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A fluorescent biosensor for sequence-specific recognition of double-stranded DNA (dsDNA) was
developed based upon the DNA hybridization between dye-labeled single-stranded DNA (ssDNA) and
double-stranded DNA. The fluorescence of FAM-labeled single-stranded DNA was quenched when it
adsorbed on the surface of graphene oxide (GO). Upon addition of the target dsDNA,

a homopyrimidine-homopurine part of dSDNA on the Simian virus 40 (SV40) (4424-4440, gp6),
hybridization occurred between the dye-labeled DNA and the target dsDNA, which induced the dye-
labeled DNA desorbed from the surface of GO, and turned on the fluorescence of the dye. Under the
optimum conditions, the enhanced fluorescence intensity was proportional to the concentration of
target dsDNA in the range 40.0-260 nM, and the detection limit was found to be 14.3 nM alongside the

good sequence selectivity.

Introduction

Graphene oxide (GO) is a derivative of graphene, and it has good
water solubility compared to that of graphene.? Because of its
remarkable electronic, mechanical and thermal properties,
applications of GO in biology have attracted much attention
recently.®>* Fluorescent dye-labeled single-stranded DNA
(ssDNA) could adsorb on the surface of GO, accompanied with
the quenching of the dye fluorescence. Whereas it desorbed from
the surface of GO when hybridized with its complementary
strand, and the fluorescence of the dye was recovered.’ Because
of this reason, GO was used as a platform to develop biosensors
for DNA,>* Hg**,* Ag*,” proteins® and other molecules.’
Classical methods for sequence-specific recognition of DNA
were based upon the DNA hybridization between two comple-
mentary single-stranded DNAs, which required denaturing
dsDNA prior to the research.’® However, dsDNA is the natural
structure of genome, so sequence-specific recognition of dsDNA
may be used to recognize the genome of a virus directly. There-
fore, sequence-specific recognition of dsDNA has drawn much
attention in the last decades. For instance, polyamides'-'* and
zinc finger DNA-binding protein’>'* have been applied to
recognize dsDNA  successively. Moreover, homopyr-
imidine-homopurine dsDNA could be recognized with oligo-
nucelotide based upon the formation of triplex DNA through
Hoogsteen hydrogen bonding or anti-Hoogsteen hydrogen
bonding. Therefore, some genomes containing the
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homopyrimidine-homopurine duplex structure can be recog-
nized by specific oligonucleotide through triplex formation.*s2°

Simian virus 40 (SV40) is a simple DNA-virus, a member of
the Polyomaviridae family belonging to the Papovaviridae
family. The SV40 T-antigen can bind with a tumor suppressor
protein and make it inactive, eliminating its cytostatic function,
increasing the number of cells growing in the GI1-S period,
accelerating the cell division, and inducing the formation of
a tumor.2"?? For these above mentioned reasons, SV40 was often
served as a model for tumorigenic and anti-tumor immunity
research.>*2* Moreover, the DNA sequence at the position of
44244440 gp6 of SV40 is composed of homopyr-
imidine-homopurine dsDNA with a length of 17 base pairs,
which might easily be recognized by oligonucleotide through
triplex formation. Here, we developed a fluorescent method for
the recognition of the homopyrimidine-homopurine part of
SV40 with the platform of GO.

Experimental
Instruments and materials

Oligonucleotides were synthesized by Shanghai Sangon Biolog-
ical Engineering Technology & Services Co., Ltd. (Shanghai,
China). All reagents were of analytical grade without specified
otherwise, and ultrapure water was used throughout the
research.

Target dsDNA was composed of two complementary
sequences, T1 and T2, which was the homopyr-
imidine-homopurine sequence located in the T antigen gene of
SV40 DNA (Table 1). FAM-modified oligonucleotide (P1) was
designed for recognizing the target dSDNA, which was based
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Table 1 Sequence of oligonucleotides

Name Sequence
Probe DNA 1 S-TTTTTTCTTCTCTTTCC-FAM- P1
3/

Target DNA 5'-AAAAAAGAAGAGAAAGG-3 T1
3J-TTTTTTCTTCTCTTTCC-5 T2

One base pair replaced dsDNA (R1) 5'-AAAAAAGAGGAGAAAGG-3 RI11
3-TTTTTTCTCCTCTTTCC-5 R12

Two base pair replaced dsDNA (R2) 5'-AAAAAGGAAGAAAAAGG-3 R21
3-TTTTTCCTTCTTTTTCC-5 R22

upon the triplex formation between P1 and target dSDNA by
forming C*GC and TAT triads. R1 contained two complemen-
tary sequences R11 and R12, one base pair was replaced
compared to that of target dSDNA, and one mismatched triad
occurred when it hybridized with P1. R2 contained two
complementary sequences R21 and R22, two base pairs were
replaced compared to that of target dsDNA, thereby two mis-
matched triads existed when it hybridized with P1.

Synthesis of graphene oxide

Graphene oxide (GO) was prepared from graphite powder
according to Hummers’ methods.?® Graphite powder (1.0 g, 325
mesh) was put into cold sulfuric acid (23.0 mL, 0 °C). Then 3.0 g
KMnO, was added gingerly under stirring. The temperature was
kept below 20 °C by using a ice-bath during the process of adding
the KMnO,. After addition of KMnO,, the ice-bath was
removed and the suspension was stirred at 35 °C for 30 min.
Afterwards, 46.0 mL ultrapure water was added slowly, and the
temperature of the suspension was increased to 98 °C and kept
for 15 min, then the suspension was further diluted to 140 mL
with warm ultrapure water (40 °C) and treated with H,O, (1.0
mL, 30%); the color of the suspension changed from black to
yellow. Then the yellow suspension was separated by centrifu-
gation and washed repeatedly with HCl (1:10). The final
product was dried at 60 °C for three days. The product was
characterized with a D-MAX 2200 X-ray diffractometer (Rigaku
Corporation, Japan). As shown in Fig. 1, it had a peak at 26 =
11.3°, and there was no peak at 26 = 26.4° for graphite, which
was the same as that reported previously.?”

Scanning electron micrographs of graphene oxide were
obtained using a JSF-6330F Field Emission Scanning Electron
Microscope (JEOL Ltd., Japan). Graphene oxide was dispersed
by ultrasonic method in water and dropped onto a sample copper
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Fig. 1 XRD spectrum of graphene oxide.

stage. Then the sample was dried using an infrared lamp. It was
demonstrated in Fig. 2 that graphene oxide had an uneven
surface and ladder-like edge. It indicated that the thickness of the
GO was about 2.0 nm.

Fluorescence assay for DNA

In a typical measurement, P1 (10 uM, 10 pL) with different
concentrations of target dsDNA was added to graphene oxide (1
mg mL~', 10 uL). Then the mixture was diluted to 1000 nL with
PBS buffer solution (10 mM, pH 6.5, 100 mM NacCl), and the
fluorescence was measured using an RF-5301PC spectrofluo-
rimeter (Shimadzu, Japan) with an IR sensitive detector. The
fluorescence intensity was obtained from the emission spectrum
at the wavelength of 520 nm, the excitation wavelength was set at
480 nm. The slit widths for excitation and emission were both set
at 10 nm.

Circular dichroism spectra for DNA

The circular dichroism (CD) spectra were recorded with a J-810
Circular Dichroism spectrometer (JASCO International CO.
Ltd., Japan). The volume of optical chamber was 400 pL, and the
path length was 1.0 mm. The background of the buffer solution
was subtracted from the CD data.

Results and discussions
Characteristic of spectra

Fig. 3 demonstrated the scheme of specific recognition of dssDNA
with dye-modified oligonucleotide using the platform of GO.
Single-stranded oligonucleotide had soft structure, and could
adsorb on the surface of GO, which brought the fluorescent dye

Fig.2 Scanning electron micrographs of graphene oxide. The left image
is the uneven surface topography of GO, and the right image is the
ladder-like edge topography of GO.
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Fig. 3 Scheme of specific recognition of dsDNA with dye-modified
oligonucleotide and the platform of GO. Dye-labeled oligonucleotide
adsorbed on the surface of GO and fluorescence of the dye was quenched
(left). Dye-modified oligonucleotide hybridized with the target dsDNA
and formed triplex DNA, which made it difficult to adsorb on the surface
GO (right).

at the end of the oligonucleotide close to the GO, and the fluo-
rescence of the dye was quenched by GO through fluorescence
resonance energy transfer. The addition of target dsSDNA could
bind to the dye-modified oligonucleotide and induced the
formation of triplex DNA, which had a rigid DNA backbone
and could not adsorb on the surface of GO. Therefore, the
mixture of dye-modified oligonucleotide and GO had strong
fluorescence in the presence of target dSDNA.

This can be confirmed by the change in the fluorescence
spectrum. Fig. 4a shows the fluorescence emission spectra of P1
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Fig. 4 (a) The fluorescence spectrum of P1 under different conditions:
(1) 100 nM P1; (2) 100 nM P1 + 10 pg mL~' GO; (3) 100 nM P1 + 10 pg
mL~" GO + 250 nM target dsDNA. pH 6.5; spermine, 0.1 pM; hybrid-
ization time, 10 min. (b) CD spectrum of the fluorescent nanoprobe
without and with target dSDNA. Conditions: 10 uM P1, 10 uM dsDNA,
pH 6.5, 10 pM spermine, 10 min for hybridization.

under different conditions. In the absence of GO, P1 had a strong
emission at the peak of 520 nm, but the emission was quenched in
the presence of GO. However, the emission of P1 was recovered
partly upon addition of target dsDNA. To illuminate the
mechanism for turning on the fluorescence of P1 by target
dsDNA, the CD spectrum was studied. As shown in Fig. 4b, P1
had a weak negative Cotton effect at 247 nm, and this may due to
its soft structure. Whereas target dsDNA exhibited a strong
positive Cotton effect at 276 nm corresponding to base stacking,
and a strong negative Cotton effect of DNA helicity around 247
nm was observed. Both the positive peak at 276 nm and the
negative peak at 247 nm were relatively enhanced when P1 was
mixed with target dSDNA. Moreover, a negative ellipticity peak
appeared at 210 nm, which was the indicator for the structure of
triplex DNA.?® These results revealed that triplex formation
occurred between P1 and target dsDNA.

Optimization of the experimental conditions

The recognition not only depended on the sequence of the
nanoprobe, but was also affected by experimental conditions.
The recognition process included two steps: the first step was the
triplex formation between P1 and target dsDNA; and the second
step was that the probe DNA desorbed from the surface of the
GO. Thus any factors that related to the above two steps can
affect the recognition behavior. Therefore, experimental condi-
tions such as pH, concentration of GO, concentration of sper-
mine and hybridization time for the recognition were studied.
The pH environment could affect the fluorescence of the
nanoprobe, the stability of triplex DNA and the adsorption
property of the nanoprobe, and thus it was important to study
the effect of the pH value. The effect of pH was studied over the
range 4.0-10.0. As shown in Fig. 5, Al was increased slowly in
the pH range of 4.0-6.0, increased dramatically and reached the
maximum within the pH range 6.0-7.0, and then decreased with
an increase of pH over the range 7.0-10.0. This may due to the
protonation requirement for formation of triplex DNA and that
the GO had different adsorption properties for ssDNA under the
different pH environment. The adsorption ability of ssDNA on
the surface of graphene oxide decreased with the increase of pH
value. Moreover, the C base can be protonated under acidic
medium, which is necessary for the formation of stable C*GC
triads. However, it is difficult to protonate the C base in neutral
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Fig. 5 Effect of pH value on the differential of fluorescence intensity

(AD) for the mixture of P1 and GO. 100 nM P1, 250 nM target dsDNA, 10
pg mL~' GO, 0.1 uM spermine, 10 min for hybridization.
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or alkaline medium. Therefore, pH 6.5 buffer was chosen for
controlling the pH value.

Effect of the concentration of GO was studied over the range
3.0-21.0 pg mL~! (Fig. 6). When the concentration of GO was
less than 7.0 pg mL~", P1 could not adsorb on the surface of GO
completely, which induced the strong background, and the A7
was weak as a result, thus the Al increased with the GO
concentration over the range 3.0-7.0 ug mL~'. It reached
a plateau during the concentration range 7.0-12.0 pg mL™!,
which indicated that P1 was adsorbed on the surface of GO
completely. An excess amount of GO was unfavorable for
desorption of Pl from it through triplex formation, and A7
decreased dramatically with the increase of GO when the
concentration was higher than 12.0 ug mL~". Therefore, 10.0 ug
mL~" GO was used for the research.

To stabilize the structure of the triplex, multivalent cations
such as Mg** and polyamines were used to neutralize the repul-
sion force between negatively charged ssDNA and dsDNA.*-°
Here spermine (H,N(CH,);NH(CH,)4NH(CH,);NH,) was
selected to stabilize the triplex DNA and the effect of its
concentration was studied (Fig. 7). Af increased with the sper-
mine concentration over the range 0-0.06 uM, it kept at a plateau
over the range 0.06-0.18 pM. To obtain a stable signal, 0.1 uM
spermine was used for our research. Moreover, 8.0 min was
necessary for the hybridization (data not shown), and thereby 10
min was selected for the hybridization.

Under the optimum conditions, triplex formation occurred
between P1 and target dsDNA accompanied with the addition of
target dSDNA, which triggered the desorption of P1 from the
surface of GO, and thus turned on the emission of P1. As shown
in Fig. 8, the enhanced fluorescence intensity was proportional to
the concentration of target dsDNA over the range 40.0-260 nM,
where the regression equation was Al = 0.173C + 1.85 (C: nM),
with the correlation coefficient of 0.9970 and a detection limit of
14.3 nM (Cpr = 3d/slope). The relative standard deviation was
1.13% for 200 nM target dsDNA.

Sequence selectivity of the assay

The recognition of dsDNA was based upon the formation of
parallel triplex DNA between Pl and the homopyr-
imidine-homopurine duplex strand (4424-4440 gp6) of SV40
through the formation of C*GC and TAT triads, where GC base
pair was recognized by the C base and formed C*GC triad, while
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Fig. 6 Effect of the GO concentration on the differential of fluorescence
intensity (A7) for the mixture of P1 and GO. 100 nM P1, 250 nM target
dsDNA, 0.1 pM spermine, pH 6.5, 10 min for hybridization.
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Fig. 7 Effect of the concentration of spermine on fluorescence intensity
differentials (A7) for the mixture of P1 and GO. 100 nM P1, 250 nM
target dsDNA, 10 pg mL~' GO, pH 6.5, 10 min for hybridization.

the AT base pair was recognized by the T base and formed the
TAT triad. To study the sequence selectivity of the method,
another two complementary duplex strands were designed for
the research, compared to the target DNA, one AT base pair was
replaced with GC in R1, and two base pairs were replaced in R2.
As shown in Fig. 9a, the A7 for target DNA was 50.75, while it
was only 32.27 for R1, and 19.74 for R2. These results indicated
the good DNA sequence selectivity of the assay, the decrease of
AT for R1 due to the existence of one unstable TGC triad in the
recognition behavior, and there were two unstable TGC and
CAT triads for R2 in the recognition process, which induced the
AT to decrease more manifestly than that of R1. The existence of
the unstable triad decreased the stability of the triplex DNA,
which was confirmed by CD spectrum measurements (Fig. 9b),
where the negative Cotton effect at 210 nm was strong for the
target dsDNA, whereas it declined dramatically for R1, and
there was no negative peak at 210 nm for R2. These CD spectrum
results were in good accordance with the fluorescence results of
good sequence selectivity.

Conclusions

In general, we developed a fluorescent nanoprobe for recognizing
dsDNA through triplex formation with the platform of graphene
oxide. The fluorescence of P1 was quenched by graphene oxide
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Fig.8 The fluorescence spectrum of P1 under their optimum conditions.
100 nM P1, target dsDNA: (1) 0 nM; (2) 20 nM; (3) 40 nM; (4) 100 nM;
(5) 150 nM; (6) 200 nM; (7) 250 nM; (8) 300 nM; (9) 450 nM. pH 6.5; GO,
10 pg mL~"; spermine, 0.1 pM; hybridization time, 10 min.
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Fig. 9 Sequence selectivity of the assay. (a) P1 100 nM, target dsSDNA
250 nM, R1 250 nM, R2 250 nM, GO 10 pg mL"', spermine 0.1 pM,
hybridization time 10 min. (b) The CD spectrum of the fluorescent
nanoprobe in the presence of different dSDNA. Conditions: 10 uM P1
with 10 uM target dsDNA (black), 10 uM P1 with 10 uM R1 (red), 10 uM
P1 with 10 uM R2 (blue), pH 6.5, spermine 10 uM, hybridization time 10
min.

through fluorescence resonance energy transfer, the addition of
target dsDNA resulted in the formation of triplex DNA, induced
the conformation of P1 change from a coiled single strand to
a rigid triplex structure, and desorbed from the surface of the
graphene oxide, and turned on the fluorescence of the dye. The
fluorescence enhancement was proportional to the concentration
of the target dsDNA over the range of 40.0-260 nM, with
a detection limit of 14.3 nM. Moreover, the sequence at the
position of 4424-4440 gp6 of SV40 was the same with that of
target dsDNA. Good sequence selectivity made it become
a competitive method for recognizing SV40 directly. This assay
provided a low-cost, rapid and sequence-specific method for
recognizing dsDNA in its natural state, and diagnosing genetic
and pathogenic diseases in the future.
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