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A
s an atomically thick sheet of nano-
carbon, two-dimensional graphene-
based material (graphene and its

derivatives) has recently emerged as a rising
star in the areas of physics, chemistry, and
materials science.1,2 As noted, benefiting
from their amazing electronic, optical, and
mechanical properties,3�5 graphenes ap-
pear to be ideal signal transducing elements
for the construction of sensors based on
various transduction modes.6�15 In particu-
lar, the π-rich conjugation surface domains
enable graphenes to interact with biomo-
lecular receptors through noncovalent or
electrostatic interactions, especially with
aptamers, a novel class of functional single-
stranded DNA or RNA molecules (more
recently, peptides) isolatedby in vitro selection
that can bind to diverse targets with high
affinity and specificity,16,17 thus opening new
opportunities for designing aptamer-based
platforms in biosensing. In general, current
graphene/aptamer-based sensors require
covalent coupling of commercially available
dye,18�21 luminescent nanocrystals,22,23 con-
jugated polymers,24 or electroactive tags25 in
the biorecognition system to serve as the
signal reporter. In addition, some modified
“receptors” with functional groups (such
as�SH,26,27�COOH,28 or�PO3H

29) are even
needed to fabricate a sensing surface that is
sensitive to the target invasion. However,
either a labeling or amodification process will
not only result in laborious and expensive
synthetic or purification steps, thus inducing
high cost of operation in the applications, but
also lead to significant loss in affinity or spec-
ificity of the receptor compared with its un-
modified analogue,30,31 thereby reducing the
sensitivity or selectivity during the sensing.
To overcome these limitations, efforts

have focused on the development of gra-
phene/aptamer-based label-free sensors.
One is the fluorescent sensor by means of
either specific binding dye32,33 or rational
synthetic conjugated oligoelectrolyte;34 the

other is the electrochemical sensor taking
advantage of the π-stacking interactions
between nucleotide bases and the gra-
phene surface,35,36 the signal of which could
be changed in the presence of targets.
Despite these achievements, few canmatch
or exceed the sensitivity or selectivity of
labeled sensors. Moreover, developing a
facile approach for the design of gra-
phene/aptamer-based sensors in terms of
employing unlabeled or unmodified apta-
mer and extending this method to other
aptamers remain great challenges. In this
respect, it is highly desirable to explore
other universal signaling strategies to meet
these challenges.
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ABSTRACT

Herein a hybrid catalyst consisting of “naked” Au-NPs in situ grown on graphene sheets is

engineered, which exhibits a synergetic effect in mimicking peroxidase at its interface,

although free Au-NPs or graphene alone has very little activity. What is more, one of the

unique features of our synergetic catalyst is that its interface can be reversibly switched from

“inactive” to “active” upon treatment with different ssDNA species in solution, thus providing a

powerful and versatile basis for designing graphene/DNA-based label-free colorimetric

biosensors. Compared with other signal transduction modes in traditional graphene/

aptamer-based systems, our novel signaling strategy not only avoids any labeling or

modification procedures but also reduces the background signal due to the “off�on”

switching mode during the sensing. Furthermore, this facile and general approach can be

applicable to the other extended graphene/aptamer-based systems for colorimetric detection

of a wide range of analytes. We envision that the tunable graphene-based smart interface

could find potential applications in the development of biocatalysis, bioassays, and smart

material devices in the future.
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Herein, we report the engineering of a tunable smart
interface at a synergistic graphene-based catalyst that
exhibits dynamic and reversible changes in interfacial
property in response to biological stimuli, thus making
it a promising and attractive candidate for constructing
label-free colorimetric biosensors. In such an approach,
catalytic graphene serves as a signal reporter that
converts the recognition reaction into a colorimetric
signal. The working principle is illustrated in Scheme 1.
Wedemonstrate that graphene-based hybrids consisting
of “naked” Au nanoparticles (NPs) supported on gra-
phene sheets possess excellent synergistic peroxidase-
like activity at their interfaces, as indicated by a typical
color reaction in the presence of peroxidase substrates,
although graphene or Au-NPs alone has little activity.
However, the addition of aptamer or single-stranded
DNA (ssDNA) canprevent the peroxidase substrates from
diffusing and binding to the active interface that is
essential for the catalytic reaction due to the formation

of self-assembled biocomposites, thereby allowing the
catalytic activity to be switched “off”. Conversely, the
introduction of targets (such as specific DNA sequence,
insulin molecule, or S1 nuclease) will induce conforma-
tional change or cleavage in the aptamer chains, leading
to the weak binding affinity between the aptamer/target
complex and thegraphene/Au-NPsurface. As a result, the
“inactive” interface originally passivated or protected by
the aptamer will become active, which can switch “on”
the catalytic reaction, thus producing color changes in
relation to target amounts. On the basis of the tunable
smart interface of catalytic graphene, one may be able
to design a label-free colorimetric platform toward
sequence-specific DNA sensing, protein�aptamer
interaction study, and DNA cleavage monitoring.

RESULTS AND DISCUSSION

To demonstrate the feasibility of our protocol, we
first synthesized the graphene/Au-NP hybrid in solu-
tion by a one-step hydrothermal reaction of HAuCl4
and graphene oxide (GO, Figure 1A) at 180 �C. During
this process, the HAuCl4 precursor was directly reduced
to Au-NPs and then anchored to the graphene surface
mainly through the defects and oxygen functional
groups.37 Note that the resultant hybrid can form
well-dispersed aqueous colloids owing to the residual
oxygen-containing groups on the graphene surface,38

which could be beneficial to its potential application
in bioassays. Figure 1B,C shows typical transmission
electron microscopy (TEM) images of the as-prepared
hybrid, in which Au-NPs were uniformly deposited on

Scheme 1. Schematic illustration of a versatile and label-
free colorimetric biosensing platform based on the tunable
smart interface of catalytic graphene/Au-NP hybrid.

Figure 1. (A) Typical AFM image andheight profile of GOon freshly cleavedmica substrate. (B,C) TEM images of Au-NPs in situ
grown on graphene sheets under different magnifications. (D) XRD spectra of GO and graphene/Au-NP hybrid. (E) Raman
spectra of graphene and graphene/Au-NP hybrid. (F) XPS spectra of the pure graphene and graphene/Au-NP hybrid with
different Au contents.
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the graphene surface with a narrow size distribution
(22.1 ( 1.5 nm, Figure S1 in Supporting Information). In
strong contrast, free Au-NPs prepared by the same
method without GO possessed a broad size distribution
(23.9( 4.9 nm, Figure S2), highlighting the role of GO as
an efficient support to disperse and stabilize Au-NPs,
similar to the results observed in Pt (or Pd)-NP/GO
composites.39,40 The high-resolution TEM image showed
that the lattice spacing of the Au-NPs was about 2.34 Å
(Figure S3), corresponding to the distance of (111) lattice
spacing of the Au crystal, and the X-ray diffraction (XRD)
pattern further suggested the crystalline nature of
Au-NPs grown on the graphene surface (Figure 1D).
Energy-dispersive spectroscopy (EDS) spectrum also
confirmed the formation of Au-NPs on graphene sheets
(Figure S4). Raman spectroscopy in Figure 1E revealed
the Raman signal enhancement for graphene/Au-NP
hybrids, whichwas consistentwith the surface-enhanced
Raman scattering effect previously reported in dendritic
Au/graphene structures,41 indicating the interaction of
Au-NPs with graphene. The formation of graphene/
Au-NPhybridswas further characterizedbyX-ray photo-
electron spectroscopy (XPS). Figure 1F shows the in-
creased Au 4f signal in the resulting hybrids with
increasing Au content, indicating that Au-NPs were
successfully assembled on the graphene surface.
In the following, we devoted to assess the interfacial

property of the catalyst. It was observed that graphene/
Au-NPs were capable of catalyzing the oxidation of

peroxidase substrates 3,30,5,50,-tetramethylbenzidine
(TMB) and 2,2-azinobis(3-ethylbenzothiazoline-6-sul-
fonic acid) (ABTS) by H2O2 to produce a blue color
(typical absorbance at 652 nm) and green color (typical
absorbance at 410 nm), respectively (Figure S5), and the
color reaction (for TMB) could even be quenched by the
addition of H2SO4 (Figure S6). In contrast, no obvious
reaction occurred in the absence of catalyst (Figure S7),
suggesting the peroxidase-like activity of the as-
prepared hybrid. Figure 2A indicates time-dependent
absorbance changes (at 652 nm) against different
concentrations of graphene/Au-NPs. With increasing
catalyst concentration, the catalytic rate was greatly
improved. Furthermore, like other nanomaterial-based
peroxidase mimics,42�45 its activity was also depen-
dent on pH, temperature, and H2O2 concentration
(Figure S8 and S9). As noted, in contrast to that found
for natural peroxidase and Fe3O4 nanoparticles,42 no
inhibition effect was observed at high H2O2 concentra-
tion (Figure S9). To compare the activity of graphene/
Au-NPhybrids andhorseradishperoxidase (HRP), typical
Michaelis�Menten curves were obtained in a certain
range of H2O2 or TMB concentrations. As expected, the
calculated values of reaction rate (vmax) for our catalyst
with TMB and H2O2 as substrates were about 1.3 and
1.4 times higher than those for HRP (Table 1), indicating
the higher catalytic activity of graphene/Au-NP hybrids.
Meanwhile, the catalyst possessed larger Michaelis
constant (Km) than that for HRP, consistent with the

Figure 2. (A) Time-dependent absorbance changes at 652 nm of TMB reaction solutions catalyzed by graphene/Au-NPs at
various levels. (B) Comparison of catalytic activities of GO, graphene, Au-NPs, graphene/Au-NPs, and physical mixtures of
graphene with Au-NPs under the same condition. The maximum point was set as 100%. (C) Observation of H2O2

decomposition without catalyst (1) and catalyzed by graphene (2), Au-NPs (3), and graphene/Au-NPs (4) in water. (D) Cyclic
voltammetry of a bare GC, GC/graphene, GC/Au-NPs, and GC/graphene/Au-NP hybrids (with various Au contents) in N2-
saturated PBS solution (0.1 M, pH 7.4) in the presence of 1 mM H2O2. Scan rate: 50 mV/s. The catalyst loading was 1.5 μg.
(E) Relative activities of graphene/Au-NP composites with various Au content (from left to right: 0.1, 0.2, 0.3, 0.4, 0.5 mM).
(F) DMPO spin-trapping ESR spectra of H2O2/UV system recorded in aqueous dispersion with (1) 0 μg/mL; (2) 5 μg/mL;
(3) 10 μg/mL; (4) 15 μg/mL; and (5) 20 μg/mL graphene/Au-NP hybrid. Experiments were carried out in 20 mM phosphate
buffer (pH 4.0) containing 6 μg/mL catalyst, 50.4 mM H2O2, and 0.28 mM TMB, unless otherwise stated.
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result that a higher H2O2 concentration was necessary
to obtain a higher activity. We ascribed the enhanced
catalytic activity to the positive synergetic coupling
effect that occurred at the interface of inert graphene
and poorly active Au-NPs, as can be deduced from
Figure 2B that either graphene alone or free Au-NPs
(like these grown on the graphene surface but with
relative broad size distribution, Figure S2) exhibited little
peroxidase-like activity toward TMB (also see Figure S10).
Remarkably, the simple physical mixtures of Au-NPs with
graphene also showed performance inferior to that of
Au-NPs grown ongraphene, suggesting that the intimate
binding in the hybrid was required to impart the syner-
getic effect between graphene and Au-NPs, similar to the
observation in a synergetic catalyst of Co3O4/graphene
reported by Liang et al.46 Very recently, Guo et al.47

demonstrated that the graphene�hemin composite pre-
paredbyawet-chemicalmethod viaπ�π interactionalso
had the intrinsic peroxidase-like activity, whereas its
catalytic activity was lower than that of hemin itself,
further confirming the importance of intimate interfacial
interactions in a supported system to the enhanced
catalysis. In fact, the synergistic effect in the graphene/
Au-NP catalyst can also be visually observed through the
decomposition of H2O2 even in the absence of TMB, as
indicated in Figure 2C that a lot of bubbles were formed
after incubating the graphene/Au-NP hybrid with H2O2,
similar to the behavior of natural catalase.44 On the
contrary, no bubbles were observed in free Au-NPs or
the pure graphene sample. In order to better investigate
the synergistic effect in graphene-supported catalyst
systems, we compared the electrocatalytic behavior of
the graphene/Au-NPs with graphene or Au-NPs alone
toward H2O2 reduction. In contrast to the poor response
of graphene or the Au-NP-modified electrode, the gra-
phene/Au-NP electrode exhibited a well-defined and
enhanced reduction peak around �0.4 V (Figure 2D),
which was indicative of a synergistic effect of graphene
and Au-NPs on the improvement of catalytic perfor-
mance. Furthermore, one observed that the electrocata-
lytic activity increased with increasing Au content in
graphene/Au-NP hybrids, implying the important role of
Au species at the interfaces for enhanced catalysis. This
assertionwas further confirmedby the result presented in
Figure 2E that an obvious increase in the peroxidase-like

activity was accompanied by an increase of the Au
content in the catalyst (from 0.1 to 0.5 mM).
Theoretical investigations demonstrated the signifi-

cance of carbonyl or carboxyl groups inmodulating the
band gap in graphene, facilitating the electrocatalytic
reduction of adsorbed H2O2,

48,49 which also supported
the experimental observation that carboxylated car-
bon-based materials possessed the intrinsic peroxi-
dase-like activity.43,45 Together with the fact that Au-
NPs had an important effect on the enhanced catalysis
of reduced graphene, deduced from the results from
both peroxidase-like activity and electrocatalytic activ-
ity studies, we attempted to gain more insight into the
origin of the synergetic catalytic behaviors of the Au-
embedded graphene system. (1) It was proposed that
the oxygenated functional groups and carbon vacancy
defects on the GO surface played an essential role in
the bonding formation of graphene�metal contacts
depending on the interaction between π orbitals in
graphene andd orbitals inmetals.39�41,50 In viewof the
enhanced Raman signal in the Au-embedded gra-
phene system, as shown in Figure 1E, we inferred that
the strong covalent interfacing of Au-NPswith reduced
graphene originated from attractive interaction be-
tween carbon 2p and Au 5d orbitals around the carbon
vacancy and defect,41,51 which would be favorable to
H2O2 adsorption, in turn drastically affecting the H2O2

reduction reaction. In fact, this was a crucial step for
electrocatalytic reduction of H2O2.

49 Furthermore, EPR
spectra in Figure 2F indicated that the signal intensity
of •OH radicals decreased sharplywith the addition of a
graphene/Au-NP hybrid in theH2O2/UV/DMPO system,
suggesting that a large amount of H2O2 or •OH radicals
adsorbed on the catalyst (especially in the interfacial
region51) escaped from EPR detection.52 (2) Calcula-
tions based on density functional theory predicted that
the chemical interaction at the graphene�metal inter-
face could modify the electronic structure and Fermi
level in graphene, engendering doping with either
electrons or holes driven by the work function dif-
ference and band gap opening.53,54 To explore the
doping effect, Raman spectra were carried out at
room temperature. In Figure 3A, three main peaks
were assigned to the graphene sample: the D-band
(1339 cm�1), G-band (1591 cm�1), and 2D-band
(2662 cm�1). Upon doping, one observed that the
position of the G-band and 2D-band up-shifted and
down-shifted, respectively, indicating the robust cova-
lent interfacing of Au with graphene and the n-type
doping of graphene.55�57 Remarkably, the samplewith
the highest Au content showed the largest shift. Note
that the 2D-band can be deconvoluted at least two
peaks due to the presence of multilayer graphene. The
high-resolution C 1s XPS spectra also confirmed the
n-type doping effect. In Figure 3B, the main C 1s peak
related to pure sp2 C�C bonds shifted to higher
binding energy (284.28 eV) as compared with pure

TABLE 1. Comparison of the Kinetic Parameters between

Graphene/Au-NPs and HRPa

substrate Km (mM) vmax (10
�8 M/s)

hybrid H2O2 274.22 25.6 ( 5.8
hybrid TMB 0.29 5.6 ( 0.7
HRP H2O2 6.36 18.8 ( 4.6
HRP TMB 0.041 4.3 ( 0.8

a The apparent kinetic parameters were calculated based on Michaelis�Menten
function: ν = vmax[S]/(Km þ [S]), where Km was the Michaelis constant; vmax was
the maximal reaction velocity, and [S] was the substrate concentration.
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graphene (283.99 eV), behaving as n-type doping,57,58

which contributed to an increase in charge carrier
density and mobility at the graphene�metal inter-
face,54,59,60 thus accelerating the catalytic reactions in
the presence of redox species.43,61 It was notable that
our results agreed with the theoretical calculation
which suggested the enhanced catalytic activity
in the Au-embedded graphene.51,62 Taken together,
originating from the synergetic effects between gra-
phene and Au-NPs, the composite material indeed
showed an excellent peroxidase-like activity at its

interface, which would be suitable for a wide range of
potential applications in catalysis and bioassays.
One of the unique features of our synergetic catalyst

was that its interface can be reversibly switched from
“inactive” to “active” upon treatment with different
ssDNA species in solution. As shown with a random
ssDNA (P1: 29-mer, Table S1) as an example (Figure 4A),
the interface became more inactive following treat-
ment with P1. For instance, its catalytic activity re-
mained less than 8% when the P1 concentration
reached 1.1 μM. Considering the strong π�π interac-
tions between the nucleobases and the graphene
surface,63 it was expected that ssDNA can be easily
adsorbed onto the catalytic graphene. Furthermore,
we noted that ssDNA can easily stick to Au-NPs,
benefiting from its flexible structure.64 Study on the
relative activity of the graphene/Au-NP hybrids with
lower Au-NP density (prepared by increasing the initial
GO concentration to 0.08 mg/mL) following ssDNA
treatment would allow us to look into the role of Au-
NPs/ssDNA interactions. As shown in Figure 4B, a
comparison of the relative activities of the graphene/
Au-NP catalyst with different Au-NP densities upon
addition of 0.8 μM ssDNA indicated the efficient deac-
tivation results independent of Au-NP density, eluci-
dating the important role of interactions between Au-
NPs and ssDNA. That is, the presence of ssDNA can be
exposed to both the graphene surface and Au-NPs
despite the fact that the density of Au-NPs on the
graphene surface was relatively small, which would

Figure 3. Evolution of the (A) G-band and 2D-band in
Raman spectra, and (B) C 1s electrons in high-resolution
XPS spectra upon doping for graphene.

Figure 4. (A) Time-dependent absorbance changes at 652 nmof TMB reaction solutions catalyzed by graphene/Au-NPs in the
presence of different amounts of ssDNA (P1). (B) Comparison of the activity of graphene/Au-NPs with different Au-NP
densities after treatment with 0.8 μM ssDNA. Note that the data were normalized to highlight the decrease in activity.
(C) Comparison of FL retention ratio of FAM-labeled P1 and dsDNA after incubated with graphene/Au-NPs for 20 min.
(D) Catalytic activity of graphene/Au-NPs in the presence of various concentrations of P1 (black dots) or dsDNA (blue dots).
(E) Effects of salt concentration (0, 50, and 100 mM) on the activity of graphene/Au-NPs induced by ssDNA (P1) or dsDNA.
(F) Time-dependent absorbance changes at 652 nm with varying concentrations of T1. The concentration of P1 was fixed
at 1 μM. Experiments were carried out in 20 mM phosphate buffer (pH 4.0) containing 8 μg/mL catalyst, 30 mM H2O2, and
0.5 mM TMB, unless otherwise stated.
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effectively prevent the peroxidase substrates from
diffusing and binding to the graphene/Au-NP inter-
face, especially the active sites that were essential for
the reaction, thus allowing the catalytic reaction to be
switched off. To further confirm this scenario, a kinetics
study was carried out to record the time-dependent
fluorescence (FL) changes of FAM-labeled ssDNA (29-
mer) after exposure to the catalyst (Figure S11). One
observed that the FL retention ratio was less than 35%;
in other words, more than 65% of the FLwas quenched
as a result of the energy or electron transfer from
fluorophore to graphene (Figure 4C),65 indicating the
formation of the self-assembled graphene/Au-NPs/
ssDNA complex. Note that if sufficient “quenchers”
were allowed, complete quenching efficiency can be
achieved (Figure S11). Furthermore, we investigated
the effect of double-stranded DNA (dsDNA) on the
activity over our catalyst. Due to the stiffer structure of
dsDNA, it was concluded that the binding interactions
of the graphene-based composite with dsDNA were
significantly weak (as also indicated by the negligible
quenching effect in Figure S11). In this case, the
addition of dsDNA was not able to block the accessi-
bility of peroxidase substrates to the graphene/Au-NP
interface, thereby rendering no striking inhibition ef-
fect on catalytic activity (Figure S12). As shown in
Figure 4D, with increasing dsDNA concentration, the
activity decreased very slowly compared to that for
ssDNA. This evidence suggested that the inhibition
effect in the ssDNA system could be related to the
steric hindrance effect due to the formation of the
graphene/Au-NPs/ssDNA complex. Given the fact that
quite a few of the repeat units were in the dsDNA, the
electrostatic interaction between a dsDNA and a posi-
tively charged TMB would be much stronger than that
of a ssDNA and the TMB, which caused the formation of
the dsDNA/TMB complex, thus resulting in the “false”
inhibition effect on the catalytic activity.
To confirm our hypothesis, the effect of salt concen-

tration on the activity of graphene/Au-NPs in the
presence of ssDNA (P1) or dsDNA was investigated.
It was well-known that the buffer ions can decrease
the electrostatic layer of counterions, thus resulting in
the screening of electrostatic attraction according to
Debye�Hückel theory.66 Therefore, the presence of
salt was expected to weaken the electrostatic interac-
tion between dsDNA and TMB. As shown in Figure 4E, a
slight but distinct change in the catalytic activity was
observed after addition of NaCl to the dsDNA system,
as compared to that for the ssDNA system, thus
suggesting that the dominant interaction in the dsDNA
system was electrostatic, which further revealed the
importance of graphene/ssDNA and Au-NPs/ssDNA
interactions in the ssDNA system in determining the
catalytic activity.
To eliminate the false-negative results in the dsDNA

system, a negatively charged substrate, ABTS, was used

instead of TMB. As expected, only a little reduction of
the activity was observed when ABTS was added upon
treatment with dsDNA (Figure S13). For example, the
decreased activity was estimated to be 15%, in com-
parison with that of 31% in TMB reaction solutions.
Therefore, the fact of the controllable interfacial prop-
erties of the nanocomposites suggests that these
findings may, with further study, have potential applica-
tions in sensors, nanofluidics, smart devices, and switch-
able surfaces, which largely extends the application range
of nanomaterial-based peroxidase mimics.42�45 Further-
more, taking advantage of the DNA species-responsive
interface of catalytic graphene, it was possible to develop
a simple, homogeneous, and label-free colorimetricmeth-
od to assay the conformational changes of ssDNA or
aptamer in solution. As noted, despite the impressive
progress in the constructionof graphene-basedbiological
or chemical sensors in various transduction modes, from
optical transduction (such as surface-enhanced Raman
spectroscopy, luminescence, and fluorescence)10,11,18�25

to electrochemical transduction (such as amperometry,
field-effect transistor, surface plasmon resonance, and
photoelectrochemistry),7�9,12�15,25,27�29,36 researchefforts
on the design of novel colorimetric sensors based on
graphene or its composite are still rudimentary.43,47

To verify its potential applications, the catalytic
graphene/Au-NP-based platform was first adopted
for DNA hybridization analysis. As a proof-of-concept
experiment, a random sequenced P1 was chosen as a
probe. In the presence of 1 μM P1, the catalyst did not
display apparent activity as can be deduced from the
negligible color changes of substrate TMB, thus pro-
viding an excellent colorimetric sensing system with
low background interference. In direct contrast, when
P1 was first hybridized with its complementary target
T1 to form a duplex, an obvious color signal was
produced with the reaction time (Figure 4F). Mean-
while, the color intensity was indeed dependent on
the concentration of T1, and the detection limit
was calculated to be 11 nM based on the 3δ/slope
rule (Figure S14). More importantly, this protocol can
easily discriminate single-base mismatches in target
DNA sequences with specific responses (Figure S15),
making it a promising candidate for future single-
nucleotide polymorphism (SNP) genotyping.67

To further explore its potential for practical applica-
tion in bioassay, we applied the method to detect the
21-mer hepatitis C virus (HCV) DNA sequence in the
media of blood serum (supplied by a hospital).68 The
results in Figure S16A showed that the catalytic activity
of our catalyst (first treated with 1.4 μM HCV DNA
probe) increased accordingly with the increasing con-
centrations of HCV-1b cDNA in the serum media.
Furthermore, one observed that good recovery values
can be obtained in measuring HCV-1b cDNA level in
spiked serum media (Table S1), indicating that our
method could be employed to detect DNA targets
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even in biological complexes. Due to the fact that the
signal transduction mechanism of our sensor was
exclusively related to the target�probe interaction,
we investigated whether the assay can determine
target strands in the presence of other DNA sequences.
The result for mixtures of HCV-1a and HCV-6a with
various fractions of target HCV-1b revealed that the
assay was not able to distinguish the color signal from
the background in the case of 40% target in the HCV
cDNAmixtures (Figure S16B), possibly a result from the
deactivation effect of adsorbed noncomplementary
DNA. To address the critical issue in the analysis of
HCV-1b, we performed a “back-mixing” protocol; that
is, we first mixed the amount of catalyst with real HCV
cDNA sample (containing HCV-1a, HCV-6a, and target
HCV-1b) and ascertained that all of the HCV cDNA
adequately adsorbed at the surface of graphene/Au-
NPs. In this case, the catalytic activity was allowed to be
switched off. In contrast, HCV-1b cDNA was more likely
to be detached from the catalyst surface with increas-
ing the amounts of probe HCV DNA until the ratio of
probe to target reached 1 in theory, thus switching on
the catalysis. As illustrated in Figure 5A, the graphene/
Au-NP hybrid at a final concentration of 5 μg/mL was
sufficient to accommodate HCV cDNA (total final con-
centration of 1.0 μM, containing 0.4 μMHCV-1b cDNA)
derived from the negligible signal response in serum
media. In the presence of a probe, the color signal
increased notably with each incremental addition of
HCV DNA until the concentration reached 0.5 μM
(Figure 5B). Note that the hybridization reaction could
bedonewell underoptimal condition, thus itwaspossible
to employ the back-mixing protocol to determine the
amount of target quantitatively even in the presence of
other nucleic acids. Furthermore, the current assay can
be exploited to identify PCR-amplified DNA sequences
where primers and other DNA fragments are present. Our
future work will be focused on adapting the presented
protocol for HCV detection in combination with reverse
transcriptase reaction and polymerase chain reaction
(PCR) amplification in real samples from sera patients.

Considering the fact that aptamers were triggered
to undergo conformation changes upon the target
binding,17 we applied the tunable smart interface to
construct a label-free aptamer-based sensing system.
An intact anti-insulin aptamer without any labeling or
modification was employed to evaluate the feasibility
of the catalyst in aptamer-based assay.69 We antici-
pated that the presence of target was necessary to
induce the formation of an insulin/aptamer complex
by means of specific binding reaction, which was then
released from the catalyst surface, thus giving rise to a
recovered active interface. Upon the addition of the
TMB substrate, it was found that the color signal at
652 nm increased with the concentration of target
insulin in the range of 0�600 nM (Figure S17). In a
control experiment, no obvious color reaction was
observed in the absence of target or the presence of
other interferential proteins, such as human IgG, bo-
vine serum albumin (BSA), and R-fetoprotein (AFP)
(Figure S18), indicating the success of our approach.
Moreover, this strategy can in principle facilitate the
design of other label-free aptamer-based sensors for a
wide range of analytes.
It was well-known that ssDNA adsorbed on graphene

or the Au-NP surface with an affinity that depended on
base length,20,64,70which, in turn,would result in length-
dependent catalytic activity of the graphene/Au-NPs/
ssDNA complex. To verify this hypothesis, the peroxi-
dase-like activity of our catalyst uponexposure to ssDNA
with different lengths (varying from 12- to 37-mer) was
investigated. One observed that longer ssDNA showed
higher inhibition effect on the interfacial catalytic reac-
tions (Figure 5C), thereby offering a basis for color-
imetric sensing nuclease activity. To demonstrate its
potential application, S1 nuclease, a ssDNA-specific
nuclease that can catalyze the cleavage of ssDNA to
yield small mono- or oligonucleotide fragments,71 was
chosen as the model. Initially, the capturing ssDNA
(37-mer) and the graphene/Au-NPs formed a self-
assembled complex via π-stacking interactions,63

facilitating the following complete inhibition on

Figure 5. (A) Activities of graphene/Au-NPs with varying concentrations (from left to right: 0, 1, 3, 5, 7, 9, 12 μg/mL) in the
presence of HCV cDNA sample (total final concentration of 1.0 μM, containing 0.4 μM HCV-1b cDNA). Note that the signal
response in the absence of catalystwas a result from the catalysis of biological enzymes in serum. Themaximumpointwas set
as 100%. (B) Effects of HCV DNA probe concentration on the catalytic activity of graphene/Au-NPs (5 μg/mL) after treatment
with HCV cDNA sample in serum media. (C) Time-dependent absorbance changes at 652 nm of TMB reaction solutions
catalyzedbygraphene/Au-NPs in thepresenceof 0.3μMssDNAwithdifferent lengths. Experimentswere carriedout in 20mM
phosphate buffer (pH 4.0) using 8 μg/mL graphene/Au-NPs, 30 mM H2O2, and 0.5 mM TMB, unless otherwise stated.
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the reaction. Conversely, when the ssDNA substrate
was cleaved by S1 nuclease into small fragments, the
catalytic reaction could be switched on due to a
relatively weak inhibition effect of short ssDNA. There-
fore, the corresponding color-generating reaction as-
sociated with ssDNA cleavage process can be used to
assay nuclease activity. Kinetic studies of the color
changes in the presence of various S1 nuclease con-
centrations from 1.0 � 10�3 to 1.2 � 10�2 U/μL were
carried out (Figure S19). Upon increasing the concen-
tration of S1 nuclease, the color intensity was gradually
increased. Direct evidence to confirm the cleavage of
ssDNA was provided by gel electrophoresis (Figure
S20). No band was observed for the ssDNA (37-mer)
upon treatment with S1 nuclease for 20 min at 37 �C,
indicating the effective cleavage reaction. Taken to-
gether, on the basis of the remarkable difference in the
catalytic activity of the graphene/Au-NP hybrid with
ssDNA containing different lengths, it was possible to
construct a colorimetric sensing system for the nucle-
ase activity.

CONCLUSION

In conclusion, by directly and selectively growing
“naked” Au-NPs on graphene oxide to form the syner-
gistic graphene/Au-NP hybrid, we have obtained a

tunable graphene-based smart interface that exhibits
an excellent switchable peroxidase-like activity in re-
sponse to specific DNA molecules. The change in
interfacial catalytic behavior is accompanied by surface-
absorbed ssDNA molecules undergoing conforma-
tional transitions, which provides a powerful and
versatile basis for novel graphene/aptamer-based col-
orimetric biosensors. It is worth noting that the present
strategy possesses unique advantages that are not
available in traditional graphene/aptamer-based sys-
tems. First of all, taking advantage of this novel signal-
ing strategy, one could successfully avoid labeled or
modified aptamer, whichwill simplify the experimental
procedures and reduce the cost in the following
applications. What is more, it should be beneficial to
preserve the affinity and specificity of receptors. Sec-
ond, such a reversible switching interface could be
regarded as an ideal signal reporter with low back-
ground signal due to the “off�on” switching mode
in the sensing. Finally, this convenient approach can
be applicable to the other extended graphene/DNA-
based systems for colorimetric detection of a broad
range of analytes. We envision that the engineered
catalytic graphene-based material could find its po-
tential applications in the development of biocatalysis,
bioassays, and smart material devices in the future.

MATERIALS AND METHODS

Chemicals and Reagents. Graphite powder (e300 mesh) was
obtained fromBeijingChemical ReagentsCompany. 2,20-Azinobis-
(3-ethylbenzothiozoline-6-sulfonic acid) diammonium salt (ABTS)
was purchased from J&K Scientific Ltd. 3,30 ,5,50-Tetramethylbenzi-
dine (TMB) was obtained from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China). Horseradish peroxidase (HRP) (g250U/mg)
was purchased from Amresco (USA). Human IgG, bovine serum
albumin (BSA), and R-fetoprotein (AFP) were provided by Beijing
Wanyumeilan Scientific Inc. Insulin (27 U/mg) was obtained from
Shanghai Yansheng Biochemical Reagent Co., Ltd. Other reagents
were all analytical grade and purchased from Tianjin Kemiou
Chemical Reagent Co., Ltd. DNA oligomers and S1 nuclease
(160 U/μL, in 10 mM CH3COONa, 150 mM NaCl, 0.05 mM ZnSO4,
and 50% glycerol, pH 4.6) were purchased from Takara Biotech-
nology Co. (Dalian, China). All DNA oligomers were purified by
high-performance liquid chromatography (HPLC) (as shown in
Table S1). Ultrapure water obtained from a Millipore water pur-
ification system (resistivity >18.0 MΩ cm�1, Laikie Instrument Co.,
Ltd., Shanghai, China) was used throughout the experiments. All
glassware was first cleaned with a mixture of HCl and HNO3 (ratio
ofHCl/HNO3=3:1 in volume) and thoroughly rinsedwith ultrapure
water. Phosphate buffer solution (PBS, 20 mM) with various pH
values was prepared bymixing the stock solution of Na2HPO4 and
NaH2PO4.

Instruments. FL measurements were performed using a
Hitachi F-4500 spectrofluorimeter with a scan rate at 1200 nm/
min. The photomultiplier tube (PMT) voltagewas 700 V. The slits
for excitation and emission were set at 5 nm/5 nm. UV�visible
absorption spectra were recorded on a Jasco V-550 spectro-
meter. Atomic force microscopy (AFM) measurements were
carried out on Agilent PicoPlus II. Low-magnification and
high-magnification TEM imageswere carried out on a FEI Tecnai
G2 Spirit and FEI Tecnai G2 F30 S-Twin transmission electron
microscope, respectively. X-ray diffractometry (XRD) was per-
formed on Shimadzu LabX XRD-6000 with Cu KR radiation. The

Raman spectrawere recordedonaRenishawMicro-Raman system
2000 spectrometer with He�Ne laser excitation (wavelength
623.8 nm). The reactive oxygen species •OH was detected using
a Bruker Elexsys A200 electron spin resonance spectrometer (ESR,
Bruker, Germany) with a 100 W short arc mercury lamp (ER 203UV
system) as the irradiation light source. Electrochemical measure-
ments were performed with a CHI 650B electrochemical analyzer
(CH Instruments, Inc., Shanghai). X-rayphotoelectron spectroscopy
(XPS) wasperformedwith aVGESCALAB250 spectrometer using a
nonmonochromatized Al KR X-ray source (1486.6 eV).

Fluorescent Assay for ssDNA or dsDNA Binding. In a typical experi-
ment, 3.5 μg/mL of graphene/Au-NPs and 0.5 μM DNA (FAM-
labeled P1 or dsDNA) were added to 20 mM PBS buffer (pH 7.4)
for time-dependent fluorescence measurement at λex/λem =
494/518 nm. The final volume of the solution was fixed at 500 μL.
All of the experiments were performed at room temperature.

Catalytic Activity Inhibition Assay. Graphene/Au-NPs (8 μg/mL)
were first mixedwith different concentrations of P1 or dsDNA in
10 mM PBS buffer (pH 7.4). After 20 min reaction, the solution
was transferred to a quartz cell containing 20mMPBSbuffer (pH
4.0) at room temperature. Subsequently, 30 mM H2O2, 0.5 mM
TMB, or 5 mM ABTS was added to the mixtures for time-
dependent absorbance measurement.

Label-Free Colorimetric Assay for DNA Sequence. The unlabeled
probe P1 (1 μM) was hybridized with its complementary target
T1 or single-base mismatched target (G was mutated to T, A, or C)
with specific concentration in 20 mM PBS buffer (pH 7.4, contain-
ing 50mMNaCl) under the following conditions: 10 cycles of 95 �C
for 60 s and 25 �C for 120 s. After being cooled to room
temperature, the graphene/Au-NPs were quickly added to the
mixtures to a final concentration of 8 μg/mL and incubated at
room temperature for 20min. Then the solutionwas transferred to
a quartz cell containing 20 mM PBS buffer (pH 4.0). Subsequently,
H2O2 and TMB were added to final concentrations of 30 and
0.5 mM, respectively. The time-dependent absorbance measure-
ments were then recorded at room temperature.
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Electrophoresis Analysis. ssDNA (37-mer) before and after cleav-
age by S1 nuclease was loaded on loading buffer containing
30 mM EDTA, 36% (v/v) glycerol, 0.05% (w/v) xylene cyanol FF,
and 0.05% (w/v) bromophenol blue, pH 7.0. The samples were
then put on a 20%polyacrylamide gel in a 1� TAEbuffer (40mM
Tris acetate, 2 mM EDTA, pH 8.5) followed by electrophoresis for
180 min at 60 V. After ethidium bromide staining, the gel was
imaged using a G:BOX HR system (Gene Co., Ltd.).
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