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We herein report a power-free microfluidic chip for fluorescent
DNA detection with high single-nucleotide polymorphism discrimination, using a DNA intercalator and graphene oxide.

Single nucleotide polymorphisms (SNPs) play a significant role in
various gene-related human diseases, and can serve as markers due
to their abundance, simplicity and limited polymorphic content.
Up to now, a number of methods have been investigated for the
determination of SNPs, and their specific advantages and disadvantages have been covered in several reviews.1 A sequence-specific
detection mode exhibits high specificity and sensitivity in an allelic
discrimination assay, but is limited by requirements for complicated
procedures and expensive reagents. The introduction of DNA intercalators opens the door for rapid and sensitive DNA qualification
and quantification, but still exhibits poor SNP discrimination.2 Thus,
the development of reliable DNA analysis with high SNP discrimination requires the participation of novel materials and new strategies.
Recently, nanomaterials serving as ‘‘nanoquenchers’’ in various
biosensors have attracted considerable attention, and gold nanoparticles, carbon nanotubes and graphene have been widely
employed because of their high quenching eﬃciencies, good
biocompatibilities and large surface areas.3 Graphene oxide (GO)
has been used to develop a sensitive and selective fluorescent DNA
assay on account of its characteristic interaction with DNA and
eﬃcient fluorescence quenching of various dyes.4 Generally, these
methods employ dye-labeled DNA probes and possess low fluorescence ratios between perfectly complementary (pc-) DNA and the
SNP sequence (less than twice).5 Here, we designed a label-free and
highly sensitive fluorescent method for DNA detection with excellent SNP discrimination using a DNA intercalator and GO. A probe
DNA (P1: 50 -TGC GAA CCA GGA ATT-30 ) was used for the detection of

pcDNA (T1, 5 0 -AAT TCC TGG TTC GCA-3 0 ). Three single-base
mismatched sequences (M1: 5 0 -AAT TCC TTG TTC GCA-3 0 , M2:
5 0 -AAT TCC TAG TTC GCA-3 0 , M3: 5 0 -AAT TCC TCG TTC GCA-3 0 )
were employed to evaluate the SNP discrimination.
As illustrated in Scheme 1, SG (SYBR Green I) intercalates well
into perfectly matched dsDNA (P1T1) and resulted in high fluorescence. The fluorescence was well maintained after addition of GO
because of the weak GO/dsDNA binding. However, the singlemismatched sequence usually leads to a loose duplex (P1M), which
exhibited poor SG intercalation and low fluorescence.6 More importantly, GO enhanced the unwinding of unstable P1M through strong
GO/ssDNA interaction and consequently quenched the fluorescence
arising from free SG and SG/ssDNA, which resulted in a high signal
to noise ratio (S/N) and excellent SNP discrimination.
We firstly performed the DNA detection according to the preferential binding of SG with dsDNA. Previous reports7 and Fig. S1a
(ESI†) demonstrated that SG intercalated into P1T1 and exhibited
much higher fluorescence than that of ssDNA by one order.
However, the SNP targets (M1, M2, and M3) possessed similar
fluorescence to T1, which made SNP discrimination diﬃcult.2
Treatment with low salt buﬀer (LSB) was introduced to improve
the discrimination of M from T1, and Fig. S1b (ESI†) demonstrates
that the fluorescence (FL) intensity of P1M decreased to a limited
extent, while that of P1T1 presented a slight decrease.
Considering the excellent discrimination of dsDNA and
ssDNA, GO was introduced to further improve the single base
mismatch discrimination.4 As shown in Fig. 1a, the fluorescence of
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Scheme 1

The GO-based SNP assay.
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Fig. 1 (a) Fluorescence spectra of SG/DNA complexes in the presence of GO.
(b) FP1T1/FP1M and FP1T1/FP1 in the absence and presence of GO. P1, T1, and M
were 10 nM, respectively. 2.35 mg L1 GO together with 0.01  SG were used.
All procedures were performed in 0.2 mM NaCl buﬀer at RT.

P1T1 was much higher than that of P1 and P1M, and the enlarged
fluorescence variation between P1T1 (1566) and P1 (12) implied
great improvement of S/N. More importantly, the single mismatch
analysis was dramatically improved since the FL intensity of P1M
decreased significantly. FP1T1/FP1 and FP1T1/FP1M were calculated in
Fig. 1b, and FP1T1/FP1M increased to 18–84 after adding 2.35 mg L1
GO, which was much higher than that in the absence of GO (3–8.5).
The fluorescence quenching kinetics of GO for various DNA
structures were studied by recording their FL intensity at 530 nm
in the presence of GO. Fig. S1c (ESI†) shows that the FL intensity
decreased with prolonged time, and faster quenching kinetics and
higher quenching eﬃciency of P1T1 were presented in comparison
with P1M1 and P1. About 80% fluorescence of P1T1 was quenched
by GO (5 min), while this was nearly 100% for ssDNA (15 s) and
P1M1 (5 min). Fig. S1d (ESI†) demonstrates that FP1T1/FP1 reached
the highest value (240) at B1 min while for FP1T1/FP1M1 (110) this was
at 5 min in the presence of GO. In fact, we could discriminate easily
the single-base-mismatched sequence from pcDNA after 3 min.
The dramatic improvement of SNP discrimination for this
sensor was analyzed through investigation of the influence of salt
concentration and temperature, which was considered to be responsible for DNA hybridization, SG’s selective intercalation with dsDNA,
and GO’s preferential strong adsorption with ssDNA. Fig. 1a showed
that SG could intercalate P1T1, not P1M, in 0.2 mM NaCl solution,
which could be explained by a previous report that SG could
intercalate eﬃciently into dsDNA and improve the thermal stability
of a dsDNA more than a mismatched one.6 Therefore, the LSBinduced low SG intercalation into P1M contributed to the enlarged
fluorescence diﬀerence between P1T1 and P1M.
Besides DNA hybridization8 and SG intercalation,7 GO/DNA
interaction9 was considered to be closely related to salt concentration. Here, the influence of NaCl concentration (CNaCl) on GO/
DNA interaction was investigated to improve SNP discrimination.
As described in early reports, GO could quench the fluorescence of
organic dyes and dye-tagged ssDNA molecules with high eﬃciency
through p–p interaction between GO and the conjugated molecules.10 More importantly, GO adsorbed ssDNA, not dsDNA, with
high aﬃnity, which formed the basis of a GO-based DNA sensor.
Fig. S2 (ESI†) shows that the fluorescence arising from P1 was
nearly totally quenched immediately when CNaCl was in a range of
0.2–100 mM, which implied the p–p interactions of GO/ssDNA were
not influenced by CNaCl. However, the fluorescence quenching
of dsDNA by GO exhibited CNaCl-dependent properties. Lower
quenching eﬃciency and slower kinetics were presented when
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Chem. Commun., 2013, 49, 3125--3127

ChemComm
CNaCl was 0.2 mM, and these were significantly improved with the
increase of CNaCl. The fluorescence of dsDNA decreased rapidly and
was greatly quenched when the CNaCl increased to 100 mM. This saltdependent quenching behavior did not follow the rules of a p–p
stacking interaction mode and was considered to be highly related to
electrostatic force participating interactions. Cation–p interactions
between dsDNA and GO under high salt concentration were considered to be responsible for this phenomenon.11 Cation–p interactions are noncovalent molecular interactions between the face of
an electron-rich p system and an adjacent cation. For example, metal
ions such as Li+ and Mg2+ form cation–p type complexes with
graphene. Further studies have proved that cation–p interactions
play a predominant role between GO and protonated groups of a
conjugated molecule.12 Here, Na+ acted as the counterions and
adsorbed on the GO surface with an adsorption energy value of
about 1.0–1.2 eV,13 which changed the surface charge distribution of
GO and facilitated the cation–p interactions. Besides, dsDNA is a
p system with p-conjugated nucleobases and a negatively charged
phosphoric acid backbone, and Na+ on the surface of GO attracts
dsDNA through cation–p interactions, inducing the eﬃcient adsorption of dsDNA on the GO surface in the presence of a high CNaCl.
In order to gain a high S/N, CNaCl should be kept at a relatively low
level to maintain high signal fluorescence from dsDNA.
In contrast to ssDNA, the quenching eﬀect of GO on dsDNA
exhibited much slower kinetics and lower eﬃciency in LSB, and
about 80% of the fluorescence of P1T1 was quenched at 5 min.
More importantly, the fluorescence quenching behavior for P1M1
was also CNaCl-dependent, but the FL quenching eﬃciency (>98%)
was much higher than that of P1T1. This behavior might be
explained by the unwinding of P1M1 and the competitive binding
of GO from P1M1, i.e., GO competitively bound P1 from unstable
P1M1 and resulted in great fluorescence decrease. FP1T1/FP1M and
FP1T1/FP1 in Fig. 2a show that the highest SNP discrimination could
be achieved at 0.2 mM NaCl. In fact, we could easily detect SNP from
pcDNA when CNaCl was below 5 mM, at which point the good
FP1T1/FP1M (>20) was enough for SNP discrimination (Table S1, ESI†).
Since the Tm of duplex was highly related to CNaCl, the detection
temperature at certain salt concentration (0.2 mM) was investigated.
Fig. 2b shows that the FL intensity of P1T1 decreased greatly along
with temperature increase, while that of P1M1 remained at a low
level. A value of FP1T1/FP1M1 as high as 26 was obtained at 25 1C after
adding GO for 30 s. In fact, we can easily diﬀerentiate P1T1 from
P1M1 by this GO-based sensor in a wide temperature range from 25
to 45 1C (Fig. S3, ESI†), which means stringent temperature control is
not required for single-base mismatch detection with this method.

Fig. 2 (a) The influence of CNaCl on FP1T1/FP1M1 and FP1T1/FP1 in the presence of
GO; (b) the FL intensity of P1T1 or P1M1 in the presence of GO at diﬀerent
temperatures (25, 30, 35, 40, 45, 50, 55 1C).
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Fig. 3 FL intensity of P1T1 in the presence of (a) various concentrations of T1
and (b) diﬀerent allele frequencies (M1/(T1 + M1): 0, 5%, 10%, 20%, 40%, 60%,
80%, and 100%, and the total target DNA containing M1 and T1 was 20 nM).

Fig. 4 (a) Design of a microarray detection scheme; fluorescence image of
P1T1/SG in the presence of (b) diﬀerent concentrations of T1 (250, 200, 100,
50, 25, 10, 5, 0 nM) and (c) diﬀerent allele frequencies of T1/(T1 + M1) (100, 80,
60, 40, 20, 10, 5, 0%). 500 nM P1, and 500 nM (T1 + M1) were used.

To demonstrate the performance of this GO-based sensor in the
qualitative and quantitative analysis of DNA, the sensitivity and the
allele frequency analysis were investigated. A significant fluorescence enhancement was observed along with an increase of T1
concentration (Fig. 3a), and as low as 1 nM DNA could be detected
with a linear range of 0–10 nM. For the allele sequence analysis,
various frequencies of M1/(M1 + T1) (0, 5, 10, 20, 40,60, 80, and
100%) were studied, and Fig. 3b demonstrates that the increasing
M1 content led to decreased fluorescence at 530 nm with a nice
linear gradient, and 5% of SNP target could be diﬀerentiated.
This sensor can be used with a power-free PDMS-based device
for heterogeneous and portable DNA detection. As shown in
Fig. 4a, a PDMS device with two Y-shaped zigzag microchannels
was designed for perfect mixing of various samples, while the
multi-channel was designed for high through-output detection.14
After being degassed in a vacuum and sealed with a piece of
adhesive tape, 10 mL of DNA/SG mixture (250 nM/1) was added to
one inlet and an equal volume of GO to another inlet of the channel.
Fig. 4b shows that the fluorescence for P1T1 declined along with the
decrease of T1 concentration, and 0.25 pmol of T1 led to a visible
green color in the presence of GO (0.12 g L1). More importantly, SNP
discrimination performed well on this PDMS device. Fig. 4c demonstrates that a higher T1 content led to a much brighter green color,
and that 10% of T1 (0.5 pmol) could be discriminated from 90% of
M1 (4.5 pmol) and led to a clearly visible green color. Therefore, we
concluded that GO-based FL quenching for a DNA/SG complex on the
PDMS device was in accordance with that in solution, and high
selectivity was achieved in the microchannel-based detection. Since
this PDMS device could be prepared simply through vacuumizing
and carried to any location easily, it oﬀers a simple and high throughput analysis method for rapid DNA screening in the field of detection.
We expect that the use of fluorescence scanning equipment for
quantification analysis can further increase the sensitivity and SNP
discrimination to meet the requirements of real-world applications.
This journal is
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In summary, we proposed a sensitive DNA sensor with high SNP
discrimination by employing superquencher (GO) and DNA intercalator (SG). Several advantages are as follows: (1) this is a label-free
approach, and SG could diﬀerentiate an SNP sequence from pcDNA
through preferential intercalation into dsDNA. (2) Employment of
GO improved the S/N through lowering the FL response of ssDNA
and then improved detection sensitivity. More importantly, GO
competitively bound ssDNA from SNP-contained duplex in LSB
and enlarged the FL diﬀerence between P1T1 and P1M, and more
than one order of magnitude improvement of FP1T1/FP1M led to
excellent single-base mismatch discrimination. (3) CNaCl greatly
influenced DNA hybridization, SG intercalation and GO/DNA interactions. The binding of GO with diverse DNA structures could be
explained by p–p and cation–p interactions. By modulating CNaCl, the
cation–p interactions in GO/dsDNA were tuned to achieve optimized
S/N and SNP discrimination. (4) Under optimized conditions, we
could detect 1 nM DNA with 0–10 nM linear range and diﬀerentiate
5% SNP. Through a microarray-based solid phase assay, a 0.25 pmol
DNA detection limit and 0.5 pmol single-base mismatch sequence
discrimination could be achieved in a visible manner. In conclusion,
our studies involving GO-quenching and SG intercalation will
provide insights into improving the performance of biosensors,
especially for SNP discrimination in the genome project. The good
understanding of interactions of GO with various DNA structures
provides a guide for sensor design in a lot of research fields.
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