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T
he development of simple, ultrasensi-
tive, highly selective and cost-effective
biosensing platforms is essential for

biological assays and clinical diagnostics. Due
to their unique physicochemical properties,
nanomaterials possess the ability to facilitate
signal transduction and amplify molecular re-
cognition events,1�3 which makes them ideal
candidates in thedesignofbiosensingsystems
with advanced functions.
Recently, it has been demonstrated that

graphene-based nanomaterials can func-
tion as excellent transducing elements due
to their fascinating physical and chemical
characteristics.4�9 For example, the exis-
tence of π-rich conjugation domains gives
graphene the ability to interact with single-
stranded DNA (ssDNA) molecules via π�π
stacking interactions.10 With the use of sui-
table DNA molecules as molecular recogni-
tion elements (such as DNA aptamers),
the conjugated graphene materials can be
used for biosensing. Many DNA�graphene

based optical biosensors have been de-
signed for the detection of targets that
include DNA,11�13microRNA,14metal ions,15

small molecules,16,17 and proteins.18,19

A limitationofconventionalDNA�graphene
based sensors is their relatively poor sen-
sitivity. In response, several groups have
developed cyclic enzymatic amplification
strategies to amplify the signals in order to
achieve ultrasensitive detection of targets
like small molecules (ATP and cocaine) and
DNA.20�22 These designs rely on target recy-
cling carriedoutby aparticular nuclease (such
as DNase I) through the digestion of the DNA
aptamer. However, for macromolecular tar-
gets (such as proteins), the target recycling
process cannot be initiated by a nuclease as
steric hindrance prevents the nuclease from
efficiently digesting the aptamer.23,24 Thus, a
great challenge that remains is how to devise
amplification strategies that are highly com-
patible with graphene materials and broadly
applicable for wide ranging targets.
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ABSTRACT We report a versatile biosensing platform capable of

achieving ultrasensitive detection of both small-molecule and

macromolecular targets. The system features three components:

reduced graphene oxide for its ability to adsorb single-stranded DNA

molecules nonspecifically, DNA aptamers for their ability to bind

reduced graphene oxide but undergo target-induced conformational changes that facilitate their release from the reduced graphene oxide surface, and

rolling circle amplification (RCA) for its ability to amplify a primer-template recognition event into repetitive sequence units that can be easily detected. The

key to the design is the tagging of a short primer to an aptamer sequence, which results in a small DNA probe that allows for both effective probe

adsorption onto the reduced graphene oxide surface to mask the primer domain in the absence of the target, as well as efficient probe release in the

presence of the target to make the primer available for template binding and RCA. We also made an observation that the circular template, which on its

own does not cause a detectable level of probe release from the reduced graphene oxide, augments target-induced probe release. The synergistic release of

DNA probes is interpreted to be a contributing factor for the high detection sensitivity. The broad utility of the platform is illustrated though engineering

three different sensors that are capable of achieving ultrasensitive detection of a protein target, a DNA sequence and a small-molecule analyte. We envision

that the approach described herein will find useful applications in the biological, medical, and environmental fields.
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It is well-known that rolling circle amplification (RCA)
is an advanced isothermal DNA replication process that
has the ability to generate DNA products with thou-
sands of tandem sequence repeats,25 and thus RCA can
be exploited as a powerful signal amplification tool
to derive amplified biosensors.26�29 However, to date
RCA has not been explored as a signal amplification
strategy in the design of graphene-based biosensors.
In this study, we report a strategy in which the RCA
process is uniquely exploited to amplify molecular
recognition events occurring on the surface of reduced
graphene oxide.

RESULTS AND DISCUSSION

We first synthesized graphene oxide using a mod-
ified Hummers method previously described.30 Atomic
force microscopy (AFM) in Figure 1A revealed that
the resultant graphene oxide had an average height
of 10 Å, indicating the formation of the single layered
graphene oxide.31 We then converted graphene oxide
to reduced graphene oxide through chemical reduc-
tion using L-ascorbic acid. Two fundamental vibrations
are observed in the Raman spectra of reduced gra-
phene oxide (Figure 1B): the D-band at 1336 cm�1 and

the G-band at 1590 cm�1. In addition, the D/G ratio
increased after the reduction, suggesting thatmore sp2

domains were formed, similar to the observation with
graphene sheets prepared by hydrazine reduction.32

The reduction of graphene oxide was further charac-
terized using X-ray photoelectron spectroscopy (XPS).
From the C 1s XPS spectrum of graphene oxide
(Figure 1C), four different peaks, centered at 284.5,
286.4, 287.8, and 289.0 eV, were observed, correspond-
ing to CdC/C�C in aromatic rings, C�O, CdO, and
COOH groups, respectively. After the reduction, the
intensities of the oxygen-containing functional groups
were greatly weakened. On the basis of the XPS data,
the oxygen content decreased from 31% in graphene
oxide to 12% in reduced graphene oxide.
Benefiting from the residual oxygen-containing

functional groups, the thus-prepared reduced gra-
phene oxide was well-dispersed in aqueous solution,
which is similar to graphene dispersions prepared by
hydrothermal reduction and hydrazine reduction.30,32

This can be attributed to the electrostatic repulsion
between ionized reduced graphene oxide sheets. The
colloidal nature of the resultant reduced graphene
oxide can be further confirmed by the observed Tyn-
dall effect (Figure 1B inset). The stable colloidal state
makes the reduced graphene oxide useful as a sensing
element for developing homogeneous assays.
The working principle of our design is illustrated in

Figure 2A. The sensing platform features reduced
graphene oxide as a transducing mediator and an
ssDNA probe that contains two important sequence
domains: a 30 domain that acts as the primer to initiate
RCA (through the binding of a circular DNA template)
and a 50 domain made of an aptamer as the molecular
recognition element. Upon mixing, the DNA probe is
expected to adsorb onto the reduced graphene oxide
surface due to strong DNA�graphene π�π stacking
interactions. The formation of the DNA-reduced gra-
phene oxide conjugate serves to mask the primer
domain, making it unavailable for RCA. However,
since it is known that graphene-adsorbed aptamers
can undergo conformation changes upon target
binding,16�18 it is anticipated that the adsorbed probe
will be released from the reduced graphene oxide
surface in the presence of the target for the aptamer,
liberating the primer domain for RCA. The detection of
the target for the aptamer is therefore easily converted
to detection of the RCA products.
To validate the above design, we set out to engineer

a sensing system for thrombin. Following an optimiza-
tion experiment to determine a suitable length of the
primer domain (to be discussed below), we obtained a
functional thrombin probe, named TP1, with the fol-
lowing sequence: 50-GGTTG GTGTG GTTGG AACAG
TCAGT CAGT-30. The probe contains 29 nucleotides,
distributed as the antithrombin aptamer (bold letters)
at the 50 end,33,34 the primer for RCA (italic letters) at

Figure 1. (A) Typical AFM image and height profile of in-
house prepared graphene oxide on freshly cleaved mica
substrate. (B) Raman spectra and (C) high-resolution C 1s
spectra of graphene oxide and reduced graphene oxide.
The peaks correspond to (1) CdC/C�C in aromatic rings, (2)
C�O, (3) CdO, and (4) COOH groups, respectively. The inset
in (B) shows the Tyndall effect of reduced graphene oxide.
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the 30 end, and a 2-nucleotide spacer in between
(underlined letters). Agarose gel analysis indicates that
in the absence of reduced graphene oxide, a significant
amount of RCA products was produced when TP1 was
incubated with CDT1 (the circular template used in this
study; its sequence is given in Table S1 in Supporting
Information), dNTPs and phi29 DNA polymerase
(DNAP) both with (Figure 2B, lane 4) and without
thrombin (lane 2). In addition, RCA products were not
observed when CDT1 was omitted (lane 1, without
thrombin; lane 3, with thrombin). These control experi-
ments showed that the aptamer-tagged primer was
still able to initiate the RCA reaction.
TP1 was then allowed to adsorb onto the reduced

graphene oxide surface (see Experimental Section for
experimental details) and the assembled TP1-reduced
graphene oxide hybrid was then used for the RCA
reaction in the presence of thrombin only (lane 7),
CDT1 only (lane 6) or both (lane 8). RCA products were
not produced when only CDT1 or thrombin was sup-
plied. However, RCA products were observed when
both CDT1 and thrombin were provided. These results
are consistent with the proposedmechanism shown in
Figure 2A: (1) the strong DNA-reduced graphene oxide
interaction prevents the primer domain of TP1 from
hybridizing to CDT1 to initiate RCA; (2) the addition
of the target is able to reactivate RCA, presumably
through the release of TP1 from the reduced graphene
oxide surface.
A kinetic experiment was performed to record

the time-dependent fluorescence changes of 50 FAM-
labeled TP1 (F-TP1) after exposure to various amounts
of reduced graphene oxide in order to determine the
concentration of reduced graphene oxide required
to adsorb 250 nM TP1. The maximal fluorescence

quenching was observed when reduced graphene
oxide reached 8 μg/mL (Figure S1A). It should be noted
that we also compared the quenching ability of re-
duced graphene oxide to that of graphene oxide and
the data in Figure S1B shows that reduced graphene
oxide exhibited significantly better quenching effi-
ciency than graphene oxide.
We then examined time-dependent fluorescence

changes of reduced graphene oxide-adsorbed F-TP1
in the presence of thrombin, CDT1, or both. As shown
in Figure 2C, CDT1 was unable to cause the detach-
ment of the adsorbed TP1, reflected by the lack
of fluorescence enhancement over time. However,
thrombin caused a gradual increase of fluorescence
intensity, implying that TP1 was slowly liberated from
reduced graphene oxide surface. To our surprise,
simultaneous addition of both thrombin and CDT1
resulted in a more dramatic increase of fluorescence.
This observation indicates that CDT1 and thrombin
have a synergistic effect on the desorption of TP1 from
the reduced graphene oxide surface. Also of note, the
interaction between the primer and template was
sequence-specific. It was observed that CDT1 induced
a much higher level fluorescence from the reduced
graphene oxide-adsorbed, 50 FAM-labeled DNA probe
with a fully matched sequence than those with 1�4
mismatches (Figure S2). This specificity was similar to
that of a graphene-based molecular beacon for DNA
detection.12,36

The implementation of our strategy relies on the use
of two sequence elements in a single DNA probe: a
short primer element at the 30 end (to hybridize to
the circular template) and the molecular recognition
element at the 50 end (for target binding). To examine
the target-dependent amplification on the degree of

Figure 2. (A) Schematic representation of reduced graphene oxide-aptamer-RCA biosensing platform. (B) Analysis of RCA
products (RP) by 0.6% agarose gel electrophoresis. Each reaction was performed for 1 h at 30 �C in 60 μL of target binding
buffer (TBB: 20 mM PBS, 150 mM NaCl, 20 mM KCl, 5 mM MgCl2, pH 7.5) containing indicated components of reduced
grapheneoxide-adsorbed TP1 (250nM), CDT1 (8 nM), and thrombin (Thr; 200 nM). (C) Time-dependentfluorescence response
of reduced graphene oxide-adsorbed FAM-labeled TP1 (250 nM) in the presence of Thr (200 nM), CDT1 (8 nM), or both.
λex/λem = 494/518 nm.
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primer-template complementarity, we tested several
probes that consisted of the same antithrombin apta-
mer but a variable primer sequence carrying 0, 4, 8, 12,
16, and 20 nucleotides (their sequences are provided in
Table S1). Each probe was first allowed to bind to
reduced graphene oxide. The adsorption was com-
pleted in 30min for all the probes independent of their
lengths (Figure S3). Once the probe-reduced graphene
oxide hybrid was formed, it was then employed in
the RCA reaction. As shown in Figure 3, in the absence
of reduced graphene oxide, RCA proceeded with and
without thrombin for the probes carrying 8, 12, 16, and
20 nucleotides in the primer domain. In the presence
of reduced graphene oxide, however, the probes with
8 and 12 nucleotides were able to carry out thrombin-
dependent RCA. Further extending the primer length
to 16 and 20 nucleotides led to higher background RCA
(thrombin-independent RCA), probably as a result of
the formation of more stable primer-template duplex
that competed well with probe-reduced graphene
oxide interactions. This is also consistent with previous
findings that the amount of desorption was larger for
the longer DNA targets.35,36

The effect of the CDT1 concentration on the RCA
reaction of TP1 was evaluated next for the considera-
tion that high template concentrations may cause the
release of the adsorbed TP1 from the reduced gra-
phene oxide surface and can thus lead to target-
independent RCA (background RCA). RCA products
were not generated with the increase of CDT1 con-
centration from 3.2 to 80 nM (Figure S4). However,
substantial amounts of RCA products were formed at
higher concentrations, implying that high CDT1 con-
centrations can indeed promote desorption of TP1.
The effect of RCA reaction time on the RCA product
production was also examined. Increasing the reac-
tion time led to increasing amounts of RCA products
(Figure S5). We chose 1 h as the RCA reaction time as it
was relatively short and the amount of RCA products
was quite substantial.
With the establishment of optimal experimental

conditions for target-dependent RCA, we carried out
three experiments to examine TP1-reduced graphene
oxide binding and the synergistic displacement of TP1
by thrombin and CDT1 in more details using 50-32P-
labeled TP1. The use of radioactive TP1 facilitated the

analysis of the distribution of reduced graphene oxide-
adsorbed TP1 and unbound TP1 in solution: each
sample was simply centrifuged to precipitate reduced
graphene oxide, followed by dPAGE analysis to deter-
mine the percentage of TP1 in the supernatant (S) and
the precipitant (P).
In the first experiment (Figure 4A), 250 nM TP1 was

premixed with 4, 8, 12, and 16 μg/mL reduced gra-
phene oxide for 1 h, followed by incubationwith 80 nM
CDT1 for 2 h. When reduced graphene oxide was used
at 4 μg/mL, TP1was distributed almost equally in P and
S fractions (lanes 3 and 4). The TP1-reduced graphene
oxide complex appeared to be highly stable and did
not undergo detectable exchange with subsequently
added CDT1 (100% of CDT1 was found in the super-
natant; lanes 5 and 6). When the concentration of
reduced graphene oxide was increased to 8, 12, and
16 μg/mL, TP1 was found exclusively in the P fraction
(comparing lanes 7 and 8; 11 and 12; 15 and 16) but
more and more CDT1 became adsorbed by reduced
graphene oxide (comparing lanes 9 and 10; 13 and 14;
17 and 18). At 16μg/mL reduced graphene oxide, CDT1
were found entirely in the P fraction. Reduced gra-
phene oxide at 8 μg/mL was deemed to be an ideal
setting for the RCA reaction because TP1 was comple-
tely adsorbed by the nanomaterial while most of the
CDT1 molecules were not adsorbed by reduced gra-
phene oxide and available as the circular template
for RCA.
The second experiment was conducted to assess the

time required to achieve the complete adsorption of
250 nM TP1 by 8 μg/mL reduced graphene oxide. The
data presented in Figure 4B show that the adsorption
was completed in 1 h.
The release of TP1 from the surface of reduced

graphene oxide by thrombin, CDT1 or both was ana-
lyzed in the third experiment. Once again, premixing
TP1 (250 nM) and reduced graphene oxide (8 μg/mL)
led to complete TP1 adsorption (lanes 3 and 4;
Figure 4C). The addition of thrombin (600 nM) resulted
in 30% release of TP1 into supernatant (comparing
lanes 5 and 6) while the addition of CDT1 (80 nM) alone
did not cause any detectable amount of TP1 release
(lanes 7 and 8). However, simultaneous addition of
thrombin and CDT1 resulted in significantly enhanced
release of TP1 (comparing lanes 6 and 10; 30% vs 55%

Figure 3. RCA reactions using thrombin probes with a primer domain of 0, 4, 8, 12, 16, and 20 nucleotides (nt). RCA was
performed at 30 �C for 1 h in 60 μL of 1� RCA reaction buffer containing 250 nM reduced graphene oxide-adsorbed probe,
8 nM CDT1, 500 nM dNTPs, and 1 U DNAP.
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of TP1 release), confirming the synergistic effect ob-
served earlier with fluorescently labeled TP1.
The results obtained above are summarized in the

mechanisticdepictionof theadsorption-releaseprocesses
(Figure 4D) that are based on the following key findings.
(1) Premixing 250 nM TP1 with 8 μg/mL reduced gra-
pheneoxide leads tocompleteadsorptionof TP1onto the
surface of reduced graphene oxide. (2) Under this condi-
tion, some DNA binding sites are still available, which can
result in the adsorption of a small amount of 80 nMCDT1.
However, the preadsorbed TP1 does not undergo an
exchange reaction with CDT1, which is important for
low-background RCA-based biosensing assay. (3) Throm-
bin competes successfully with reduced graphene oxide
for TP1 binding, and as a result, it can cause desorption
of TP1 from the reduced graphene oxide surface. (4)
Although CDT1 alone cannot displace an appreciable
level of TP1 release, it can act as a synergistic partner for
thrombin to produce a much-enhanced release of TP1
from the reduced graphene oxide surface.

To demonstrate the analytical utility of the proposed
approach, we employed a molecular beacon (MB) to
enable fluorescent detection of RCA products (Figure
5A).37 Thismethod takes advantage of the sensitivity of
fluorescence detection, along with the unique homo-
geneous assaying capability offered by MB probes.38,39

The sequence of the chosen MB, MB1 (Table S1), was
embedded into CDT1 and thus, the resultant RCA
products contain repeating sequence units that are
complementary to MB1. When mixed with RCA pro-
ducts from thrombin-induced RCA reactions, MB1 was
able to produce fluorescent signals proportional to the
concentration of thrombin (Figure 5A,B). The assay has
a limit of detection (LOD, defined as 3σ, σ = standard
deviation of the blank samples) of 10 pM and a linear
dynamic range of 10�200 pM (Figure 4C). It is worth
noting that the LOD is nearly 2 orders of magnitude
lower than that of graphene-based aptamer sensors
without amplification under similar detection condi-
tions.21 It is also about 10 times better than previously

Figure 4. Analysis of DNA-reduced graphene oxide binding and dissociation using radioactive DNA probes. (A) Binding of
CDT1 to reduced graphene oxide (rGO) premixedwith TP1. Radioactive TP1 (250 nM) wasmixedwith a specific concentration
of reduced graphene oxide (4, 8, 12, or 16 μg/mL) for 1 h, followed by incubation with radioactive CDT1 (80 nM) for 2 h.
Reduced graphene oxide was then separated from the solution by centrifugation; TP1 and/or CDT1 in the precipitant (P) and
supernatant (S) were analyzed by 10% dPAGE. (B) Kinetic analysis of TP1-reduced graphene oxide binding. Radioactive TP1
(250 nM) and reduced graphene oxide (8 μg/mL) were incubated for 1, 5, 30, 60, and 180 min prior to centrifugation and
dPAGE analysis. (C) Release of TP1 from the reduced graphene oxide surface by thrombin, CDT1 or both. Radioactive TP1
(250 nM) and reduced graphene oxide (8 μg/mL) were incubated for 1 h, followed by incubation with thrombin (600 nM),
radioactive CDT1 (80 nM), or both for 2 h prior to centrifugation and dPAGE analysis. (D) Schematic illustration of
experimental observations shown in the preceding panels.
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reported amplified fluorescent sensors.40,41 Agarose
gel electrophoresis was also carried out to directly

monitor RCA products from the RCA reactions in the
presence of increasing concentrations of thrombin
(Figure 5D). This method was also able to detect
thrombin as low as 10 pM, which was consistent with
the fluorescent assay based on MB1.
To confirm the general applicability of the approach,

we designed two additional sensors, one for ATP
sensing (Figure 6) and the other for DNA detection
(Figure S6). In each case, the original DNA probe TP1
was altered simply through the replacement of the
antithrombin aptamer with a new molecular recogni-
tion element. The ATP probe, named AP1, contains a
well-known anti-ATP aptamer;42 the DNA probe, DP1,
has a specific DNA sequence designed to recognize
single-stranded HCV-1 DNA representing a portion of
the complementary DNA sequence from the hepatitis
C virus genome (the sequences of AP1, DP1 and HCV-1
DNA can be found in Table S1).31 Once again, the
synergistic effect exerted by both the target and the
circular DNA template on the release of the probe
adsorbed onto the reduced graphene oxide surface
was observed (Figure 6A and Figure S6A). Furthermore,
the molecular beacon based method was also able to
report the target concentration (Figure 6B and Figure
S6B). The LOD for the ATP and DNA sensors was found
to be 60 nM and 0.8 pM, respectively, comparable or
better than previously reported amplified fluorescent
sensors for the same target.20,21,43�48 Taken together,
we can conclude that our strategy is generally applic-
able to many different targets.
Besides the high sensitivity, each sensor also exhib-

ited excellent selectivity for its cognate target (Figure
7). No increase of fluorescence was observed when
each system was tested with unintended targets:
bovine serum albumin (BSA) for the thrombin sensor
(Figure 7A), GTP, CTP and UTP for the ATP sensor
(Figure 7B), and HCV-M1 and HCV-M2 for the DNA
sensor (Figure 7C).
We next examined the ability of reduced graphene

oxide to protect DNA probes from the digestion by

Figure 5. Fluorescence detection of RCA products using the
molecular beacon MB1. (A) Time-dependent fluorescence
upon incubation of MB1 with RCA products obtained with
varying thrombin concentrations. Experiments were carried
out at 30 �C in 60μL of DNAbindingbuffer (DBB; 20mMPBS,
150 mM NaCl, 5 mM MgCl2, pH 7.5) containing 1 μM MB1
and 5 μL of the RCA reactionmixture. (B and C) Fluorescence
intensity (FL; fluorescence readings at 35 min) as a function
of thrombin concentration between 0 and 2000 pM and
0�200 pM, respectively. (D) Analysis of RCA products by
agarose gel electrophoresis. The RCA reactions were per-
formed at 30 �C for 1 h in 60 μL of 1� RCA reaction buffer
containing 250 nM reduced graphene oxide-adsorbed TP1,
80 nM CDT1, 500 nM dNTPs, 1 U DNAP, and varying con-
centrations of thrombin indicated in the figure.

Figure 6. A biosensing system for ATP detection. (A) Time-dependent fluorescence response of reduced graphene oxide-
adsorbed FAM-labeled AP1 in the presence of different inputs. Experiments were carried out at 30 �C in 60 μL of TBB
containing 200 nM reduced graphene oxide-adsorbed AP1, 8 nM CDT1, 400 μM ATP, or both. (B) Time-dependent
fluorescence responses upon incubation of MB1 with RCA products obtained with varying concentrations of ATP.
Experiments were carried out under the same conditions as described for Figure 5A.
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cellular nucleases. Specifically, AP1 was challenged
with cell lysates prepared from MCF-7, a human breast
cancer cell line. As shown in Figure 8, increasing
amounts of AP1 were digested by cellular nucleases
when AP1 was incubated for 1, 6, and 12 h with cell
lysate in the absence of reduced graphene oxide,
reflected by the reducing band intensity of the original
AP and appearance of multiple shortened DNA frag-
ments on the dPAGE gel. As much as 86 ( 7% of free
AP1 was digested following 12-h incubation. In stark
contrast, reduced graphene oxide was very effective in
protecting AP1 from nuclease digestion as no degra-
dation product was observed even after the exposure
of AP1-reduced graphene oxide complex to the same
cell lysate for 12 h.
With confirmed protection of AP by reduced gra-

phene oxide, we examined the use of AP1-reduced
graphene oxide-RCA strategy to detect ATP present in
the above cell lysate. As a control, we also carried out
ATP detection for the same biological sample set using
a commercially available luciferase-based ATP detec-
tion kit. The data provided in Table 1 show that both
the luciferase assay and our method produced com-
parable ATP concentrations for cell lysates prepared
from three independent MCF-7 cell cultures. This ex-
periment indicates that the use of aptamer-reduced
graphene oxide conjugates can achieve detection of

target analytes within real biological samples, a task
that may not be feasible with unprotected DNA apta-
mers, which would be digested by cellular nucleases. It
is noteworthy that our method consistently produced
somewhat higher ATP concentrations than those
from the luciferase assay. A likely explanation is that
although luciferase is only reactive with ATP, the DNA
aptamer also recognizes other adenosine species, such
as adenosine, AMP and ADP.42

We also challenged the proposedmethod by analyz-
ing thrombin in a matrix of human serum (Figure 9A).
We tested three serum samples with the following
dilutions: 1:1, 1:5 and 1:50. At 1:1 dilution, significant
background signal was observed, resulted an in-
creased LOD of 200 pM (based on 3σ of the blank).
At 5-fold dilution, reduced background signal was
observed and the method was able to achieve an
LOD of 50 pM. At 50-fold dilution, the background
signal dropped to the same level of pure buffer, with an
observed LOD of 10 pM. The increased background
signal at high concentrations of serum (1:1 and 1:5
dilutions) wasmost possibly due to nonspecific probe�
target interactions. It is noteworthy that 50-fold di-
luted serum was also used in a previous aptamer
sensor study with a reported LOD of 10 pM.49 These
results suggest that the present method could poten-
tially be used for protein detection in biological media,
although caution needs to be exercised for back-
ground signal.
A notable feature of our DNA detection assay is that

it was able to detect HCV-1 DNA in the mixture that
also contained HCV-M1 and HCV-M2. A series of DNA
samples with varying levels of HCV-1 DNA in the
presence of HCV-M1 DNA (1 nM) and HCV-M2 DNA
(1 nM) were tested for this experiment (Figure 9B).
It was observed that the signal responses were com-
parable with the samples containing only HCV-1 DNA,
and the calculated recovery values ranged from 93% to
115%. These results demonstrated that our approach
could potentially be used for the detection of a specific
DNA target within a DNA mixture.

Figure 7. Selectivity of the sensing system for (A) thrombin, (B) ATP, and (C) DNA. RCAwas performed at 30 �C for 1 h in 60 μL
of 1� RCA reaction buffer containing 250 nM reduced graphene oxide-adsorbed TP1 or DP1, or 200 nM reduced graphene
oxide-adsorbed AP1, 80 nM CDT1, 500 nM dNTPs, 1 U DNAP, 0.1 nM thrombin or 10 nM BSA (for panel A), 0.3 μMATP or 1 μM
CTP, UTP, or GTP (for panel B), 8 pM HCV-1 DNA or 0.8 nM HCV-M1 DNA and HCV-M2 DNA (for panel C). Time-dependent
fluorescence responses upon mixing MB1 with each RCA reaction mixture were measured under the same conditions as
described for Figure 5A.

Figure 8. Protection of AP1 by reduced graphene oxide
against degradationby nucleases in cell lysates. Radioactive
AP1 in the absence and presence of reduced graphene
oxide was incubated with cell lysate prepared from MCF-7
for 1, 6, and 12 h prior to dPAGE analysis for the assessment
of degradation of AP1 by cellular nucleases.
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CONCLUSIONS

In summary, we have developed a versatile biosen-
sing platform that is able to carry out ultrasensitive
detection of wide-ranging targets. The system un-
iquely exploits a nanomaterial (reduced graphene
oxide), a biomaterial (DNA aptamers), and an isother-
mal signal amplification technique (RCA). Reduced
graphene oxide is chosen for its ability to adsorb
single-stranded DNA molecules nonspecifically. DNA
aptamers are selected for their ability to bind reduced
graphene oxide but undergo target-induced confor-
mational changes that facilitate their release from the
reduced graphene oxide surface. RCA is employed for

its ability to amplify a primer-template recognition
event into repetitive sequence units that can be easily
detected. Tagging a relatively short primer to an
aptamer sequence is considered key to the design:
the relatively small DNA probe allows for both effective
probe adsorption onto the reduced graphene oxide
surface to mask the primer domain in the absence of
the target as well as efficient probe release in the
presence of the target to make the primer available for
template binding and RCA. To the best of our knowl-
edge, the described strategy has never been reported
before. We also made an observation that the circular
template, which on its own does not cause a detectable
level of probe release from the reduced graphene
oxide surface, augments target-induced probe release.
Although theprecise reason for theobserved synergistic
effect has yet to be fully investigated, we speculate that
the cooperativity may reflect that the aptamer-target
tertiary structure formationmay tip thebalance fromthe
probe-reduced graphene oxide binding to the probe-
template hybridization. We further speculate that the
synergy helps promote the release of a small amount
of probe from the reduced graphene oxide surface at
extremely low concentrations of the target, which is
then captured by the circular template for signal ampli-
fication. Considering the high detection sensitivity and
broad target applicability, we envision that the de-
scribed biosensing platform will find useful applications
in biological, medical, and environmental fields.

EXPERIMENTAL SECTION

Oligonucleotides and Other Materials. All DNA oligonucleotides
(Table S1) were obtained from Integrated DNA Technologies
(IDT), and purified by standard 10% denaturing (8 M urea)
polyacrylamide gel electrophoresis (dPAGE). Adenosine 50-
triphosphate (ATP), T4 DNA ligase, and phi29 DNA polymerase
(DNAP) were purchased from MBI Fermentas (Burlington,
Canada). γ-[32P]ATP was purchased from PerkinElmer. Human
serum (male, type AB) and all other chemicals were purchased
from Sigma-Aldrich (Oakville, Canada) and used without further
purification. Water was purified with a Milli-Q Synthesis A10
water purification system.

Instruments. Fluorescence measurements were performed
with a Cary Eclipse fluorescence spectrophotometer (Varian)
with an excitation wavelength (λex) of 494 nm and an emission
wavelength (λem) of 518 nm. The bandpasses for excitation and
emission were set at 5 and 10 nm, respectively. Photomultiplier
tube voltage was set at 600 V. Fluorescence images of dPAGE
gels were obtained using a Typhoon 9200 variablemode imager
(GE Healthcare). Atomic force microscopy (AFM) measurements

were carried out on Agilent PicoPlus II. Raman spectra were
recorded on a Renishaw Micro-Raman system 2000 spectro-
meter with He�Ne laser excitation (623.8 nm). X-ray photoelec-
tron spectroscopy (XPS) was performed with a VG ESCALAB 250
spectrometer using anonmonochromatized Al KR X-ray source
(1486.6 eV).

Preparation of Circular DNA Template (CDT1). A total of 600 pmol
of phosphorylated linear CDT1 was first mixed with 700 pmol of
DP1 (DNA primer for templated DNA ligation) in 45 μL of H2O,
heated to 90 �C for 3 min, and cooled to room temperature
for 15 min. To this mixture were added 5 μL of 10� T4 DNA
ligase buffer and 10 U (U: unit) T4 DNA ligase, and the resultant
mixture was incubated at room temperature for 1 h before
heating at 90 �C for 5 min to deactivate the ligase. The ligated
circular DNAmolecules were concentrated by standard ethanol
precipitation and purified by dPAGE.

Target Detection. In a typical thrombin detection experiment,
450 μL of target binding buffer (TBB; 20 mM PBS, 150 mM NaCl,
20 mM KCl, 5 mMMgCl2, pH 7.5), 10 μL of 15 μM TP1, and 40 μL
of 100 μg/mL reduced graphene oxide solution were incubated

TABLE 1. Analysis of ATP in Cell Lysate

biological

replicatesa

bioluminescence assay

(μM)b

RSD

(%)

our assay

(μM)

RSD

(%)

Extra ATP added

(μM)

Bioluminescence assay

(μM)b

RSD

(%)

Our assay

(μM)

RSD

(%)

1 4.3 9.2 6.2 6.5 5.0 8.7 6.6 12.0 5.3
2 3.6 8.4 5.3 7.8 1.0 3.9 9.8 7.1 7.3
3 2.8 9.6 4.2 8.1 0.5 2.9 8.6 5.2 6.6

a Three independent cell lysates were used. b The bioluminescence assay involved the use of luciferase and luciferin (Molecular Probes).

Figure 9. (A) Fluorescence responses upon incubation of
MB1 with RCA products obtained with varying thrombin
concentrations spiked in 1, 5, 50-fold dilutions of serum
samples. (B) Fluorescence responses upon incubation of
MB1 with RCA products obtained with varying levels of
HCV-1 DNA only (red data series) and HCV-1 DNA in the
presence of 1 nM HCV-M1 and 1 nM HCV-M2 (green data
series). Experiments were carried out at 30 �C in 60 μL of DBB
containing 1 μMMB1 and 5 μL of the RCA reaction mixture.
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at 30 �C for 30 min. Then, 50 μL of the above stock solution was
transferred into a 1.5 mL microcentrifuge tube. Subsequently,
2 μL of thrombin stock solution (0�300 nM) and 1 μL of CDT1
(4.8 μM) were added. Following 1 h incubation at 30 �C, 6 μL of
10� RCA reaction buffer (330 mM Tris acetate, 100 mMmagne-
sium acetate, 660 mM potassium acetate, 1% (v/v) Tween-20,
10mMDTT, pH 7.9), 1 U of DNAP, and 1 μL of dNTPs (with a final
concentration of 500 μM)were introduced to the abovemixture
(total volume: 60 μL). The reaction mixture was incubated at
30 �C for 1 h before heating at 65 �C for 15 min. Finally, 5 μL of
RCA products from the above reaction mixture was added into
55 μL of DNA binding buffer (DBB; 20 mM PBS, 150 mM NaCl,
5mMMgCl2, pH 7.5) containing 1 μMmolecular beaconMB1 in a
cuvette with a constant temperature at 30 �C. Time-dependent
fluorescence at λex/λem = 494/518 nm was recorded.

The procedure for ATP detection was similar to that for the
thrombin detection except that the reagents were used as
follows: 10 μL of 12 μM AP1 stock solution, 1 μL of CDT1 (0.96 μM),
and 2 μL of ATP stock solution (0�200 μM).

The procedure for the HCV DNA detection was similar to
that for the thrombin detection except that the reagents
were used as follows: 450 μL of DBB, 10 μL of 15 μM DP1 stock
solution, and 2 μL of single-stranded HCV-1 DNA stock solution
(0�10 nM).

Release of Radioactive TP1 from the Reduced Graphene Oxide Surface
by Thrombin and Radioactive CDT1. TP1 and CDT1 were first labeled
with γ-[32P]ATP at the 50 end using T4 polynucleotide kinase
according to the manufacturer's protocol, and purified by
10% dPAGE. For the reaction in Figure 4A, 250 nM of TP1 was
incubated with 4, 8, 12, and 16 μg/mL reduced graphene oxide
in 1� TBB at 30 �C for 1 h, followed by addition of CDT1 to 80 nM
and further incubation at 30 �C for 2 h. Each mixture was
then centrifuged at 15 000g for 20 min at 4 �C. The resultant
precipitate and supernatant were analyzed by 10% dPAGE.
For the reactions in Figure 4B, 250 nM TP1 was incubated with
8 μg/mL reduced graphene oxide in 1� TBB at 30 �C for 1, 5, 30,
60, and 180 min prior to centrifugation and dPAGE analysis.
Experiments in Figure 4C were carried out similarly to Figure 4A
except that (1) reduced graphene oxide was used at 8 μg/mL
and (2) 600 nM thrombin was used for the release reaction.

Cell Culture and Cell Lysate Preparation. The adherent breast
cancer cell line MCF-7 was cultured in R-MEM media (GIBCO)
supplemented with 10% fetal bovine serum (Invitrogen). Cell
cultures were incubated at 37 �C in a humidified incubator
maintained at 5% CO2. Cell lysates were prepared by the follow-
ing method. Cells were grown to approximately 80% confluence
before harvesting, media was removed, and cells were washed
with PBS. Cells were coated with 1 mL of a 0.05% trypsin�EDTA
solution (Invitrogen) and the excess was removed. Cells were
incubated at 37 �C for 5 min to dissociate cells. Dissociated cells
were suspended in 1 mL of PBS and pelleted by centrifugation at
3000g for 5 min. Supernatant was removed, and cells were
resuspended in another 1 mL of PBS and pelleted a second time.
After removing the supernatant, the cell pellet was resuspended
in 1 mL of 20mM Tris buffer (pH 7.0) and a fraction was taken for
cell counting. Proteoblock protease inhibitor cocktail (Thermo
Scientific) was added to the cell suspension at 1� final concen-
tration. The cells were lysed by passage through a 25-gauge
needle 10 times. A fraction of the cell lysate was taken for cell
counting to ensure complete lysis.

Stability of Reduced Graphene Oxide-Adsorbed AP1 in Cell Lysate. A
total of 200 nM FAM-labeled AP1 probe was first mixed with
8 μg/mL reduced graphene oxide in 25 μL of 1� TBB at 30 �C for
1 h. Then, 15 μL of freshly prepared cell lysate was added and
incubated at 30 �C for 1, 6, and 12 h. Afterward, the mixtures
were heated to 90 �C for 10min and analyzed by dPAGE. For the
control samples, no reduced graphene oxide was added.

ATP Assay in Cell Lysate. Three freshly prepared cell lysate
replicates were taken and individually filtered through
0.45 μm membrane (NANOSEP OMEGA, Pall Incorporation).
The filtrates were analyzed for ATP concentrations using the
AP1/reduced graphene oxide/RCA assay described above. For
comparison, ATP levels were also measured with the commer-
cially available ATP Determination Kit (A22066; Molecular
Probes), according to the manufacturer's protocol.
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