing of scan rate. As
shown in Fig. 2d, the linear relationship between scan rate and anodic
peak current suggest an adsorption-controlled electrochemical oxida-
tion process which is in good agreement with other researcher as well
(Martins et al., 2017).

3.3. Electrochemical detection of 8-OHdG

The electrochemical behavior of modified electrode in the presence
of 8-OHdG was investigated by differential pulse voltammograms
(DPV) in wide potential range. All experimental procedures were per-
formed in 0.1 M PBS (pH 7.4) at room temperature. For all the DPV
analysis, we have employed the following parameters: constant time
interval of 90 s; N2 gas purging into the electrolyte solution for 5 min
before the start of each experiment; 50 mV for pulse amplitude, 0.05 ms
for pulse width; and 200 ms for pulse period. Fig. 3 illustrates the DPVs
for the individual detection of 8-OHdG and their calibration curves. As
shown in Fig. 3, the change of DPVs indicates that the oxidative peak
current (Ipa) has linear relationship with the concentration (C) of 8-
OHdG. The calibration curve exhibits two linear segments in the range
from 1.0 to 100 nM (R2 = 0.996), and 0.5–10 µM (R2 = 0.990), with a
detection limit (S/N = 3) of 1.0 nM. Moreover, the analytical findings
of this study were compared with several modified electrodes reported
in last few years and presented in Table 1.

3.4. Selectivity, reproducibility, and stability study

Since the presence of high concentration of AA and UA in biological
systems together with monoamine neurotransmitters, it should be taken
into consideration before target analytes determination. From Fig. 4, it
can be observed that well separated peaks corresponding to the oxi-
dation of AA and UA were obtained at − 0.02 V, and 0.27 V respec-
tively, along with the oxidation peak of 8-OHdG at 0.36 V. The cali-
bration curve in the presence of those interference exhibits a linear
segment in the range from 1.0 to 100 nM (R2 = 0.994). Hence, it can be
concluded that the proposed sensor has good selectivity towards the
determination of 8-OHdG. Moreover, the peak of 8-OHdG did not ex-
hibit any significant deviation even in the presence of physiological
concentration of AA (1 mM), and UA (400 µM), which are commonly
present in human biological fluids (Fig. SI-5).

A series of repetitive voltammetric measurements were carried out
at the same GCE/P-Arg/ErGO-AuNPs nanocomposite electrode to
evaluate the precision of this method. The relative standard deviations
(R.S.D.) obtained for each 10 μM 8-OHdG measurements (n = 10) were
1.31%, 1.55% and 2.10% respectively, indicating an excellent detecting
reproducibility. For stability test, the modified electrode was kept at 4
°C for 4 weeks and the peak current did not have an obvious change
(lower than 7%) for the same concentration of 10 μM analyte solution,
illustrating the good film stability of the proposed sensor.

Fig. 3. DPVs obtained for determination of 8-OHdG using GCE/P-Arg/ErGO/
AuNPs electrode in pH 7.4 phosphate buffer at scan rate of 50 mV/s with a wide
range of concentrations from 0.1 nM to 10 µM. All the inset shows the corre-
sponding calibration curves for high and low concentrations.
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3.5. Real sample analysis

To investigate the practicality of the proposed method, GCE/P-Arg/
ErGO-AuNPs electrode was applied to the determination of 8-OHdG in
healthy human urine using the standard addition method. The human
urine samples were diluted 100 times using 0.1 M PBS (pH 7.4). The
obtained recovery results ranged from 98.55% to 101.19% reveals the
possibility of the proposed sensor for real biological samples. The re-
covery values were estimated and summarized in Supporting informa-
tion Table 1 (SI-7).

4. Conclusion

In this present work, we have successfully prepared GCE/P-Arg/
ErGO-AuNPs modified electrode via electrochemical deposition tech-
nique and investigated the electrochemical performance of proposed
electrode towards the detection of 8-OHdG biomarker. The as-prepared
nanocomposite modified electrode successfully resolved the overlapped
voltammetric signals of target analyte and its interferences into well-
separated peaks by the DPV method. In particular, the electrode showed
wide linear concentration ranges (1.0–100 nM; 0.5–10 µM) between the
peak current and 8-OHdG concentration with a detection limit of 1.0
nM. Additionally, the modified electrode shows applicability for the
detection of these biological substance in human urine samples with
high recovery values. Hence, the prepared GCE/P-Arg/ErGO-AuNPs
sensor constitutes a promising low-cost approach for the analysis of 8-
OHdG for diagnostic research. Further extensive studies are suggested
on long-term biocompatibility of the proposed electrode and the in-
teraction mechanism of ErGO-AuNPs hybrids with other complex bio-
logical fluids for point-to-care applications.
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nanotube; PEI: Polyethylenimine; P3MT: Poly(3-methylthiophene); SrGO: S-doped reduced graphene/glassy carbon electrode; PSWNT: Porous single-walled carbon
nanotubes.

Fig. 4. DPVs of the determination of 8-OHdG (1–100 nM) in the presence of
interference AA (400 µM) and UA (1 µM). Inset: corresponding calibration
curves vs. concentrations of 8-OHdG.
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