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Abstract In this paper, we report a new method for
effective immobilization of Ag nanoparticles (AgNPs)
decorated graphene oxide (AgNP/GO) composites onto
thiolated single-stranded DNA decorated Au electrode
(AuE) surface. The novel immobilization method is based
on the coordination interactions and n—7 stacking interac-
tions between DNA bases and AgNP/GO composites. The
morphologies of the AgNP/GO nanocomposites are char-
acterized by transmission electron microscopy (TEM) and
scanning electron microscopy (SEM). It is found that the
AgNP/GO-decorated AuE exhibits remarkable catalytic
performance for H>O, reduction. This H,O, sensor has a
fast amperometric response time of less than 5 s. The linear
range is estimated to be from 0.1 mM to 20 mM
(r =0.998) and the detection limit is estimated to be
1.9 uM at a signal-to-noise ratio of 3, respectively.

Introduction

In recent years, graphene oxide (GO) is emerging materials
capable of delivering attractive electronic, catalytic,
mechanical, optical, and magnetic properties [1-18], which
can be prepared in bulk quantities by oxidative exfoliation
of graphite [19, 20]. Chemical modifications of GO thus
become necessary to improve its stability and introduce
special functionalities [5—-8]. It is extraordinary that the
attachments of metal nanoparticles on graphene have
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offered prodigious opportunities toward emerging func-
tions and largely expanded application areas of GO [9-18].
Particularly, Ag nanoparticles (AgNPs) decorated GO
(AgNP/GO) composites have attracted immense attention.
Up to now, AgNP/GO composites have been prepared by a
large amount of methods, including through Ag mirror
reaction [21], solution-based single-step method [22],
electrostatic force directed assembly [23], and so on. These
composites as prepared are a promising candidate for
fundamental research as well as for potential device
application such as the electrochemical sensors and bio-
sensors [24-26]. However, the effective immobilization of
AgNP/GO composites on substrate should be the first step
toward such application. Up to now, only very limited
immobilization methods, including layer-by-layer adsorp-
tion [27-31], self-assembly [32-36], and electrochemical
deposition [37-39], have been successfully developed.
Accordingly, the development of new method for rapid,
effective immobilization of AgNP/GO composites on
electrode is highly desired.

On the other hand, considerable attention has been paid
to the detection of H,O, because it is of importance in the
fields of chemistry, biology, clinical control, and environ-
mental protection [40—43]. Up to now, a variety of detec-
tion techniques have been developed, such as spectrometry
[44], titrimetry [45], chemiluminescence [46], electro-
chemistry [47], and so on. Among them, electrochemical
technique has been proven to be an inexpensive and
effective way, due to its intrinsic simplicity and high
sensitivity and selectivity [48, 49]. Early H,O, sensors
involved the use of the intrinsic selectivity and sensitivity
of enzymes reactions where nanostructures are also
employed to immobilize the enzymes on an electrode for
maintaining the enzymatic biologic activity and electrically
connecting the enzymes with the electrode surface and, at
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the same time, to reduce the possibility of protein dena-
turing [50-53]. Unfortunately, the enzyme from natural
sources is relatively expensive and lacks sufficient stability
on the electrode surface. It has been shown that AgNPs can
also exhibit good catalytic activity toward H,O, reduction
[32, 38, 54-56].

In this paper, by combining Au-S interactions between
gold and thiol groups [57-62], coordination interactions
between the nitrogen atoms of DNA bases and AgNPs [63],
as well as m—n stacking interactions between DNA bases
and GO [64], we develop a new method to immobilize
AgNP/GO composites on Au electrode (AuE) very effec-
tively using thiolated single-stranded DNA (thiol-ssDNA)
as a linker. Scheme 1 shows a schematic to illustrate the
assembly process of AgNP/GO composites on AuE by the
following two steps: first, the bare AuE adsorbs thiol-
ssDNA via formation of Au—S bond between Au electrode
and thiol group [64]; second, AgNP/GO composites are
adsorbed on thiol-ssDNA-modified AuE (ssDNA/AuE) via
coordination interactions and n—7 stacking interactions. It
is demonstrated that the AgNP/GO-decorated AuE exhibits
remarkable catalytic performance for H>O, reduction due
to the loading the AgNP/GO onto the AuE surface. As a
result, the effective catalytic area can be tuned by the
immobilization time of thiol-ssDNA and adsorption time of
AgNP/GO. This H,O, sensor has a fast amperometric
response time of less than 5 s and its linear range and
detection limit are estimated to be from 0.1 mM to 20 mM
(r =0.998) and 1.9 pM at a signal-to-noise ratio of 3,
respectively.

Experimental details
Materials

AgNOs;, NaH,PO,, Na,HPO,4, KMnQ,, graphite, ammo-
nium hydroxide (NH3-H,O) (28 wt% in water), H,SOy,
sodium citrate, ethanol, KCI, K3[Fe(CN)¢], K4[Fe(CN)gl,
and H,O, (30%) were purchased from Aladin Ltd.
(Shanghai, china). 5'-(SH)-(CH,)s-AgTCAgTgTggAAAA
TCTCTAgC-3' was purchased from Shanghai Sangon
Biotechnology Co. Ltd. (Shanghai, China). Sodium citrate
and sodium borohydride were purchased from Beijing
Chem. Corp. All chemicals were used as received without
further purification. The water used throughout all experi-
ments was purified through a Millipore system. Phosphate

Scheme 1 A schematic
illustrating the assembly process
of AgNP/GO on AuE
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buffer saline (PBS) was prepared by mixing stock solutions
of NaH,PO,4 and Na,HPO, and fresh solution of H,O, was
prepared daily.

Preparation of GO

Graphene oxide (GO) was prepared from natural graphite
powder through a modified Hummers method [19]. In a
typical synthesis, 1 g of graphite was added into 23 mL of
98% H,S0O4, followed by stirring at room temperature over a
24 h period. After that, 100 mg of NaNO; was introduced
into the mixture and stirred for 30 min. Subsequently, the
mixture was kept below 5 °C by ice bath, and 3 g of KMnO,
was slowly added into the mixture. After being heated to
35-40 °C, the mixture was stirred for another 30 min. After
that, 46 mL of water was added into above mixture during a
period of 25 min. Finally, 140 mL of water and 10 mL of
30% H,0, were added into the mixture to stop the reaction.
After the unexploited graphite in the resulting mixture
was removed by centrifugation, as-synthesized GO was
dispersed into individual sheets in distilled water at a
concentration of 0.5 mg/mL with the aid of ultrasound for
further use.

Preparation of AgNP/GO composites

AgNP/GO composites were prepared by the reduction of
silver ions in the GO dispersion solution, according to
established method [65]. In brief, 0.2 mL of 0.01 M
AgNOj; aqueous solution was introduced into 5 mL of
0.25 mg/mL GO dispersion solution and then magnetically
stirring for 30 min. Subsequently, 10 mL of 0.8 mg/mL
alkaline solution of sodium borohydride (pH 9.5) was
added to the GO dispersion solution under stirring vigor-
ously at room temperature for 2 h. A clear brown disper-
sion of AgNP/GO was formed, and the resulting dispersion
was stored at 4 °C for characterization and further use.

Apparatus

UV-vis spectra were collected on a UV5800 modal spec-
trophotometer. Transmission electron microscopy (TEM)
measurements were made on a HITACHI H-8100 EM
(Hitachi, Tokyo, Japan) with an accelerating applied
potential of 200 kV. The sample for TEM characterization
was prepared by place a drop of the dispersion on carbon-
coated copper grid and dried at room temperature.
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Electrochemical measurements are performed with a CHI
660D electrochemical analyzer (CH Instruments, Inc.,
Shanghai). A conventional three-electrode cell is used,
including a Au electrode (AuE, 2 mm in diameter) as the
working electrode, a Ag/AgCl (3 M KCl) electrode as the
reference electrode, and platinum foil as the counter elec-
trode. All potentials given in this work are referred to the
Ag/AgCl electrode. All the experiments are carried out at
ambient temperature.

Electrode modification

The surface of AuE was polished with 1.0 and 0.3 um o-
alumina powders in sequence, rinsed thoroughly with twice
distilled water, and placed in a water-filled ultrasonic bath
over a l-min period. Then the electrode surface was
cleaned by electrochemical sweeping in 0.5 M H,SO,4 from
0 to 1.8 V until a reproducible cyclic voltammogram was
obtained. Then it was rinsed with water, and ultrasonicated
for 1 min in ethanol and water, respectively. In the typical
experiment, 2 pL of 20 uM thiol-ssDNA PBS solution (pH
7.4) was dropped on the surface of AuE, followed by
storage at 4 °C for 30 min. After removing the excess
thiol-ssDNA by washing with distilled water, 2 pL. of
AgNP/GO composites were dropped onto the surface of
AuE, followed by storage at 4 °C for 30 min. After the
modified electrode was rinsed with twice distilled water,
the AgNP/GO composites decorated AuE was obtained.

Results and discussion

Figure 1 shows the UV—vis absorption spectra of GO and
AgNP/GO dispersion. It is obviously seen that the GO
dispersion exhibits two characteristic peaks, a maximum at
230 nm, which corresponds to m — 7* transitions of aro-
matic C—C bonds, and a shoulder at 300 nm, which is
attributed to n — ©* transitions of C=0O bonds (Fig. 1
curve a) [65, 66]. A peak at 261 nm is observed in the
AgNP/GO dispersion, as shown in Fig. 1 (curve b). It can
be attributed to the peak at 230 nm in the GO dispersion
red shifted, indicating that the GO in the AgNP/GO dis-
persion is partially reduced after adding the sodium boro-
hydride and silver ions [65]. A peak at 405 nm is also
observed in Fig. 1 (curve b), which is attributed to the
AgNPs as formed [65]. All these observations indicate the
AgNP/GO composites are formed.

Figure 2a shows typical SEM image of the AgNP/GO
composites formed by the GO incubation with a AgNO;
and sodium borohydride aqueous solution over a 2-h per-
iod. It is clearly seen that a large amount of AgNPs (white
dots) adsorbed on these GO nanosheets. Such observation
is also evidenced by the high magnification image, as

@ Springer

—GOo
—— AgNP/GO

0.25 5

0.20

0.154

Intensity (a.u.)

0.10 4

300 400 500 600 700 800
Wavelength (nm)

Fig. 1 UV-vis absorption spectra of (a¢) GO and (b) AgNP/GO
composites

shown in Fig. 2b. It is clearly seen that these AgNPs on the
GO sheets are spherical in shape and range from 50 to
60 nm, but fail to observe the AgNPs less than 50 nm in
size by the SEM analysis. The chemical composition of the
AgNP/GO composites was also determined by the corre-
sponding energy-dispersive spectrum (EDS) (Fig. 2c). Two
peaks of C and O elements are observed, indicating that
they are products formed from GO, and three peaks of Ag
element are also observed, indicating that the AgNPs are
successfully adsorbed on the GO nanosheets. Other peaks
are originated from the glass substrate used. All the above
observations indicate that the AgNP/GO composites are
constructed.

To get further information on the products thus
obtained, we examined the dispersion by TEM analysis.
Figure 3a shows the low magnification image of the
AgNP/GO composites, indicating the GO nanosheet with
the lateral dimensions is about 1.5 um. Please note that a
large number of small black dots are observed on the GO
nanosheets. A high magnification image further reveals
that these AgNPs are ranging from 10 to 50 nm in size
and spherical in shape, as shown in Fig. 2b. All these
observations indicate that AgNP/GO composites are
formed. Based on the TEM analysis, it is clearly seen that
the main components in such dispersion contain GO
coated by AgNPs. The GO nanosheets are provided with
hydroxyl and epoxy functional groups located at the
nanosheets edges [67]. The functional groups have been
used as anchors for adsorption of polar materials and
inorganic nanoparticles [68, 69]. As a result, the positive
Ag" ion can easily adsorb onto these negative GO sheets
through electrostatic attraction [70]. The reduction of
these ions by sodium borohydride allows these AgNPs to
attach onto the GO nanosheets. Most of the AgNPs
deposited onto the surface of the GO nanosheets.
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Fig. 2 a Low and b high
magnification SEM images of
the AgNP/GO composites.

¢ The corresponding EDS of the
AgNP/GO composites

Fig. 3 a Low and b high
magnification TEM images of
the AgNP/GO composites

Figure 4 shows the cyclic voltammetric responses of the
bare AuE, AuE decorated with thiol-ssSDNA (ssDNA/AuE),
and AuE decorated with thiol-ssDNA and AgNP/GO
(AgNP/GO/ssDNA/AuE) in 0.01 M KCI aqueous solution
containing 5 mM [Fe(CN)g]*~ and 5 mM [Fe(CN)¢]*~ at a
scan rate of 0.05 V/s. The bare AuE exhibits a pair of well-
defined reduction/oxidation peaks, as shown in Fig. 4 (line
a). After the immobilization of thiol-ssSDNA for 30 min on
AuE surface, a decrease in anodic peak current and
cathodic peak is observed (Fig. 4 line c), which can be
attributed to that thiol-ssDNA formed a film with low
coverage and the electrostatic repulsion interactions

33 37 441 keV

between its negatively charged backbone and [Fe(CN)6]4_’ 3=

blocked the diffusion of ferricyanide toward the electrode
surface to some extent [71]. During immobilization of
AgNP/GO onto thiol-ssDNA decorated AuE (Fig. 4 line b),
it is clearly observed a decrease in anodic peak current and
cathodic peak compared with the bare AuE (Fig. 4 line a)
and an increase compared with AuE decorated with thiol-
ssDNA (Fig. 4 line c). It is apparently seen that immobi-
lization of AgNP/GO onto the thiol-ssDNA decorated AuE
has markedly promoted the electron transfer of the system
owing to formation of a continuous film of AgNP/GO via
thiol-ssDNA on the AuE. However, it is interestingly found

@ Springer
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Fig. 4 Cyclic voltammograms (CVs) of (a) bare AuE and (b) the
ssDNA/AuUE with immobilization time 30 min after further attach-
ment of AgNP/GO (c¢) ssDNA/AuE with immobilization time of
30 min in 0.01 M KCl aqueous solution containing 5 mM
[Fe(CN)(,]“* and 5 mM [Fe(CN)6]37 (scan rate: 0.05 V/s)

that the AgNP/GO has highly = electron as a result of
repulsing the negatively charged [Fe(CN)¢]>~ and
[Fe(CN)6]4_, interfering with the diffusion of ferricyanide
toward to the AuE surface [72].

We designed an enzymeless H,O, sensor by immobi-
lizing AgNP/GO on AuE using thiol-ssDNA as a linker.
Figure 5 shows the electrocatalytic responses of a bare
AuE, ssDNA/AUuE, and the AgNP/GO/ssDNA/AuE toward
the reduction of H,O, in N,-saturated 0.2 M PBS at pH 6.5
in the presence of 1.0 mM H,0,. We also performed one
control experiment by studying the cyclic voltammograms
(CVs) behavior of AgNP/GO/ssDNA/AuUE in the absence
of H,0,. In the presence of 1 mM H,O,, the AgNP/GO/
ssDNA/AuUE exhibits a notable current peak centered at
—0.48 V versus Ag/AgCl; however, it exhibits no elec-
trochemical response in the absence of H,0,. These
observations indicate that the observed current peak orig-
inates from H,0, reduction. Nevertheless, the responses of
both the bare AuE and ssDNA/AuE toward the reduction of
H,0, are quite weak and even can be neglected. All the
above observations indicate that the AgNP/GO adsorbed on
the thiol-ssDNA decorated AuE surface exhibits a notable
catalytic performance for H,O, reduction, and the large
catalytic current obtained could be attributed to the large
numbers of AgNPs/GO contained therein. Compared to
glassy carbon electrode modified by simple electroreduc-
tion of Agt [54], the AgNP/GO/ssDNA/AuE exhibits a
12.5% enhancement of peak current and a 30 mV positive
shift of the peak potential. In addition, the relative standard
deviation (RSD) of the amperometric response to 1 mM
H,O, was 3.9% for five successive measurements,
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Fig. 5 CVs of a bare AuE, ssDNA/AuE, and the AgNP/GO/ssDNA/
AuE in 0.2 M Nj-saturated PBS at pH 7.4 in the presence of 1.0 mM
H,0, (scan rate: 0.05 V/s)

indicating the good reproducibility of the AgNP/GO/
ssDNA/AuE.

To examine the influence of immobilization time of
thiol-ssDNA on the electrocatalytic reduction of H,O,, the
Au electrodes were prepared with various immobilization
time of thiol-ssDNA ranging from 5 to 60 min. Figure 6a
shows the relation between the peak currents obtained and
immobilization time of thiol-ssDNA. It is clearly seen that
the reduction peaks increased linearly with increasing the
immobilization of thiol-ssDNA time ranging from 5 to
40 min, however, the reduction peak decreased with
increasing the immobilization time of thiol-ssDNA ringing
from 40 to 60 min. It is found that the optimal condition of
the immobilization of thiol-ssDNA time is 40 min.
Meanwhile, we also examine the influence of the adsorp-
tion time of AgNP/GO on the electrocatalytic reduction of
H,0,. Figure 6b shows the relation between the adsorption
time and the peak currents. It is found that the reduction
peak currents toward H,O, increase sharply with increas-
ing the adsorption time of AgNP/GO ranging from 5 to
40 min. However, the peak currents increase sluggishly
and tend to a stable value with further increasing of the
adsorption time from 40 to 50 min. All the above obser-
vations indicate that increased adsorption time leads to
increased adsorption of AgNPs on the ssDNA/AuE and the
saturation is reached over a 40-min period.

Figure 7 shows typical current—time plot of the AgNP/
GO/ssDNA/AUE in Nj-saturated 0.2 M PBS buffer (pH
7.4) on consecutive step change of H,O, concentrations
under the above optimized conditions. When an aliquot of
H,0, was dropped into the stirring PBS solution, the
reduction current rose steeply to reach a stable value. The
sensor could accomplish 96% of the steady-state current
within 5 s, indicating a fast amperometric response
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0 GO on AuE very effectively using thiol-ssDNA as a linker.
il Most importantly, it is found that the resultant modified
3 electrode exhibits remarkable catalytic ability toward H,O,
reduction. Our present stduy provides us a new methodology
6- to immobilize AgNP/GO on electrode for applications.
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Fig. 7 are more horizontal in the region of lower concen-
tration of H,O, and the noises become higher with
increased concentration of H>O,. The inset in Fig. 7 shows
the calibration curve of the sensor. The linear detection
range is estimated to be from 0.1 mM to 20 mM
(r = 0.998), and the detection limit is estimated to be
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Conclusions

In conclusion, by combining Au-S interactions between
gold and thiol group and coordination interactions and
n-conjugated effect between the DNA bases and AgNP/
GO, we demonstrate a new method to immobilize AgNP/
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