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Here we report a reduced graphene oxide-assisted rolling 

circle amplification for the detection of miRNA SNPs. The 

difference of the signal of a miRNA SNP reaches 100 fold, a 

value over 10 times larger than some current methodologies, 

which allow the discrimination of a SNP even with naked eyes.  

MicroRNAs (miRNAs) are endogenous non-coding RNAs with a 

length of 17-25 nucleotides (nt).1 They play important regulatory 

roles in various normal and pathologic processes by targeting 

mRNAs for cleavage or translational repression.2 Recent studies 

have also implicated miRNAs in a wide range of diseases including 

cancers, cardiovascular and cerebrovascular diseases, nervous 

system disease, etc.3 The expression levels of some individual 

miRNAs may serve as promising diagnostic and prognostic 

biomarkers as well as new targets for therapy.1,4 

Single nucleotide polymorphisms (SNPs) are important variations 

which may lead to phenotypes, traits, and diseases.5 Because each 

miRNA may regulate hundreds of genes, miRNA SNPs especially 

those located in mature miRNAs (MIRs) can result in a high 

incidence of extensive cellular transformation and various diseases.6 

In recent decade, a number of miRNA SNPs have been defined and 

demonstrated to affect certain physiological processes or relate with 

many kinds of diseases.7 For example, Duan et. al. found that mature 

miR-125a had a variant allele at the eighth nucleotide, which might 

significantly block the processing of pri-miRNA to pre-miRNA, in 

addition to reducing miRNA-mediated translational suppression.7a 

Jazdzewski et. al. otherwise reported that common SNP in pre-miR-

146a decreased mature miRNA expression and predisposed to 

papillary thyroid carcinoma.7b Another study showed that mutations 

in the seed region of human miR-96 were responsible for 

nonsyndromic progressive hearing loss.7c To facilitate the access of 

various miRNA SNPs, Gong et. al. also created a miRNA SNPs 

database.8 Despite of these previous efforts, it is believed that only a 

small part of miRNA SNPs has been revealed,8 and a large amount 

of SNPs remains to be investigated. 

Owing to the significance of miRNA in diagnosis and therapy, 

development of methodologies for the sensitive detection of miRNA 

is becoming a hot area.9 Other than the efforts on the improvement 

of conventional biological tools (e.g. RT-PCR and Northern blot),10 

a variety of innovative methods including nanoparticles-based 

assays,11 enzyme-linked assays,12 isothermal amplification-based 

technologies,13 etc, have also been developed. However, it is noted 

that detection of miRNA SNPs is rarely reported, despite of the 

importance of miRNA SNPs. Most of the reported miRNA SNPs 

were based on the detection of miRNA genes but not the miRNAs 

themselves. A main reason is the low ability of the current 

methodologies for the discrimination of single-base mutation of 

miRNAs. The high sequence homology among family miRNA 

members (e.g. let-7 family differs by only one or two nucleotides) 

and the small size of miRNA also make things harder. Though 

several fold difference of the signal between a wild miRNA and a 

single-base mutant can be achieved during the detection of miRNA 

in some reports,14 a puzzle remains, that is whether the difference 

should be ascribed to a SNP or the repressed expression of the target 

miRNA. Therefore, a major challenge is to develop methods able to 

detect miRNAs with ultrahigh specificity. 

Graphene has attracted a great research interest in biological 

applications.15 It is also reported that graphene may improve the 

specificity for SNP genotyping.16 However, unlike genomic DNA, 

miRNA has its intrinsic characteristics. Especially because the 

concentration of miRNA is very low (fM~pM level), the current 

graphene-based SNP genotyping methods cannot be simply 

transplanted for the detection of miRNA SNP owing to their 

unbalance between specificity and sensitivity. For example, Fan et. 

al. reported a graphene oxide (GO)-based chip for SNP 

genotyping.16c However, the required concentration of the target is in 

nM level, which is unsuitable for the detection of miRNA SNP. Here, 
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by adopting reduced graphene oxide (rGO) into a well-known 

isothermal amplification system, i.e. rolling circle amplification 

(RCA), we have developed a detection method with considerable 

sensitivity and ultrahigh specificity, which is able to detect miRNA 

SNPs. Mature miR-125a, a critical miRNA in breast cancer with a 

G-U polymorphism at the eighth nucleotide, and let-7 family, whose 

members differ by only one or two nucleotides (sequences shown in 

Table S1), have been adopted as models for this study. Moreover, in 

addition to the good discrimination of SNPs, the sensitivity as well 

as the usability can also be satisfactory, so this rGO-assisted RCA 

strategy might be a promising alternative for profiling miRNA SNPs 

in lab or clinic. 

 
Scheme 1 Schematic presentation of the comparison of rGO-assisted RCA 

with conventional RCA and P-RCA in the specificity. In P-RCA, the scheme 
for the preparation of circular probe represents a routine method from 

published works;17 the ratio of the signal intensity of a single-base mutant to 

a target is also cited from published works (Table S2).14a,18 

RCA technique utilizes a circular single-stranded DNA probe as 

an everlasting template for DNA polymerization to generate multiple 

single-stranded linear copies of the original strand in a continuous 

head-to-tail series (Scheme 1). Once the original strand (usually the 

target) hybridizes with the circular probe, the polymerization is 

launched under the catalysis of polymerase and no longer depends 

on the original sequence. For this reason, the specificity of this early 

RCA model is poor. Our previous results showed that even a 5-base 

mutant variant (21 nt) might also be lengthened under RCA.17 Here 

in this report, it is also shown that the difference between a single-

base mutant and a wild sequence is only 1.0 to 1.05 (detailed data 

shown hereinafter). In order to improve the specificity, padlock 

probe-based RCA (P-RCA) was developed and became the most 

popular strategy till now.19 In P-RCA, a padlock probe first 

hybridizes head-to-tail with a target nucleic acid sequence. The 3' 

and 5' ends of the probe are positioned adjacently and are sealed by a 

ligase, resulting in a circular probe with two ends connected. Non-

circularized probe as well as the target sequence is removed by 

exonucleases, while the circularized probe may participate in RCA 

subsequently by introducing an extra linear primer (process shown in 

Scheme 1). A variety of strategies for the improvement of P-RCA 

have also been proposed in recent years.18a,20 Table S2 shows the 

ability of the current P-RCA and some derivative methods for the 

discrimination of single-base mutation.14a,18 The ratio of the signal 

intensity of a single-base mutant to a target is mainly concentrated in 

a range from 1:3 to 1:19, which is improved but still not satisfactory. 

Moreover, the improvement on the specificity is accompanied by the 

sacrifice of the simplicity and the time-efficiency. In our work, on 

the basis of RCA, we find that by incubating the miRNA (either the 

target or the variant) with appropriate amount of rGO for a certain 

period and followed by the proceeding of the routine RCA, the ratio 

can be elevated to 1:100 (Scheme 1, data shown hereinafter). The 

process is also simpler and more time-saving in comparison with P-

RCA. 

 
Fig. 1 Agarose gel electrophoresis patterns of RCA products in the presence 

of rGO or GO. (A) MiR-125a-U8 (1 μM) works as template. The numbers 1 

to 50 indicate the concentrations of rGO/GO with a unit μg/ml. (B) Different 
variants of miR-125a (1 μM) work as templates. The symbols “+” and “-” 

indicate that rGO/GO is present and absent, respectively. 

The methodology of rGO-assisted RCA was established after 

extensive trials. Briefly, a circular probe was first designed for the 

target miRNA (miR-125a or let-7a). That is, a single-base 

mismatched between the circular probe and the single-base variant 

(miR-125a-U8 or let-7c). To facilitate the production of fluorescent 

signals using SYBR Green I intercalator, a linear probe was also 

introduced to hybridize with the RCA products, and thus to make the 

RCA products double-stranded. Experimental details and the 

optimization of conditions have been shown in the Supporting 

Information (Fig. S1 and S2). Because rGO and GO have much in 

common, comparison of rGO with GO on the RCA of miRNA SNPs 

was made. Fig. 1A shows the agarose gel electrophoresis patterns of 

RCA products using miR-125a-U8 as the template. In the absence of 

either rGO or GO (the first lane), an apparent smear band throughout 

the lane characteristic of RCA products was observed,21 confirming 

the poor specificity of the original RCA technique. With the increase 

of the quantity of either rGO or GO, the bands shadowed and 

disappeared, suggesting the inhibition on the amplification. Because 

high concentration of rGO/GO also inhibited the amplification of the 

target miR-125a (Fig. S3), a critical quantity of rGO (10 μg/ml) and 

GO (20 μg/ml) was adopted for further study. Under this critical 

quantity, amplification of miR-125a as well as miR-125a-U8 and 

some other imaginary mutants (miR-125a-A23: a single-base mutant 

at 3'-end, miR-125a-U8G16: a 2-base mutant) was measured. As is 

shown in Fig. 1B, the amplification of all the mutants were inhibited 

using either rGO or GO. In the presence of GO, the amplification of 

the target wild miRNA was also inhibited. So, rGO might be more 

suitable for the profile of miRNA SNP. 10 μg/ml of rGO was 

thereby adopted in the following experiments. It should also be 

noted that in the case of miR-125a-A23, no bands could be observed 

regardless of rGO/GO. It was because the catalysis of polymerase 

mainly depended on the base-paring at the 3'-end. So, the original 

RCA without using rGO/GO might be used for the detection of SNP 

only at the 3'-endmost base. 
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 Some other techniques have also been adopted to characterize the 

rGO-assisted discrimination of miRNA SNPs. Atomic force 

microscope (AFM) results (Fig. S4) show that only in the presence 

of rGO, no amplified products could be observed, suggesting the 

good specificity of the rGO-assisted RCA. Real-time monitoring of 

the fluorescent signals have also been conducted by using a real-time 

PCR detection system. As is shown in Fig. 2A, the fluorescent 

signals increased with the amplification time in all the cases and 

reached a plateau after ca. 30 min. Without rGO, the curves for the 

amplification of the target miRNA (miR-125a) and its mutant miR-

125a-U8 almost overlapped, whereas in the presence of rGO, a large 

gap between the signals could be observed. Characterization using 

fluorescence spectrophotometry and photography under UV-light at 

the terminal of RCA (30 min) also confirmed the real-time PCR 

results (Fig. 2B&C). The difference of the fluorescent signals in the 

presence of rGO for the detection of miRNA SNP reached 100 fold 

(15023 vs. 151, Fig. 2D), which could be easily distinguished by 

naked eyes and was the largest so far to our knowledge. 

Discrimination of another miRNA SNP using the rGO-assisted RCA 

was also achieved (Fig. S5 and S6). These results suggest that our 

strategy can be a universal approach for the discrimination of 

miRNA SNPs. 

 
Fig. 2 (A) Real-time fluorescent signals of RCA in the presence or absence of 

rGO, and using miR-125a or miR-125a-U8 as the template. (B) Photograph 

of RCA products under UV-light. (C) Fluorescence spectra of RCA products. 
(D) Comparison of the fluorescence intensity of the peaks in (C). 

The mechanism of the rGO-assisted RCA for the discrimination of 

miRNA was then studied. Electrophoretic results showed that only 

the pre-incubation of rGO with miRNA for a certain period might 

result in the discrimination of SNP (Fig. S7). No pre-incubation or 

the pre-incubation of rGO with other components of RCA (circular 

probe, dNTPs, or Bst DNA polymerase) had no effect on the 

improvement of the specificity of the subsequent RCA. Fourier 

transform infrared spectroscopic (FT-IR) results also showed that 

rGO only interacted with nucleic acids but not the enzyme (Fig. S8). 

In the previous report of Jia et. al., the GO-enhanced specificity of 

PCR was proposed to be ascribed to the interaction between GO and 

Pfu DNA polymerase.16a Here, it should be another mechanism that 

is responsible for our experimental phenomenon. Recently, Zhang et. 

al. reported that in comparison with the widely studied PEGylated 

GO, PEGylated rGO exhibited superior single stranded RNA loading 

and delivery capability.22 By using computational simulation, they 

ascribed this capability to the stronger binding of the PEGylated rGO 

with the single stranded RNA. On the basis of this previous finding 

and our experimental results, we speculated that the strong binding 

of rGO with miRNA might rival the hybridization of the miRNA 

with circular probe. In the case of a target miRNA, the balance 

shifted to the miRNA- circular probe hybridization, whereas for the 

miRNA mutants, the miRNA-rGO binding dominated. Thus, rGO 

plays a key role for the regulation of the initiation of RCA. 

Detection of miRNA was then performed. Fig. 3A shows that the 

fluorescent signals increase with the concentration of the target miR-

125a. The curves of signal intensity vs. the concentration could be 

fitted by a sigmoidal equation. In the range from 10 fM to 100 pM, 

there is a linear relation. The detection limit is calculated to be 10.3 

fM (3σ), which is favorable for the detection of miRNA in 

physiological conditions. As for the single-base mutant (miR-125a-

U8), it could be seen from the electrophoresis patterns in Fig. S9 that 

no bands of RCA products were observed regardless of the 

concentration. Thus, by using this rGO-assisted RCA, it could be 

easy to discriminate whether there is a mutation on a specific 

miRNA for an individual. Various frequencies of miR-125a-

U8/(miR-125a + miR-125a-U8) were also adopted to study the allele 

frequencies. It is observed from Fig. S10 that the increasing of the 

percentage of miR-125a-U8 leads to decreased fluorescent signals, 

and 5% of SNP can be differentiated.  

In another case, two miRNAs with SNP may coexist, for example 

the let-7a and 7c of let-7 family. It is really a challenge to detect the 

actual concentration of them each, because another one may donate 

to considerable false positive signals if the specificity is not so good. 

In this work, let-7c with different concentrations (from 1 fM to 10 

pM) was added into 100 fM let-7a to work as interference. The 

deviations of the measured values of let-7a are within 7.1% (Fig. 

S11). Given that system errors of max. 4.6% should also be taken 

into account, it can be concluded that there is little interference to the 

detection of let-7a even if excess let-7c is presented. Detection of let-

7a in human lung cells was then performed. The content of let-7a is 

measured to be 4.1 × 109 copies/μg, which is slightly lower than 

some reported values.14a,23 we consider the difference should be 

ascribed to the exclusion of the false positive of some interferences 

like let-7c, and our result may be closer to the real situation. 

 
Fig. 3 Fluorescent detection of miR-125a by using the rGO-assisted RCA 
system. (A) The emission spectra of the amplified products using different 

concentrations of miR-125a as template. (B) Relationship between the peak 

fluorescence intensities of (A) and the corresponding concentrations of the 
target miRNA. 

 

Conclusions 

In summary, we have developed a novel rGO-assisted RCA 

strategy for the detection of miRNA SNPs. MiR-125a and let-

7a together with their single-base mutants and some other 

variants are adopted as models for the detection. In comparison 

with conventional RCA and P-RCA techniques, the selectivity 
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of rGO-assisted RCA is greatly improved. The difference of the 

signals of miRNA SNPs reaches as high as 100 fold, which to 

our knowledge is the largest so far. As a result, miRNA SNPs 

could be detected directly even by naked eyes. Possible action 

mechanism of rGO has also been studied. The strong π-π 

stacking interaction between rGO and miRNA should be the 

main reason for the improved selectivity. Owing to the 

ultrahigh specificity, this rGO-assisted RCA strategy is a 

promising alternative for profiling miRNA SNPs in lab or clinic. 
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