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Based on graphene oxide-protected DNA probes, we have

developed a cyclic enzymatic amplification method for sensitive

miRNA detection in complex biological samples. By using the

quenching nature of graphene oxide for multiple fluorophores,

this method can distinguish highly similar miRNA sequences and

detect them simultaneously.

MicroRNAs (miRNAs) are 19–25 nt non-coding RNAs that

are processed from longer endogenous hairpin transcript by

the enzyme dicer.1 Several hundred miRNAs are encoded in

the human genome and dozens have now shown to regulate a

diverse variety of cellular processes, both in normal physiology

and in disease.2 Method for sensitive and selective detection of

miRNAs is of great significance to miRNA discovery, study

and clinical diagnosis.3 Currently, there are many methods

developed for the detection of miRNAs, including northern

blotting with LNA probes,4 nanoparticle amplification methods,5

quantitative RT-PCR,6 RCA7 and so on.8 While these

methods are able to detect miRNA with good sensitivity and

selectivity, there is still great demand for innovative detection

methods because of several reasons. First of all, many current

techniques require specialized and expensive equipments/

reagents and some involved sophisticated and time-consuming

processes, which increase the experimental cost and complexity.

Secondly, the ability to distinguish highly related miRNAs is

still in great demand to improve. For example, in homo-

geneous assays, it remains a challenge to profile expression

of multiple miRNAs together to analyze miRNA signatures

among various samples. Thirdly, most of the reported methods

require relatively clean samples, which precludes in situ analysis

of miRNAs in complicated biological samples. As a result, it is

imperative to develop simple, sensitive, cost-effective and

homogeneous methods for multiplex miRNA detection in

complex biological samples.6

In recent years, as a novel inorganic nanomaterial, graphene

has become extremely popular in nanoelectronics and biological

applications.9 It has been reported that graphene oxide (GO)

can bind and quench a dye-labeled single-stranded DNA

(ssDNA) probe, while having less affinity toward double-

stranded DNA.10 Based on this finding, GO has been used

as a platform for the detection of DNA, proteins, nucleases,

small molecules and metal ions.11 Moreover, Lin et al. has

proven that ssDNA adsorbed on GO surface is effectively

protected from enzymatic digestion by nuclease,12 which

inspired new applications in biotechnology and biomedical

fields. For example, Wang and Lu designed amplified ATP

assay platform for sensitivity ATP detection in vivo and

in vitro, respectively.13

In this work, combining GO-protected DNA probes and

cyclic enzymatic amplification method (CEAM) we have

reported previously,14 we developed a new platform for simple,

sensitive and multiplex analysis of miRNA in complex biological

samples. This method relies on DNase I and a single-labeled

DNA fluorescent probe adsorbed on GO. DNase I is an

endonuclease that nonspecifically cleaves DNA and releases

di-, tri- and oligonucleotide products. Furthermore, it acts on

single- and double-stranded DNA, chromatin and DNA

stranded in RNA/DNA complex, while it is not active on

RNA. As illustrated previously,12 single stranded DNA is

promptly adsorbed onto GO forming strong molecular inter-

actions that prevent DNase I from approaching the

constrained ssDNA. However, when hybridized with miRNA,

the double-stranded DNA/miRNA bind weakly to GO and

will release into solution where the DNA probe can immedi-

ately be hydrolyzed by DNase I while the miRNA remains

intact. The working principle of our method is illustrated in

Fig. 1. In the absence of miRNA, different dye-labeled probes

are in a flexible single strand state and adsorb on the GO and,

as a result, the probes are non-fluorescent due to the efficient

quenching of dyes by GO. Upon the addition of specific

miRNA, the miRNA/probe complex desorbed from the GO

surface and the probe becomes fluorescent. More importantly,

the released complex will immediately become a substrate for
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DNase I digestion and subsequently releasing the miRNA to

bind to another probe on GO to initiate a next round of

cleavage. This cyclic reaction will repeat again and again until

all the related-probes are consumed and all fluorophores light

up, resulting in a significant fluorescent signal amplification.

Because of the cyclic use of miRNA, theoretically one target

miRNA sequence can initiate numerous probe digestion,

which leads to a highly sensitive miRNA detection method.

Meanwhile, since GO is a highly efficient quencher for almost

all fluorophores,10 it allows simultaneous quenching of multiple

different dyes. As a result, a multicolor sensor for analysis of

different miRNAs in complicate biological solutions can be

developed when different probes with corresponding fluoro-

phores are applied.

To demonstrate the working principle of our assay, let-7

miRNA family members are used as targets because their

sequences are very similar (Table S1w) and their expression

levels are closely associated with cell development and human

cancers. A DNA probe P-7a complementary to let-7a with the

following sequence was prepared: 50-AAC TAT ACA ACC

TAC TAC CTC A-TMR-30. Protective properties of GO for

probe was first confirmed by gel electrophoresis. As shown in

Fig. 2(A), the free probe (lane 4) and probe hybridized with

complementary miRNA (lane 6) were digested completely

after the incubation with DNase I for 1 h, while the miRNA

(lane 5) and miRNA that hybridized with probe (lane 6 upper

band) remained intact. By contrast, there was no detectable

hydrolysis of the probe in the presence of GO after 1 h (lane 7)

incubation with DNase I. However, as shown in lane 8, when

the probe hybridized with miRNA, the probe can be completely

digested even in the presence of GO, indicating that the

miRNA/probe complex has desorbed from the GO, and then

the probe was digested by DNase I. The gel electrophoresis

results clearly suggested that probe can be protected by GO,

while addition of complementary miRNA will lead to the

formation of miRNA/probe complex, following by the release

of the complex from GO surface and subsequent digestion of

probe by DNase I. The result also confirms that miRNA

remained unchanged even in the presence of DNase I (lane

5, 6). The adsorption and desorption processes of the probe

were further confirmed by fluorescence measurements. As

shown in Fig. 2(B), the probe was highly fluorescent in its

free form and quantitatively quenched in the presence of GO,

suggesting efficient adsorption and fluorescence quenching of

the probe by the GO. In contrast, addition of complementary

target miRNA immediately led to the restoration of fluores-

cence, suggesting the desorption of probe from the GO surface

in form of miRNA/probe complex. We then examined CEAM

at low target miRNA concentration by monitoring the fluores-

cence intensity. As shown in Fig. 2(C), with the addition of a

low concentration of miRNA (i.e. 0.1 nM) to the solution of

probe/GO, no apparent increase in fluorescence intensity was

observed because the target concentration was too low to be

detected by a normal hybridization assay. We then added

DNase I to the reaction mixture, and a rise in fluorescence

intensity was observed instantaneously, signifying a quick

cleavage of the probe and recycling of miRNA. These results

confirmed that CEAM indeed took place as expected.

The cyclic use of a single miRNA to release numerous

probes can lead to a sensitive miRNA detection method. We

measured the fluorescence intensity with different target

concentrations using this method. Fig. 3(A) illustrates the

fluorescence intensity observed upon different concentrations

of targets. The results show that fluorescence intensity increases

as the concentration of the targets increased. Fig. S1w plots the
relationship between fluorescence intensity change and target

miRNA concentration. The fluorescence intensity change exhibits

a good linear positive correlation towards miRNA concentrations

within the range from 20 pM to 1 nM. The detection limit was

calculated to be 9 pM(3s). It is worthy pointing out that such

Fig. 1 Working principle of cyclic enzymatic amplification method

for multiplex miRNA analysis based on graphene oxide protected and

quenched ssDNA probes.

Fig. 2 (A) Gel electrophoresis results of probe/miRNA and probe/

miRNA-GO with and without DNase I treatment. Lane 1: probe, lane

2: miRNA, lane 3: probe + miRNA, lane 4: probe after DNAase I

digestion, lane 5: miRNA after DNase I digestion, lane 6: probe +

miRNA after DNase I digestion, lane 7: probe/GO complex after

DNase I digestion, lane 8: probe/GO + miRNA after DNase I

digestion. (B) Fluorescence emission spectra of probe (100 nM) at

different conditions. (C) Time course study of CEAM at target

concentration of 0.1 nM.

Fig. 3 (A) Time course of CEAM at different target miRNA concen-

tration. (B) Multiplex and sequence selective analysis of miRNA.
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a high sensitivity is achieved in less than 20 min. To confirm

that the high sensitivity of miRNA detection is a result of the

CEAM, control experiments with target at various concentra-

tions reacting in the absence of DNase I were also carried out

(Fig. S2w). However, the detection limit is only 5 nM, which is

three orders of magnitude less sensitive than CEAM.

Since miRNA families often possess closely related

sequences with high homology (1- or 2-nt difference), it is

important yet challenging to profile the expression of several

miRNAs simultaneously. In this work, by using the highly

efficient quenching nature of GO for multiple fluorophores

and CEAM, we can distinguish highly similar let-7 miRNA

sequences and detect them simultaneously. As a proof of

concept, three probes, P7a, P7e, and P7i, which are comple-

mentary to let-7a, let-7e and let-7i, were labelled with TMR,

FAM and Cy5, respectively. To four eppendorf tubes containing

all three probes, let-7a only, let-7e only, let-7i only, and a

mixture of let-7a, let-7e and let-7i were added, respectively. As

shown in Fig. 3(B), when only one type of target was added,

the solution only emitted light of the corresponding fluoro-

phore of the respective probe. For example, when only let 7a

was added, signal increase was observed in the TMR channels,

while only weak signal change was observed in the FAM and

Cy5 channels. In contrast, when all targets were present,

fluorescence was observed in all three detection channels. It

is noticeable that these miRNAs have either four (let-7a vs. let-7i)

or only one (let-7a vs. let-7e) base different. Therefore, it is

difficult to discriminate them by other hybridization-based

methods. These results clearly demonstrate the feasibility of

multiplex detection of miRNA with single base selectivity in a

single tube.

As mentioned above, single-stranded DNA adsorbed on

GO surface is effectively protected from enzymatic cleavage of

DNase I. Thus, it should be able to work in complex biological

samples. To test this possibility, cell media was used as model

matrix for our assay. As shown in Fig. S3A, the GO-protected

probes work well in cell media. With the increase of target in

cell media, fluorescence intensity increased proportionally.

The detection limit in cell media was found to be about 25 pM,

which is similar to that obtained in a pure buffer solution.

Then we measured mir-21 miRNAs in cell lysate from two cell

lines including the lung carcinoma cell line A-549 and mammary

epithelial cells MCF-10A. The results showed that mir-21 had

different expression levels between MCF-10A and A549 cell

lines (Fig. S3B). It is in good accordance with previous reports

of up-regulated expression of mir-21 in solid tumors.1

In conclusion, we have developed a new type of GO-

protected biosensor for sensitive and multiplex analysis of

miRNAs in complex biological samples. The advantages of

this method include high sensitivity, excellent selectivity,

multiplexing capability, rapidity and simplicity. Due to low

signal background and cyclic DNase I-assisted signal amplification,

the sensitivity of the method is much higher than that of

standard northern blot and microarray-based methods.3 It is

three orders of magnitude more sensitive than traditional

hybridization assays. The proposed method can also discriminate

one-base difference between miRNA molecules, which was a

very important factor in miRNA detection. More significantly,

relying on the highly efficient quenching nature of GO for

multiple fluorophores, our method can detect multiple highly

similar miRNA sequences in homogeneous solution. Further-

more, our method allows direct detection of miRNA targets in

complicated biological samples without any sample pre-treatment,

which greatly simplifies the assay procedure and results in

rapid detection. Therefore, the proposed method may open up

a new possibility for routine miRNA analysis.
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