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Increasing the Sensitivity and Single-Base Mismatch Selectivity of the
Molecular Beacon Using Graphene Oxide as the “Nanoquencher”
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Abstract: Here, we report a novel,
highly sensitive, selective and economi-
cal molecular beacon using graphene
oxide as the “nanoquencher”. This
novel molecular beacon system con-
tains a hairpin-structured fluorophore-

Guo-Nan Chen"

cence quenching of the fluorophore by
graphene oxide. In the presence of a
complementary target DNA, the bind-
ing between hairpin-structured oligonu-
cleotide and target DNA will disturb
the interaction between hairpin-struc-

tured oligonucleotide and graphene
oxide, and release the oligonucleotide
from graphene oxide, resulting in resto-
ration of fluorophore fluorescence. In
the present study, we show that this
novel graphene oxide quenched molec-

labeled oligonucleotide and a graphene
oxide sheet. The strong interaction be-
tween hairpin-structured oligonucleo-
tide and graphene oxide keep them in
close proximity, facilitating the fluores-

Introduction

The sequence-specific detection of DNA plays a significant
role in many areas, such as molecular diagnostics, environ-
mental monitoring, and antibioterrorism. Consequently, var-
ious optical and electrochemical techniques have been em-
ployed for the development of DNA sensors.'* Among
them, molecular beacons (MBs) have been reported to have
high specificity in the detection of nucleic acid sequences.!
MBs are hairpin-shaped DNA molecules with a self-comple-
mentary stem that brings a terminal-labeled fluorophore
and a quencher into close proximity, causing the fluores-
cence of the fluorophore to be quenched by energy transfer.
When an MB hybridizes with its complementary target, the
beacon undergoes a spontaneous conformational reorganiza-
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ular beacon can be used to detect
target DNA with higher sensitivity and
single-base mismatch selectivity com-
pared to the conventional molecular
beacon.

DNA rec-
molecular

tion with the opening of the stem, leading to a fluorescence
restoration.” Although the unique structural and thermody-
namic properties of MBs have led to their widespread use in
real-time monitoring of DNA/RNA amplification reac-
tions®” and visualization of RNA expression in living
cells,* ! they still have some drawbacks. First, the sensitivity
of conventional MBs is limited due to incomplete quenching
of the fluorophore. Second, synthesis of conventional MBs
by using a fluorophore and a quenching moiety is usually te-
dious and costly. Third, the single-base-mismatch selectivity
of conventional MBs is not high enough for genetic muta-
tion analysis. Consequently, it is still highly desirable to de-
velop new, sensitive, specific, cost-effective molecular bea-
cons for DNA detection.

Recently, molecular beacons using nanomaterials as
“nanoquenchers” have attracted considerable attention. Du-
bertret and co-workers have developed DNA functionalized
gold nanoparticles to achieve efficient quenching and single-
base mismatch detection by replacing dabcyl with 1.4 nm
gold clusters (nanogold).'"” Under favorable conditions, the
fluorescence quenching efficiency can be up to 99.96 %, and
the ability to detect single-base mismatches is eightfold
greater with this gold-quenched MB than with conventional
MBs. However, the tedious processes of the preparation of
the gold nanoparticles and covalent labeling of the DNA
with the nanoparticles limit gold-quenched MB application
in bioanalysis. More recently, Tan and co-workers used
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single-walled carbon nanotubes (SWNTs) as the “nano-
quencher” for MBs.™®) SWNTs also have high fluorescence
quenching efficiency and thus greatly improve the signal-to-
background ratio compared with those for conventional
MBs.

Graphene, a single layer of carbon atoms in a closely
packed honeycomb two-dimensional structure, is a new kind
of carbon nanostructure material, which was first produced
in 2004.0 Tt has attracted great attention because of its re-
markable electronic, mechanical, and thermal properties.!"
Graphene has been exploited in many applications, such as
composites,['® Li ion batteries,'” and electrochemical bio-
sensors.'>"l Recently, we have demonstrated the ability of
water soluble graphene oxide (GO) as a platform for highly
sensitive and selective detection of DNA and proteins.””

Here, we present a novel highly sensitive, selective and
economical molecular beacon biosensor using soluble gra-
phene oxide (GO) as the “nanoquencher” (Scheme 1). The
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Scheme 1. Schematic representation of target-induced fluorescence change of GO-quenched molecular beacon

(see text for details).

key components of the novel GO-quenched beacon are the
hairpin-structured fluorophore-labeled oligonucleotide and
GO sheet, which functions as both “nanoscaffold” for the
oligonucleotide and “nanoquencher” for the fluorophore.
Upon addition of a complementary DNA strand to the
system, the hairpin-structured oligonucleotide hybridizes to
form a double-stranded DNA molecule, resulting in the re-
lease of the oligonucleotide from GO and the fluorescence
restoration of the fluorophore. In contrast to the conven-
tional MBs, the novel GO-quenched MB needs only one la-
beled fluorophore. This design not only provides a more
convenient one-step synthesis/purification protocol com-
pared to conventional MBs, but also improves sensitivity
due to the exceptional high fluorescence quenching efficien-
cy of GO. Furthermore, the use of GO as the “nanoquench-
er” can greatly improve the single-base mismatch selectivity
of an MB because of the conformational constraint of hair-
pin-structured oligonucleotides on GO surfaces.

Results and Discussion

Characterization of GO: GO was synthesized from natural
graphite powder by a modified Hummers method.!]
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Atomic force microscopy (AFM) has been the most direct
method of quantifying the degree of exfoliation to a single
graphene sheet level after the dispersion of the powder in
water. A droplet of graphene oxide dispersion (about
0.01 mgmL™") was cast onto a freshly cleaved mica surface
and dried at room temperature. Figure 1 shows a typical
AFM image of the prepared GO. According to the cross-
section analysis, the thickness of the prepared GO is about
1.2 nm and matched well with the reported oxide thickness
of single-sheet graphene.””

Choice of oligonucleotide sequence and target DNA: Here,
a hairpin (HP)-structured oligonucleotide containing a 15-
base loop and a 5-mer stem was chosen as the recognition
element (Table 1). P1 is a conventional molecular beacon,
which was designed by attaching fluorescein (FAM) and 4-
[4'-(dimethylamino)phenylazo] benzoic acid (dabcyl)™ to
the 3’ and 5’ ends, respectively. P2 was used to examine the
effect of GO as the “nano-
quencher” and was only labeled
with FAM at the 3’ end in the
HP structure. The target single-
stranded DNA molecules T1
and T2 were 15 bases long. T1
was perfectly complementary
ooy (pc) to the bases in the loop of
° P1 and P2, while T2 contained
a single-base mismatch (sm)
within the loop. T1 is from the
sequence of the surviving tran-
script, a target that has received
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Figure 1. AFM height image of GO sheets deposited on mica substrates.
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Table 1. Sequences of the oligonucleotides and target DNA used.

FULL PAPER

fluorescence emission owing to

Type Sequence

the presence of the fluorescein-

FAM-labeled MB (P1)
FAM:-labeled HP (P2)"!
Cy5-labeled MB (P3)"
Cy5-labeled HP (P4)!
pe-DNA (T1)*
sm-DNA (T2)¥

5'-dabcyl- CGACGGAGAAAGGGCTGCCACGTCG-FAM-3'
5-CGACGGAGAAAGGGCTGCCACGTCG-FAM-3'
5'-dabcyl CGACGGAGAAAGGGCTGCCACGTCG-Cys-3'
5-CGACGGAGAAAGGGCTGCCACGTCG-Cys-3'
5-TGGCAGCCCTTTCTC-¥

5-TGGCAGCGCTTTCTC-3

based dye (curve a). However,
in the presence of GO, up to
99.1% quenching of the fluo-
rescence was observed (Fig-
ure 2A, curve b). It should be

[a] Molecular beacon; [b] hairpin-structured probe; [c] perfectly complementary target; [d] single-base-mis-

matched target (the mismatched base is underlined).

significant attention due to its potential use in cancer thera-
peutics and diagnostics.*!

In order to prove the generality of the study, we also used
another fluorescent dye (short cyanine Cy5) for analysis. P3
is a conventional molecular beacon with Cy5 and dabcyl at
the 3’ and 5’ ends, respectively. P4 was labeled only with
Cys5 at the 3’ end in the HP structure.

Fluorescence quenching efficiency of GO: To prove the po-
tential use of GO as “nanoscaffold” and “nanoquencher”
for MBs, we investigated the fluorescence emission change
of FAM-labeled hairpin-structured oligonucleotide P2
caused by GO. As showed in Figure 2A, P2 has a strong
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Figure 2. Changes in the fluorescence emissions of: A)P2, and B) P4
caused by GO. Fluorescence emission spectra of P2 and P4 in the ab-
sence (curve a) and presence (curve b) of GO, and after addition of a fi-
vefold excess of T1 in the presence of GO (curve c). The concentrations
of P2 and P4 were 50 nm.
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mentioned that when using
dabceyl, only a quenching effi-
ciency of about 92.9% was ob-
served. This observation indi-
cates the strong adsorption of
the HP-structured oligonucleotide on GO and the excep-
tional high fluorescence quenching efficiency of GO. Ac-
cording to previous studies, this efficient absorption of HP-
structured oligonucleotides is likely due to hydrophobic and
m-stacking interactions between the nucleobases and gra-
phene.”? In order to illustrate the generality of the
method, we also investigated the fluorescence emission
change of Cy5-labeled hairpin-structured oligonucleotide P4
caused by GO. A quenching efficiency of about 99.3 % was
observed (Figure 2B). These results demonstrate that GO
can efficiently quench various fluorescent dyes over a wide
wavelength range. The exceptional high fluorescence
quenching efficiency of GO might derive from the excellent
electronic transference of graphene.

DNA detection sensitivity of GO-quenched MBs: To dem-
onstrate the potential use of GO-quenched MBs in the de-
tection of target DNA, we investigated their fluorescence
restoration in the presence of target DNA. A significant en-
hancement in fluorescence was observed after addition of fi-
vefold excess of pc-DNA target T1 to P2-GO (Figure 2 A,
curve ¢). This indicated that the target DNA can hybridize
with the HP-structured oligonucleotide P2 on the GO sur-
face and release P2 from GO resulting in restoration of
fluorescence. To compare the sensitivity of GO-quenched
MBs with conventional MBs, we employed signal-to-back-
ground ratio (S/B) to reflect fluorescence restoration of dif-
ferent MBs. The S/B was defined as (Fyypria—Fouter)/
(Fvs—Foutter), Where Foyger, Fup, and Fyg,iq are the fluores-
cence intensities of the plain buffer solution, the MB with-
out target, and the MB-target hybrid, respectively.'”] As
shown in Figure 3, the strong background fluorescence of P1
and P3 led to lower S/B ratios. In contrast, since the excep-
tional high fluorescence quenching efficiency of GO can de-
crease background fluorescence intensity, the S/B ratios of
P2-GO and P4-GO generated by addition of T1 are signifi-
cantly improved compared to P1 and P3. This comparison
clearly demonstrates that GO can greatly improve the S/B,
and consequently, the sensitivities of MBs.

Figure 4 shows the fluorescence intensity changes of P2-
GO upon addition of different concentrations of T1. A dra-
matic increase in FAM fluorescence intensity was observed
as the target DNA concentration was increased from 5 to
500 nM. The detection limit (taken to be three times the
standard deviation in the blank solution) was 2.0 nM, which

— 4891

www.chemeurj.org


www.chemeurj.org

CHEMISTRY

H.-H. Yang, X. Chen et al.

A EUROPEAN JOURNAL

40 -

30 4

1l

P2-GO P4-GO

S/B

Figure 3. Comparisons of the signal-to-background ratio (S/B) of the
MBs generated by a fivefold excess of the pc-DNA target T1. The con-
centrations of P1, P2, P3 and P4 were 50 nm. The columns represent
mean values of three measurements.
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Figure 4. Fluorescence emission spectra of P2-GO (50 nm) in the pres-
ence of different concentrations of T1. Inset: signal-to-background ratio
(S/B) plotted against the concentration of T1.

is 16-fold lower than that of the conventional MB, P1. The
significantly improved S/B and sensitivity compared to con-
ventional MBs will help future biomedical applications of
GO-quenched MBs.

DNA detection selectivity of GO-quenched MBs: One of
the significant advantages of MBs is that they have high se-
lectivity with which they can be used to detect target se-
quences. In this study, we compared the single-base mis-
match selectivity of GO-quenched MB and a conventional
MB. Two MBs were used: one is the conventional MB (P1)
and the other is the GO-quenched MB (P2-GO). Using
either of the two MBs we were able to distinguish between
the perfect target and the single-base mismatch one, but the
selectivity differs significantly. The selectivity described
herein was determined by examining the fluorescence re-
sponses of P1 and P2-GO toward pc-DNA T1 and sm-DNA
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T2. Figure 5 A displays the fluorescence emission spectra of
P1 in the presence of fivefold T1 and T2. The fluorescence
intensity enhancement value by T2 (curve b) was 78% of
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Figure 5. Changes in the fluorescence emissions of P1 and P2-GO.
A) Fluorescence emission spectra of P1 (curve c¢) with a fivefold excess
of T1 (curve a) or fivefold excess of T2 (curve b). B) Fluorescence emis-
sion spectra of P2-GO (curve c) with a fivefold excess of T1 (curve a) or
fivefold excess of T2 (curve b).

that by T1 (curve a). Meanwhile, as shown in Figure 5B, the
fluorescence intensity enhancement value of P2-GO by the
T2 (curve b) was 30 % of that by T1 (curve a). These results
reveal that the single-base mismatch selectivity of P2-GO is
significantly greater than that of P1.

In order to demonstrate the single-base-mismatch selec-
tivity of the GO-quenched MB more clearly, we introduced
a selectivity coefficient, a, defined as a=(S/B),/(S/B)i;,
where (S/B);; is the S/B value for the MB, i, in the presence
of DNA target, j, and (S/B);; is that for the same MB in the
presence of target, j’.l"") Here we used the selectivity of each
MB for T1 as the standard (a=1). Therefore, we can calcu-
late the selectivity coefficient of P1 and P2-GO. The selec-
tivity coefficient of P1 for T2 over T1 was a=0.732, while
the selectivity coefficient of P2-GO for T2 over T1 was a=
0.246. We also calculated the selectivity coefficient of P3
and P4-GO. The selectivity coefficient of P3 for T2 over T1
was a=0.783, while the selectivity coefficient of P4-GO for
T2 over T1 was a=0.267. The results show that the use of

Chem. Eur. J. 2010, 16, 4889 —4894
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GO as the “nanoquencher” can greatly improve the single-
base-mismatch selectivity of an MB. The enhanced selectivi-
ty might be due to the conformational restriction of the HP-
structured oligonucleotides on the graphene surface. It must
be mentioned that the use of SWNTs as “nanoquencher”
only slightly improves the single-base-mismatch selectivi-
ty13

The efficiency of GO was also compared with that of
SWNTs. With their exceptional quenching capability,
SWNTs have been successfully used to construct MBs.
When used as the quencher in an MB, the average quench-
ing efficiency of SWNTs to FAM has been shown to be as
high as 98%. GO showed a higher quenching efficiency
(99.1%) than SWNTs. In addition, the use of GO with MBs
can greatly improve their DNA detection sensitivity and
single-base-mismatch selectivity. Furthermore, compared to
the SWNTs, GO is easier to prepare and manipulate.

Kinetic behavior of GO-quenched MBs: The kinetic proper-
ties of GO binding and subsequent DNA hybridization of
the fluorescent oligonucleotide are fundamentally different
from those of conventional MBs. Figure 6, curve a shows the
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Figure 6. Fluorescence quenching of P2 (50 nm) by GO as a function of
time (curve a) and fluorescence restoration of P2-GO by T1 (250 nm) as
a function of time (curve b).

fluorescence quenching of P2 in the presence of GO as a
function of incubation time. Single-stranded DNA adsorp-
tion on the surface of GO is very fast at room temperature.
It reaches equilibrium in 5 min. However, the formation and
release of the double-stranded DNA from GO is relatively
slow and needs almost 1h (Figure 6, curve b). It must be
mentioned that hybridization of GO-quenched MB and
target DNA is slower than that of conventional MBs and
target DNA (conventional MB P1 and fivefold T1 hybridiza-
tion reaches equilibrium in 30 min). This difference could be
because the HP-structured oligonucleotide is strongly ad-
sorbed on GO surface, thus decreasing the probability and
tendency of hybridizing with complementary DNA.
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Conclusion

In summary, we report a new highly sensitive, selective and
economical method that uses molecular beacons with gra-
phene oxide as the “nanoquencher”. The key components of
the novel graphene oxide-quenched molecular beacon are
the HP-structured fluorescent oligonucleotide and graphene
oxide sheet, which functions as both “nanoscaffold” for the
oligonucleotide and “nanoquencher” for the fluorophore.
The proposed graphene oxide-quenched MB has three dis-
tinguished features. 1) The graphene oxide-quenched MB
needs only one labeled fluorophore. This design provides a
more convenient one-step synthesis/purification protocol
compared to conventional molecular beacons. 2) Graphene
oxide shows exceptionally high fluorescence quenching effi-
ciency. The graphene oxide-quenched MB method has a
higher sensitivity than conventional molecular beacon meth-
ods. 3) Using graphene oxide can greatly improve the single-
base-mismatch selectivity of a molecular beacon because of
the conformational constraint of the HP-structured oligonu-
cleotide on the graphene oxide surface. Due to the cellular
delivery ability of graphene oxide, graphene oxide-quenched
MBs could be applied to challenging applications involving
cellular and physiological problems. Currently, intensive re-
search on the use of graphene oxide-quenched molecular
beacons for imaging of mRNA in live cells is being conduct-
ed in our laboratory, and will be communicated in due
course.

Experimental Section

General: Oligonucleotides were synthesized by Shanghai Sangon Bio-
technology Co. (China). Fluorescence measurements were performed on
a Hitachi F-4600 fluorometer (Hitachi Co. Ltd., Japan). AFM images
were recorded by using a Nanoscope IIla multimode atomic force micro-
scope (Veeco Instruments, USA) in tapping mode to simultaneously col-
lect height and phase data.

Synthesis of graphene oxide (GO): GO was synthesized from natural
graphite powder by a modified Hummers method.?!) Briefly, graphite
powder (2 g) was ground with NaCl to reduce the particle size. After re-
moving the salt, the graphite was added to concentrated H,SO, (80 mL)
and stirred for 2 h. Afterwards, KMnO, (10 g) was added gradually while
the solution was stirred and the temperature of the mixture was kept to
less than 20°C. Successively, the mixture was stirred at 35°C for 2 h. The
temperature was maintained below 50°C and distilled water (180 mL)
was added; then the mixture was stirred at room temperature for 3 h.
The reaction was ended by a final addition of distilled water (450 mL)
and H,0, (30%, 20 mL) solution. Finally, the mixture was repeatedly
washed with 1:10 HCI aqueous solution, and then with distilled water.
Exfoliation was carried out by sonicating the GO (2 mgmL™") dispersion
under ambient conditions for 4 h.

Fluorescence quenching and hybridization assays: The working solution
containing the fluorescent oligonucleotide was obtained by dilution of
the stock solution to a concentration of 50 nm by using Tris-HCI buffer
(20 mm, pH 7.4, containing 100 mm NaCl, 5 mm KCI, 5 mm MgCl,). An
aliquot of the GO suspension (about 0.04 mgmL™") was added to the flu-
orescent oligonucleotide (P2 or P4) working solution and incubated for
Smin. A fivefold molar excess of complementary target T1 was then
added to the GO-fluorescent oligonucleotide mixture and allowed to hy-
bridize for 2 h at room temperature. Afterwards, the fluorescence of the
mixture was detected. The control solution without target was obtained

www.chemeurj.org
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by addition of the same volume of water to the GO-fluorescent oligonu-
cleotide mixture solution. In order to compare the molecular recognition
ability of the GO-quencher beacon with that of the conventional MBs,
similar titrations were carried out with the conventional MBs (P1 and
P3), which had dabcyl as the quencher.
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