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Abstract

A rapid and sensitive electrochemical sensing platform is reported based on bimetallic gold-platinum nanoclusters (AuPtNCs)
dispersed on reduced graphene oxide (rGO) for the simultaneous detection of guanine and adenine using square wave voltamm-
etry (SWV). The synthesis of AuPtNCs-rGO nanocomposite was achieved by a simultaneous reduction of graphene oxide (GO)
and metal ions (Au’* and Pt**) in an aqueous solution. The developed AuPtNCs-rGO electrochemical sensor with the optimized
50:50 bimetallic (Au:Pt) nanoclusters exhibited an outstanding electrocatalytic performance towards the simultaneous oxidation
of guanine and adenine without the aid of any enzymes or mediators in physiological pH. The electrochemical sensor platform
showed low detection limits of 60 nM and 100 nM (S/N = 3) for guanine and adenine, respectively, with high sensitivity and an
extensive linear range from 1.0 uM to 0.2 mM for both guanine and adenine. The interference from the most common
electrochemically active interferents, including ascorbic acid, uric acid, and dopamine, was almost negligible.
The simultaneous sensing of guanine and adenine in denatured Salmon Sperm DNA sample was successfully achieved using
the proposed platform, showing that the AuPtNCs-rGO nanocomposite could provide auspicious clinical diagnosis and biomed-
ical applications.

Keywords Electrochemical sensing - Square wave voltammetry - Guanine - Adenine - Reduced graphene oxide - AuPt
nanoclusters

Introduction

Deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) are
two biological molecules that play an important role in genetic
information storage as well as in the protein synthesis. Purine
bases, guanine (G) and adenine (A), are the building blocks of
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these biopolymers. These nitrogenous bases not only participate
in storing genetic information, but also are involved in many
biological processes such as energy transduction, cell signaling
cascades, and regulation of metabolic enzyme activities [1].
Abnormality in their concentrations in human systems is sug-
gested to be indicative of cancers, AIDS, Parkinson’s diseases,
renal diseases, and many other diseases that affect the metabolic
pathways of these molecules [2—4]. Thus, it is of great signifi-
cance in establishing a rapid and sensitive analytical method to
determine and quantify the concentration of guanine and adenine
for clinical diagnosis purpose.

To date, various methods have been developed for the
analysis of guanine and adenine, such as chemiluminescence,
surface enhanced Raman spectroscopy (SERS),
high-performance liquid chromatography (HPLC), and elec-
trophoresis [5-8]. It was reported that these methods were
capable of achieving high sensitivity and selectivity.
However, these techniques may suffer from the high costs,
sophisticated instruments, portability, and complicated sample
preparation procedures. As an alternative, electrochemical
sensors with the advantages of simplicity, rapidity, and
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cost-effectiveness have emerged as a promising platform for
the detection of guanine and adenine [9]. In the past decades,
much effort involved of the electrochemical techniques and
the various nanomaterials has been made on the oxidation of
guanine and adenine. Specifically, square wave voltammetry
(SWV) has shown to be a promising technique because of its
high sensitivity in the detection of biomolecules, which is
derived from the pulses applied to the staircase potential
waveform during the sampling time [10, 11].

The rapid development of novel nanomaterials has provid-
ed great opportunities in designing promising electrochemical
sensors [12—14]. Suitable nanomaterial-based electrochemical
sensors may significantly improve electron transfer kinetics,
sensitivity, selectivity, and reproducibility towards the detec-
tion of guanine and adenine compared with the unmodified
electrode [15, 16]. Nanomaterials such as cobalt
hexacyanoferrate film, PbO,-carbon nanotube-ionic liquid
composite, and dopamine-melanin nanosphere-polyaniline
have been reported on the detection of guanine and adenine
[17-19]. Notably, carbon-based nanomaterials have been
widely used as supporting materials for numerous electro-
chemical sensor applications. Among the carbon-based mate-
rials, graphene, a two-dimensional layer of sp” hybridized
carbon atoms packed in a honeycomb lattice, has been widely
employed due to its large surface area and high electrical con-
ductivity [20-22]. The aforementioned properties make
graphene a great nanomaterial for enhancing the sensitivity
of the electrode, and as a platform for the deposition of addi-
tional nanomaterials, which may induce synergistic effects.
For examples, the over-oxidized polypyrrole/graphene nano-
composite, Fe;0,4 nanoparticle—graphene oxide nanocompos-
ite, and the TiO, nanofiber on graphene oxide nanosheets
demonstrated the great sensitivities towards the electrochem-
ical oxidation of guanine and adenine [22—-24]. Further studies
on the anodized epitaxial graphene electrode or the
boron-doped and nitrogen-doped graphene film showed the
enhanced electrocatalytic activity towards the detection of
guanine and adenine [25, 26].

Noble metal nanoclusters represent an emerging
nanomaterial class for biomedical applications owing to their
fascinating optical, electrical, and physical properties that are
vastly different from their larger counterparts [27-30]. Due to
its unique optical and chemical properties, gold nanoclusters
(AuNCs) have attracted great attentions and are employed in
many applications [31, 32]. Many synthetic strategies have
been proposed for the preparation of AuNCs. A common ap-
proach is to utilize polymers or biomolecule as a template for
the gold nanoclusters to grow on, and the other method relies
on self-assembled thiolate layer to offer protection for the gold
atoms [33]. These approaches have been widely adopted for
the synthesis of PtNCs and AgNCs [34-37]. Among all the
solution-based synthetic strategies, the bottom-up approach
has been extensively studied by chemically reducing Au®* in
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the presence of thiol-stabilizing/capping agent [37]. Although
Au or Pt nanoparticles in combination with graphene have
been widely reported for electrochemical detection of many
biomolecules and metallic ions [38—41], the application of
AuPt nanoclusters/graphene nanocomposite has not been re-
ported for the electrochemical detection of guanine and
adenine.

In the present study, we have synthesized the
gold-platinum nanoclusters/reduced graphene oxide
(AuPtNCs-rGO) nanocomposites and explored their applica-
tion for the sensitive electrochemical detection of guanine and
adenine in neutral pH. The simultaneous guanine and adenine
electrochemical sensing platform was established by integrat-
ing the AuPtNCs and rGO sheets, where a simple bottom-up
approach was developed for the synthesis of AuPtNCs-rGO
nanocomposite. SWV was employed to investigate the simul-
taneous electrochemical detection of guanine and adenine at
the AuPtNCs-rGO nanocomposite. The nanocomposite dem-
onstrated a high electrocatalytic activity towards the oxidation
of guanine and adenine in comparison with the bare glassy
carbon electrode (GCE), AuNCs-rGO/GCE and PtNCs-rGO/
GCE. The molar ratio of Au:Pt in the nanocomposite was
optimized based on the peak current densities as well as the
oxidation potentials of guanine and adenine. The developed
AuPtNCs-rGO nanocomposite exhibited an excellent stability
and selectivity and was further employed for the detection of
the guanine and adenine in salmon sperm ssDNA sample.

Experimental section

Materials and reagents Adenine, guanine, and salmon sperm
dsDNA were purchased from Sigma-Aldrich. Gold(III) chlo-
ride trihydrate (AuClz-6H,0), H,PtCls:6H,0, graphene ox-
ide, NaBH,4, NaH,PO,, Na,HPO,, Nafion (10 wt% in water)
solution, and all other chemicals were obtained from
Sigma-Aldrich. All analytical grade reagents were used as
received without any further purification. The stock solutions
of adenine and guanine (20 mM) were prepared by dissolving
in 0.1 M NaOH solution and refrigerated at 4 °C; and the
standard solutions were prepared from these stock solutions.
The phosphate buffer (PB, 0.1 M, pH 7.2) solution prepared
from NaH,PO, and Na,HPO, was used as the supporting
electrolyte throughout the experiments. All solutions were
prepared using pure water (18.2 M{2-cm) obtained by
NANOpure® Diamond™ UV ultrapure water purification
system.

Characterization and electrochemical measurements The sur-
face morphology of the nanocomposite was investigated using
scanning electron microscopy (Hitachi SU-70 SEM) with an
energy-dispersive X-ray spectrometer and transmission elec-
tron microscopy (JEOL 2010F-TEM). XPS spectra were
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obtained with a Thermo Scientific Ko XPS system, where the
size of the X-ray spot was 400 mm with an Al Ka monochro-
matic source. For electrochemical measurements, cyclic volt-
ammetry and SWV were performed using a CHI 660D elec-
trochemical workstation (CHI instrument, USA). A
three-electrode, single-compartment cell was used. The un-
modified or modified glassy carbon electrode (GCE) with a
surface area of 0.07 cm® was used as the working electrode,
silver/silver chloride electrode (Ag/AgCl, 1 M KCI) as the
reference electrode, and a platinum coil as the counter elec-
trode. All the current densities reported in this study were
calculated based on the geometric surface area of the GCE
(0.07 cm?). All the SWV measurements were conducted using
the following parameters: increment E =4 mV; amplitude =
25 mV; frequency f= 15 Hz; quiet time t=2 s. All potentials
were measured and reported vs. Ag/AgCl (1 M KCl), and all
electrochemical measurements were performed under room
temperature (20 £2 °C).

Preparation of AuPtNCs-rGO nanocomposites The synthesis
strategy applied in this work was slightly modified from pre-
viously reported method for red-emitting gold quantum clus-
ters [33]. For preparing the AusoPtsoNCs-rGO, 17 uL of
150 mM AuCl;-6H,0 and 17 uL of 150 mM H,PtCls-6H,O
stock solutions were dissolved in 2.736 mL water in a 10-mL
glass vial. Similarly, the Au:Pt of 25:75 was prepared using
17 uL of 75 mM AuCl;-6H,0 and 17 puL of 225 mM
H,PtClg-6H,0, while the Au:Pt of 75:25 was prepared using
17 uL of 225 mM AuCl;-6H,0 and 17 puL of 75 mM
H,PtCls-6H,O. Subsequently, 8.82 mg of glutathione and
1.01 mL graphene oxide (4 mg mL™") were added to the
solution under stirring and allowed to cool in an ice water
bath. Then, 0.305 mL of the freshly prepared ice-cold
NaBH, solution (2.0 mg mL ') was slowly added to the mix-
ture and well-stirred for 40 min in an ice bath.

Preparation of salmon sperm ssDNA sample Salmon sperm
dsDNA was thermally denatured using previously reported
method [23]. The DNA sample (20 mg) was dissolved in
8 mL water and heated in an oil bath at 100 °C for 10 min,
and immediately cooled in an ice-water bath for another
10 min to generate the ssDNA sample for analytical
application.

Fabrication of the electrochemical sensor Prior to any modi-
fication, the GCE was first polished with alumina powder
(0.05 um) on chamois leather pad, washed thoroughly with
doubly distilled water, followed by an ultrasonic bath in dou-
bly distilled water for 3 min, and air-dried before use. The
GCE was then pretreated by electrochemical oxidation, ini-
tially at 1.75 V for 300 s, followed by electrochemical reduc-
tion at —1.75 V for 300 s in 0.1 M PBS (pH 7.2) solution. The
pretreated GCE was then scanned between 0 and 0.8 V at a

scan rate of 100 mV s~ ' until a stable cyclic voltammetric

curve was achieved. Prior to the modification, the nanocom-
posite was stirred vigorously for 10 min to obtain a homoge-
nous solution, and 10 pL of the solution containing Nafion
(2 wt%) was then casted on the surface of the pretreated GCE
and allowed to air-dry.

Results and discussion

Surface characterization of the AuPtNCs-rGO nanocomposite
The surface morphology of the as-synthesized AuPtNCs-rGO
nanocomposite was characterized by TEM. Figure 1A shows
the low-resolution TEM image of the formed AuPtNCs-rGO
nanocomposite. The ultrathin rGO nanosheets can be ob-
served in the TEM image (Fig. 1A), which may provide the
solid platform for the formation of AuPtNCs. Figure 1B dis-
plays the high-resolution TEM image of the AuPtNCs-rGO
nanocomposite, where the presence of gold and platinum was
confirmed using EDX (Fig. S1). It was apparent that the
AuPtNCs presented are spherical structures and are uniformly
dispersed in rGO. The homogenous nanoclusters demonstrat-
ed that the Au and Pt were alloyed, and the average particle
size of the AuPtNCs was determined to be ~1.2 nm. Based on
the TEM results, the well-dispersed characteristic and small
size of AuPtNCs increase the electrochemically active surface
area and may then enhance the electron transfer for the oxida-
tion of guanine and adenine.

In order to characterize the valence states and surface com-
position of the nanocomposite, XPS was applied to analyze
the AuPtNCs-rGO with various AuPt compositions. Based on
the survey spectra of the formed nanocomposites, the ratios of
Au:Pt were confirmed and tabulated in Table S1. The Au 4f
spectra (Fig. 2A) and Pt 4f spectra (Fig. 2B) of the nanocom-
posites were deconvoluted to determine their oxidation state.
In the case of Au 4f, the peaks for Au(0) and Au(l) were
observed, which was attributed to the tendency of the thiolated
clusters to be reduced in a stepwise fashion, from Au(Ill) to
Au(l), before reaching Au(0) [42]. Similarly, in the Pt 4f spec-
trum (Fig. 2B), the two oxidation states for Pt were Pt(0) and
Pt(I), as the Pt(IV) precursor was also reduced in a stepwise
fashion [43]. The binding energies of the Au(0) and Pt(0)
states were tabulated for each composition in Table SI. It
can be observed that the binding energy of the Au(0) state
was decreased with the introduction of Pt into the nanocom-
posite. The lowest binding energies of both the Au(0) and Pt
(0) were achieved as the molar ratio of Au:Pt was 50:50, while
the binding energies were increased with further increasing
the Pt content. As reported, the Au-Pt alloying could result
in a slight decrease in the binding energy of the Pt and Au
[43]. Thus, the result suggested the formation of alloys of Au
and Pt as a nanocomposite. The synergistic effect of the bime-
tallic AuPt alloy with the AuPt molar ratio of 50:50 could be
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Fig. 1 (A) Low-resolution and
(B) high-resolution TEM image
of AU50Pt50NCS-IGO
nanocomposite

significantly maximized and improved, which could potential-
ly result in a lowered oxidation potential and an increased
peak current density of guanine and adenine oxidation.
Figure 2C shows the C 1s spectra of the AuPtNCs-rGO nano-
composites. Based on the binding energy of the individual
peaks, it can be identified that there were various types of
carbon bonding: sp” hybridized carbon, C-O, C=0, and O—
C=0 based on the literature values [44]. The characteristic
peaks with binding energies at 284.68, 286.31, 287.98, and
288.74 eV can be assigned to sp2 carbon, C-O, C=0, and O—
C=0, respectively. And it can be concluded that more than
50% of the carbons were converted to sp® hybridized carbon
(red curve) in the nanocomposite, showing that graphene ox-
ide has been successfully reduced using a chemical reduction
method, and provided the platform for anchoring the bimetal-
lic nanoclusters.

Optimization of the Au:Pt ratio in the AuPtNCs-rGO nanocom-
posites For comparison, the SWV responses of 50 uM gua-
nine and adenine in 0.1 M PB solution (pH 7.2) at the GCE
and rGO/GCE are presented in Fig. S-2, where the dashed

curves were recorded in the absence of guanine and adenine.
The peak potential and peak current for guanine oxidation at
the GCE were 0.83 V and 7.03 pA cm 2, while for adenine
they were 1.17 V and 11.84 uA cm 2, respectively. The rGO/
GCE exhibited a much lower peak potential for guanine
(0.68 V) and adenine (0.99 V) and a much higher peak current
for guanine (13.63 pA cm ) and adenine oxidation
(33.20 pA cm 2), showing that the modification of the GCE
with the rGO enhanced the electrochemical oxidation of gua-
nine and adenine. In order to study the effect of the Au:Pt ratio
in AuPtNCs-rGO on the electrochemical performance, we
further investigated the electrochemical oxidation of guanine
and adenine at the AuPtNCs-rGO with different Au and Pt
molar ratios. Figure 3A shows the SWV responses of
50 uM guanine and adenine at the AuPtNCs-rGO/GCE with
different AuPt molar ratios in 0.1 M PB solution (pH 7.2),
where the dashed lines represented as the SWV responses in
the absence of guanine and adenine. There was no obvious
change on the SWV curves by varying the AuPt molar ratios.
The corresponding current densities (j,,) and the oxidation
potentials for 50 uM guanine and adenine were collected
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Fig. 2 High-resolution of XPS spectra of (A) Au 4f, (B) Pt 4f, and (C) C 1s in AuPtNCs-rGO nanocomposite with the Au:Pt molar ratio of (a) 100:0, (b)

75:25, (¢) 50:50, (d) 25:75, and (e) 0:100
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Fig. 3 (A) SWV responses of 50 M guanine and adenine at AuPtNCs-
rGO/GCE with the Au:Pt molar ratio of (a) 100:0, (b) 75:25, (¢) 50:50, (d)
25:75, and (e) 0:100. Dependence of the peak current densities (B) and
the corresponding peak potentials (C) of 50 pM guanine and adenine at
the AuPt-rGO/GCE with different AuPt molar ratios. Error bars represent
the standard deviation over three consecutive measurements
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and presented in Fig. 3B and C. As shown in Fig. 3B, the
current densities of guanine and adenine were increased as
the Au/Pt molar ratio was decreased from 100:0 to 50:50,
while the responses were decreased with the further decrease
in the percent of Au, revealing that the much higher SWV
responses can be achieved with the Au/Pt ratio of 50:50. As
the AuPt molar ratio was changed from 100:0 to 0:100, the
oxidation potentials were decreased from 0.736 to 0.656 V for
guanine, and from 1.036 to 0.952 V for adenine, respectively
(Fig. 3C). In comparison with that of the AuNCs-rGO/GCE,
the oxidation peak potentials of guanine and adenine at the
AusoPtsoNCs-rGO were positively shifted 60 mV and 68 mV,

respectively. As reported, the redox potential suggested the
thermodynamic information on the electrochemical reactions.
This result indicated that the oxidation of guanine and adenine
at the AuNCs-rGO/GCE was a kinetic limitation process [45].
The introduction of Pt and the formation of bimetallic AuPt
can modify the surface electronic structure, and greatly in-
crease the SWV responses resulting from the efficient synergy
effect [46]. The aforementioned results suggested that
AuPtNCs-rGO with the Au:Pt ratio of 50:50 was selected as
the ideal composition in the nanocomposite for the further
detection of guanine and adenine.

Effect of the scan rate on the oxidation of guanine and ade-
nine Figure S3A shows the effect of scan rate on the electro-
chemical oxidation of guanine and adenine at the
AusoPtsoNCs-rGO/GCE, which was investigated with 50 uM
guanine and adenine in 0.1 M PBS solution (pH 7.2) using CV
technique. The scan rate was varied from 10 to 125 mV s . As
seen in Fig. S3A, the oxidation peak current densities of guanine
and adenine were increased linearly at the AusoPtsoNCs-rGO/
GCE as the scan rate increases. Figure S3FB displays the plot
of current densities against the square root of the scan rate. The
linear relationships for guanine and adenine were expressed as jp,
(A cm %) =6.900"7-10.7 (R*=0.98) and j,, (LA cm )
=4.88v"%-8.87 (R* = 0.99), respectively. This linear relationship
demonstrated that the electrochemical oxidation of guanine and
adenine on the surface of AusyPtsoNCs-rGO/GCE was a
diffusion-controlled process.

Simultaneous detection of guanine and adenine The simul-
taneous detection of guanine and adenine was investigated at
the AusoPtsoQNC-rGO/GCE using the SWV technique scan-
ning from 0.5 to 1.1 V vs Ag/AgCl (1 M KCI). The concen-
trations of guanine and adenine were changed simultaneously
from 1.0 uM to 0.2 mM in 0.1 M PB (pH 7.2) solution. As
shown in Fig. 4A, two distinct peaks can be observed at 0.670
and 0.970 V corresponding to the electrochemical oxidation
of guanine and adenine, respectively. And the two anodic
peaks increased progressively with the addition of the two
analytes. Based on the peak current densities of guanine and
adenine, the calibration curves are plotted in Fig. 4B and C,
respectively, which demonstrated that the linear response of
guanine and adenine can be achieved as the concentration
increased. As shown in Fig. 4B and C, two dynamic linear
ranges of 1.0 uM—20 uM and 20 pM—0.20 mM were obtained
for both guanine and adenine. The sensitivities of the detection
of guanine were calculated to be 1.80 pA pM ' cm 2 (R* =
0.99) and 0.50 pA M ' cm 2 (R* = 0.99), respectively, while
the obtained sensitivities for adenine detection were
1.56 pA pM " em ? (R*=0.99) and 0.52 pA uM ' cm 2
(R* =0.98), respectively. It can be observed that the high sen-
sitivity was achieved for both guanine and adenine at the low
concentration and the low sensitivity was obtained for the high
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concentration. This result suggested that more oxidized prod-
ucts might be adsorbed on the surface of the electrode, which
may hinder the accessibility of the active sites, resulting in a
lower sensitivity. Furthermore, the detection limits were esti-
mated to be 60 nM and 100 nM for guanine and adenine,
respectively, based on the equation of 30/s, where “0” repre-
sents the standard deviation of the blank and s is the slope of
the calibration curve.

Besides, we studied the simultaneous detection of guanine
and adenine at the AuNCs-rGO/GCE under the same condi-
tions. Figure S4 shows the SWV responses towards guanine
and adenine at the AuNCs-rGO/GCE measured by simulta-
neously changing the concentrations of guanine and adenine
from 1.0 uM to 0.2 mM. As shown in Fig. S4A, a couple of
distinct peaks at 0.72 V and 1.01 V were observed which
corresponded to the oxidation of guanine and adenine, respec-
tively. The anodic current densities increased with the increas-
ing concentration of guanine and adenine. Figure S4B and
S4C display the calibration plots for the sensing of guanine
and adenine, where the anodic current density increased line-
arly for both guanine and adenine at the AuNCs-rGO/GCE.
Two dynamic linear ranges of 1.0 uM-20.0 uM and
20.0 uM-0.2 mM were obtained for both guanine and ade-
nine. The obtained sensitivities were 1.42 pA uM ' (R*=
0.99) and 0.38 wA uM ' (R* = 0.99) for guanine; the sensitiv-
ities for adenine detection were 1.55 uA uM ' (R* = 0.98) and
0.44 A uM ! (R?=0.98). The detection limits were calcu-
lated to be 290 nM and 110 nM for the sensing of guanine and
adenine, respectively.

Since it has been reported that Pt-graphene nanocomposite
was not able to detect adenine and guanine at the low concen-
tration that covered the physiological concentration [47], we
investigated the simultaneous detection of guanine and ade-
nine in different concentrations at the PtNCs-rGO nanocom-
posite, where the guanine and adenine were added from 2.5 to
200 uM (Fig. S5A in supporting information). Within the
tested concentration, the current responses of guanine and
adenine were not observed until 10 uM and 2.5 uM, respec-
tively. As demonstrated in Fig. SSB and S5C, the calibration
curves for guanine and adenine at low and high concentration
were jpa (LA cm 2)=0.917¢c, — 6.78 (R*=0.97) and jp,
(LA cm ) =0.200c, +39.9 (R* =0.99), and ji,, (LA cm ) =
0.932c, +0.193 (R°=0.97) and ji,, (LA cm °)=0.254c, +
233 (R2 =0.98), respectively. Based on the calibration curve,
the sensitivities were found to be 0.917 A uM ' cm 2 and
0.200 wA pM ' cm? for guanine, and 0.932 pA uM ' cm 2
and 0.254 uA uM ' cm? for adenine, respectively. The cor-
responding detection limits of guanine and adenine were cal-
culated to be 1.5 uM and 0.8 uM (30/s). The detection limit of
adenine was not able to cover the physiological concentration,
making the PtNCs-rGO nanocomposite impractical. In com-
parison with the electrochemical performance of
AuNCs-rGO/GCE and PtNCs-rGO/GCE, the
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Fig. 4 (A) SWV responses of guanine and adenine oxidation at various
concentrations and the corresponding calibration curves for (B) guanine
and (C) adenine at the AusoPtsoNCs-rGO/GCE

AusoPtsoNC-rGO/GCE showed the much higher sensitivity
and a lower detection limit at both lower and higher concen-
tration range, demonstrating the enhancement in sensitivity
using the bimetallic nanoclusters. We further compared the
experimental results with those published in the recent litera-
tures. As shown in Table S-2, the AusyPtsoQNCs-rGO/GCE
exhibited a lower detection limit and a wider linear range for
the detection of both guanine and adenine over the recent
studies reported in the literature, demonstrating the excellent
electrochemical performance of the proposed
AusoPtsoNCs-rGO nanocomposite.

Selectivity and stability measurements The selectivity of the
AusoPtsoNCs-rGO/GCE towards the detection of guanine
and adenine was evaluated in the presence of multiple
coexisting compounds. Figure 5A shows the SWV
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Fig. 5 (A) SWV curves at the A
AusoPtsoNCs-rGO/GCE after
sequential addition of (a) guanine
and adenine, (b) dopamine (DA),
(c) glucose (Glu), (d) uric acid
(UA), (e) cysteine (Cys), and (f)
ascorbic acid (AA). Each con-
centration is 5.0 uM. (B) The
change in the current densities of
guanine and adenine in the ab-
sence and in the presence of the
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responses towards 5.0 uM guanine and adenine at the
AusoPtsoNCs-rGO/GCE in the presence of 5.0 uM of do-
pamine (DA), glucose (Glu), uric acid (UA), cysteine
(Cys), and ascorbic acid (AA), respectively. The oxida-
tion peaks for guanine and adenine at 0.628 V and
0.932 V can be clearly observed. The rates of the changes
on the current densities of guanine (red column) and ad-
enine (blue column) in the absence and in the presence of
the interferents are presented in Fig. 5B. The change on
the current densities of guanine and adenine was within
7.3%, showing the high tolerance from the potential inter-
fering biomolecules that are presented in practical condi-
tions. In the presence of the interferents, a simultaneous
detection of guanine and adenine at the AusoPtsoNCs-
rGO/GCE in a concentration range from 5.0 to 30 uM
was examined (Fig. 5C). The peak current densities of
guanine and adenine were gradually increased with the
increase of the concentrations of guanine and adenine.
Based on the peak current densities, the highly linear re-
sponses for guanine and adenine were observed (Fig. 5D).
The presence of interferents had some but not significant
interference towards the simultaneous detection of gua-
nine and adenine; overall, the developed sensor exhibited
satisfactory anti-interference ability. Figure 6 shows the
repetitive measurements on the guanine and adenine with
the AusoPt;oNCs-rGO/GCE, which was realized by
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Fig. 6 (A) The Ist and 50th SWV responses of 50 M guanine and
adenine at the AusoPtsoNCs-rGO/GCE in 0.1 M PB (pH 7.2) solution.
(B) The change in the current densities of guanine and adenine after
various number of the repetitive measurements
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Fig. 7 SWV responses of the AusoPtsoNCs-rGO/GCE for the detection
of guanine and adenine in salmon sperm DNA sample

continuously oxidizing 50 uM of guanine and adenine
using SWV. In comparison with the Ist SWV curve of
guanine and adenine oxidation at the AusoPtsoNCs-rGO/
GCE, the oxidation potentials of guanine and adenine
with the 50th SWV curve were only slightly shifted by
11 mV and 10 mV, respectively. The corresponding cur-
rent densities were decreased by ca. 3.9% and 9.9% for
guanine and adenine, respectively. These results demon-
strated that the AusoPtsoNCs-rGO nanocomposite exhibit-
ed good stability under repeated measurements.

Real sample analysis To evaluate the practicality of the
AusoPtsoNCs-rGO/GCE, salmon sperm ssDNA sample
was prepared using thermal denaturation and examined
using the prepared electrochemical sensor. Firstly, 50 uL
of the ssDNA sample was added to the 10 mL PB solution
(pH 7.2), and the SWV responses of guanine and adenine
were recorded. Figure 7 shows the two distinct oxidation
peaks of guanine and adenine at 0.660 V and 0.968 V, re-
spectively, revealing the anti-interfering capability of the
AusoPtsoNCs-rGO/GCE towards guanine and adenine in
the presence of other biomolecules such as thymine and
cytosine in real sample. The concentrations of guanine and
adenine in the DNA sample were estimated by comparing
the peak current densities with the calibration curves plotted

previously in the simultaneous detection experiment. From
the calibration curves, the concentrations of guanine and
adenine in the salmon sperm DNA sample were estimated
to be 12.5+0.05 uM and 16.5+0.04 puM, respectively.
Furthermore, a ratio on (G+C):(A+T) was evaluated as
0.76, which was very close to the literature value of 0.77.
Following the addition of the ssDNA sample, guanine and
adenine in the standard solution with different concentra-
tions (5.0, 10.0, 15.0 uM) were added. The current re-
sponses were recorded, and the recovery percentage was
calculated (Table 1). The recovery percentages were well
satisfied, between 92.8 and 102%. The results indicated
the proposed electrochemical sensor fabricated in such a
facile approach is a promising platform for the simultaneous
detection of guanine and adenine and demonstrated its ad-
vantage of simplicity and rapidity over traditional analytical
techniques such as HPLC and electrophoresis. However,
incorporation of the fabricated electrode into a sensing de-
vice for further tests is needed for practical applications.

Conclusions

In summary, we have demonstrated a facile approach for the
fabrication of the AuPtNCs-rGO/GCE nanocomposite for the
simultaneous detection of guanine and adenine. The Au:Pt
ratio in the as-synthesized nanocomposite was optimized to
be 50:50 and the nanocomposite exhibited the excellent elec-
trocatalytic activity towards the oxidation of guanine and ad-
enine. The developed sensor showed the low detection limits
of 60 nM and 100 nM for guanine and adenine, respectively.
An extensive linear range from 1.0 uM to 0.20 mM was ob-
tained for both biomolecules. Furthermore, the electrochemi-
cal sensor exhibited a high anti-interfering capability towards
the detection of guanine and adenine in the presence of bio-
molecules such as ascorbic acid and dopamine, as well as a
high stability. In comparison with SWV responses of the
AuNCs-rGO/GCE and PtNCs-rGO/GCE, a synergistic effect
was observed for the AuPtsoPtsoNCs-rGO/GCE towards the
electrochemical oxidation of guanine and adenine. The fabri-
cated AusoPt;oNC-rGO nanocomposite was further applied to
detect guanine and adenine in salmon sperm ssDNA sample to

Table 1 Determination of

guanine and adenine in Salmon Sample Purine Detected (LM) Added (uM) Found (uM) Recovery %
Sperm DNA, and recovery
percentages using multiple Salmon sperm DNA G 12.5 5 17.7 101
additions of 5 pM guanine and G 12.5 10 229 102
adenine G 12.5 5 28.0 102

A 16.5 5 21.0 97.7

A 16.5 10 24.6 92.8

A 16.5 15 29.0 92.1

@ Springer



Microchim Acta (2021) 188: 276

Page9of10 276

evaluate its practicality in real sample application, and a sat-
isfactory G+C/A+T ratio and recovery percentages were ob-
tained. More importantly, the present work not only provided
a simple synthetic method for graphene-supported bimetallic
nanocluster nanocomposite, but also explored the possibility
of using this synthetic approach to fabricate multi-metallic
nanoclusters supported by rGO. It potentially opened an en-
trance of using these nanocomposites in industrial, environ-
mental, and biomedical application.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00604-021-04926-7.
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