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Fluorescence-based detection of single-nucleotide
changes in RNA using graphene oxide and
DNAzyme†

Chaesun Hong,a Dong-Min Kim,a Ahruem Baek,a Hyewon Chung,b Woong Jungc

and Dong-Eun Kim*a

We report a simple fluorometric method for detection of single-

nucleotide changes in RNA using graphene oxide (GO) and RNA-

cleaving DNAzyme. The fluorescent DNA probe (F-DNA) was annealed

to RNA fragments generated by RNA cleavage with DNAzyme specific

to mutant RNA. The F-DNA–RNA duplex attenuated the quenching of

F-DNA fluorescence by GO.

Single-nucleotide polymorphisms (SNPs) are DNA sequences
containing a difference in a single nucleotide. SNPs in the human
genome may vary depending on individual differences and ethnicity.
Some SNPs are related to diseases and drug efficiency. Thus,
these SNPs can serve as biomarkers for medical diagnosis at the
early stage of the diseases.1 As an example, drug resistance in
leukemia is often caused by multiple SNPs in the leukemogenic
gene. Imatinib, which is used as a targeted drug for Bcr-Abl-
positive leukemia such as chronic myeloid leukemia (CML), often
fails to show efficacy in patients with mutations in the Abl gene.
Imatinib is a first-line specific inhibitor of BCR-ABL tyrosine kinase
(TK), which binds to the kinase domain of ABL and prevents ATP
from binding.2 Among the imatinib-resistant SNPs, the T315I
mutation, in which threonine (T) at position 315 of BCR-ABL
TK is replaced with isoleucine (I) because of a single base change
(C to U) in the Abl gene,3 occurs in Bcr-Abl-positive CML for which
no other treatment regimens are available.

Accurate methods of SNP detection are needed for diagnosis
and prognosis of SNP-related diseases and for the prescription
of personalized medicine. To date, various methods for detec-
tion of SNPs have been developed, including SNP genotyping
methods using MALDI mass spectrometry,4 allele-specific

enzymatic amplification,5 probe-mediated clamping PCR6 and
real-time PCR.7 These conventional methods are primarily
applied to detection of point mutations in DNA. However, the
expression level of the Bcr-Abl gene containing SNP is more
associated with CML progression and the response to imatinib.
Thus, in addition to genotyping of SNPs in the Bcr-Abl gene,
quantitative detection of RNA transcripts containing the point
mutation would be beneficial for assessing prognosis after drug
treatment. As compared with diverse methods of SNP detection
in DNA, methods for SNP detection in RNA transcripts are very
limited. Therefore, we previously developed a quantification
method for detection of mutant RNA harboring the T315I point
mutation.8 Despite its efficacy for quantitative detection of
mutant RNA, the requirement of radioisotope-labeled RNA
and mass spectrometry would hamper its convenient use for
SNP detection at the RNA level.

Graphene oxide (GO) is a water-soluble derivative of graphene
and is a single-layer form of graphite oxide, a compound of carbon,
oxygen, and hydrogen. GO has high affinity to single-stranded
nucleic acids through pi-stacking interactions and hydrogen
bonds. However, GO shows weak affinity to double-stranded
nucleic acids.9 GO can quench nearby fluorescence through
transfer of energy from the fluorophore to the pi-system of GO.10

Based on these properties, GO has been widely used as an analytical
tool for detecting nucleic acids or proteins.

RNA-cleaving deoxyribozyme (DNAzyme) is a catalytic oligo-
DNA that can cleave RNA in a sequence-specific manner.
The 10–23 DNAzyme contains a 15-nucleotide catalytic core
sequence and flanking sequences of 7–8 nucleotides for sub-
strate binding (substrate binding arms). DNAzyme can bind to
specific RNA through Watson–Crick base-pairing and can
cleave phosphodiester bonds of the target RNA located between
an unpaired purine and pyrimidine.11 We previously prepared
DNAzyme that can specifically bind to and cleave ABL RNA
containing the T315I mutation (see ESI,† Fig. S1).12 The T315I
DNAzyme cleaves the phosphodiester bond between A and U in
mutant ABL RNA, but does not act on the A–C bond at the same
site in wild-type ABL RNA.
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Here, we introduce a mutant RNA detection and quantification
method employing a simple and convenient experimental protocol,
by using fluorescent DNA probes and RNA-cleaving DNAzyme with
a fluorescence-quenching GO platform. The strategy for quantita-
tive detection of mutant RNA using DNAzyme relies on different
fluorescence signals using the fluorescent ssDNA probe and GO.
The GO used in this study comprises homogenous single-layered
sheets (see ESI,† Fig. S2).

As shown in Scheme 1, a fragment of ABL RNA (45-mer) with
or without the point mutation (C to U) mimicking the ABL gene
harboring the T315I SNP and the T315I DNAzyme were used as
a model system. In the presence of the T315I mutation in ABL
RNA, the RNA substrate fragmented into 22-mer and 23-mer
RNAs, whereas the T315I DNAzyme did not act on the wild-type
ABL RNA without cleavage of RNA. After the T315I DNAzyme
treatment, FITC-labeled DNA probes (F-DNA) were added to the
DNAzyme reaction mixture. F-DNA is complementary to 23
nucleotides of the 50-terminal of ABL RNA and can anneal to
a cleaved product of T315I mutant RNA, generating a 23-base-
pair RNA–DNA duplex. GO is then added to the reaction
mixture, and the fluorescence of these RNA–DNA duplexes
generated from the T315I mutant RNA is not quenched by GO
because of their double-stranded form. In contrast, wild-type ABL
RNA that is not cleaved by T315I DNAzyme forms the RNA–DNA
partial duplexes with a 22-mer RNA overhang at the 30-terminal.
The partial duplex RNA–DNA is readily absorbed onto GO with
significant fluorescence quenching.13 Thus, the existence of SNPs
can be quantitatively detected by measuring the fluorescence
intensity after addition of GO to the reaction mixture.

First, we examined the sequence-specific cleavage of the RNA
by T315I DNAzyme used in the assay system. When the T315I
DNAzyme was mixed with T315I mutant or wild-type ABL RNA for
2 h, a cleaved RNA fragment of expected size was clearly observed
only in the T315I mutant ABL RNA (Fig. 1a). In contrast, wild-type
ABL RNA was not cleaved by DNAzyme. This result indicates that
T315I DNAzyme specifically cleaves T315I mutant ABL RNA,
whereas it has no effect on the wild-type ABL RNA.

Next, we attempted to monitor the fluorescence difference in
RNA cleavage products by adding the F-DNA probe and GO to
the reaction mixture. After the RNA cleavage reaction with
DNAzyme, F-DNA was added to hybridize with RNA fragments
and GO was subsequently added to the F-DNA–RNA product

mixture. The fluorescence intensity of T315I mutant ABL RNA
and wild-type ABL RNA was markedly different (Fig. 1b); the
fluorescence of the wild-type ABL RNA was significantly quenched
compared to that of the T315I mutant ABL RNA. Because the wild-
type ABL RNA was not cleaved by DNAzyme, the RNA–F-DNA duplex
containing the single-stranded overhang was adsorbed onto GO
with strong fluorescence quenching of the annealed probe. The
optimal concentration of GO was determined to obtain maximal
differences of fluorescence intensity between the T315I mutant
and wild-type ABL RNA. Increasing concentrations of GO were
added to the F-DNA–RNA product mixture, and 30–50 mg mL�1

GO was chosen as the optimal concentrations to detect the point
mutation with a significant difference in fluorescence in our assay
system (Fig. 1c).

Next, we tested the feasibility of monitoring the fluorescence
signals in a 96-well plate by obtaining fluorescence images. As
depicted in Fig. 2a, five different controls were included for
comparison with the reaction occurring in the presence of wild-
type RNA or mutant RNA. RNA fragments annealed to the probe
DNA exhibited fluorescence with different intensities depending
on the presence of a single-stranded tail. The complete duplex
RNA–F-DNA hybrid showed a stronger fluorescence than the
tailed RNA–F-DNA duplex (Fig. 2b). It is noteworthy that inclusion
of the DNAzyme in the reaction enhanced background fluorescence.
It is likely that the single-stranded DNAzyme competes with the
RNA–F-DNA duplex for adsorption onto the GO surface, resulting
in enhanced background fluorescence.13 Thus, the presence of the
single-stranded portion in the RNA–DNA duplex indeed generated
a difference in fluorescence in the 96-well plate. The fluorescence
of fully single-stranded F-DNA was quenched to a basal level.

Scheme 1 Schematic illustration of quantitative detection of T315I
mutant RNA using the GO-based fluorometric assay.

Fig. 1 (a) RNA cleavage assay with T315I DNAzyme. The cleavage product
was analyzed by denaturing 10% PAGE (w/v) and visualized with SYBR Gold.
(b) Fluorescence emission spectra obtained after DNAzyme reactions
containing either the T315I mutant or wild-type ABL RNAs as RNA sub-
strates. F-DNA annealing and subsequent GO addition provides different
fluorescence emission profiles (lex = 495 nm). The maximal emission
fluorescence at 518 nm was measured. (c) Fluorescence quenching analysis
with different GO concentrations. Each RNA–F-DNA hybrid reaction
mixture was mixed with a solution containing various concentrations
of GO. Fluorescence was measured using a multilabel plate reader (lex =
485 nm and lem = 535 nm). The difference in fluorescence intensities
between WT and MT was plotted against GO concentrations.
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As expected, the DNAzyme reaction with T315I mutant ABL
RNA resulted in higher fluorescence than that with wild-type
ABL RNA (Fig. 2b). Because the fluorescence in the 96-well plate
was quantitatively measurable using a fluorescence plate
reader, we were able to measure the amount of mutant RNA
using the 96-well plate platform (Fig. 2b).

To evaluate the selectivity of our assay method to detect
mutant RNA, an RNA mixture containing T315I mutant RNA
and wild-type ABL RNA was used for the DNAzyme reaction.
Various ratios of mutant and wild-type RNA were contained in
the reaction mixture, whereas the total amount of RNA was
fixed. The fluorescence intensity increased with an increasing
ratio of T315I mutant ABL RNA in the mixture (Fig. 3a). A linear
correlation between the increase of fluorescence signal and
concentration of T315I mutant ABL RNA in the mixture was

clearly observed in the 96-well plate. In addition, the same
experiment was performed using wild-type ABL RNA with
varying amounts of T315I mutant ABL RNA. Gradual increases
in fluorescence intensity with increasing amounts of T315I
mutant ABL RNA in the mixture containing a fixed amount of
wild-type RNA (15 nM) were observed as a linear plot (see ESI,†
Fig. S3). Hence, our assay method is suitable for quantitative
detection of mutant RNA.

To assess the quantitative sensitivity of the GO-based SNP
detection system, we measured the fluorescence intensity with
decreasing RNA concentrations. The differences in fluores-
cence intensity between T315I mutant ABL RNA and wild-type
RNA linearly increased as the concentration of the RNA increased
(Fig. 3b). In the range from 1.5 to 15 nM, the fluorescence signi-
ficantly increased as the concentration of T315I mutant ABL RNA
increased, whereas the fluorescence of wild-type ABL RNA showed
only a slight change. Because the difference in fluorescence
between T315I mutant and wild-type ABL RNA exhibited a linear
correlation with RNA concentration within the range from 1.5 to
15 nM, the lower limit of detection (LLOD) was estimated from
LLOD = 3.3 � (SD/S) with a 1% confidence level, where SD is the
standard deviation of the response and S is the slope of the
standard curve in the linear region. According to this formula,
the LLOD of the GO-based mutant RNA detection system was
calculated to be 1.25 nM, which indicates that our GO-based SNP
RNA detection system can detect mutant RNA in amounts as low
as 1.25 nM (corresponding to 17 ng in the sample).

In conclusion, we developed a quantification method for
mutant RNA containing single-base changes using RNA-cleaving
DNAzyme and fluorescence-quenching GO. The GO-based RNA
SNP detection system involves three steps: (i) DNAzyme specifically
cleaves target mutant RNA, forming RNA fragments; (ii) the cleaved
RNA fragment forms an RNA–DNA duplex by hybridizing with
FITC-labeled probe DNA; and (iii) the use of GO in a 96-well plate
and fluorescence measurement permits quantitative analysis of the
relative amounts of mutant RNA in the sample. Our method holds
several advantages over previously reported methods for detection
of SNPs in RNA. Previously, we developed methods to quantitatively
detect SNP in RNA containing a single-base mutation by using
PNA-directed clamping PCR,6b RNA nick-joining or nick-generation
method,8a and MALDI-MS analysis of RNA fragments.8b In those
methods, isotope-labelled RNAs with extensive gel analysis or
expensive mass spectrometers are needed, and the detection limit
for the mutant RNA has not been rigorously estimated. First, our
newly developed method is more efficient and convenient than the
previously reported methods with a superb detection limit for the
mutant RNA in sample. Second, the graphene oxide platform
enables us to easily detect SNPs in RNA through fluorescence
ON/OFF in a 96-well plate without requiring cumbersome gel
electrophoresis. In the presence of SNPs in RNA, the cleaved RNA
forms a complete duplex with F-DNA. Thus, the fluorescence is not
quenched by GO. In contrast, in the absence of SNPs in RNA, the
RNA–F-DNA duplex containing a single-stranded portion is absorbed
onto the GO surface with fluorescence quenching. This method can
be developed for the simultaneous detection of multiple SNPs by
using several DNAzymes and corresponding fluorescent DNA probes

Fig. 2 GO-based fluorescence quenching assay for mutant RNA detec-
tion in a 96-well plate. (a) Diagram illustrating components in each
reaction mixture for control reactions and DNAzyme reactions. (b) Upper
panel shows a fluorescence image of a 96-well plate that reflects the
amounts of RNA fragments present in the reaction mixture. The FITC
fluorescence was quantified using a multilabel plate reader at an excitation
wavelength of 485 nm and an emission wavelength of 535 nm.

Fig. 3 (a) Selectivity of the GO-based fluorescence quenching assay for
mutant RNA detection using RNA mixtures containing T315I mutant and
wild-type ABL RNAs at differing ratios. Upper panel shows a fluorescence
image of a 96-well plate. FITC fluorescence was measured using a multilabel
plate reader and plotted against the mixing ratios of RNA substrates.
(b) Sensitivity of the GO-based fluorescence quenching assay using
decreasing RNA concentrations. Upper panel shows a fluorescence image
of a 96-well plate that reflects the amount of F-DNA not adsorbed onto
GO. The difference in fluorescence intensity between the WT and MT was
plotted against the RNA concentrations. A linear relationship was observed
between the difference in fluorescence intensity and RNA concentrations
used in the assay.
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in a 96-well format within an hour following the RNA-cleavage
reaction. For clinical applications, in vitro transcripts from amplified
genomic DNA or mRNA from leukemic cells should behave as
potential substrates. Thus, GO-based RNA detection would be
a simple and convenient method for quantitative detection of
single-base differences in pathogenic RNAs from patient samples.

This work was supported by National Research Foundation
grants funded by the Korean Government (2012M3A9B2028336).
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