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Sensitive SERS detection of miRNA using a label-free 

multifunctional probe 

Hao Zhang,
a
 Yu Liu,

a
 Jian Gao,*

a 
and Junhui Zhen*

b

A novel surface enhanced Raman scattering (SERS) detection 

method is fabricated for miRNA based on a smart multifunctional 

probe for dual cyclical nucleic acid strand-displacement 

polymerization (CNDP), achieving high sensitivity, universality, 

rapid analysis, and good performance in real cell samples.  

Micro-ribonucleic acid (miRNAs) are a class of small (18−24 

nucleotides), endogenous, non-protein-coding RNA molecules.
1
 

Expression of miRNA has been associated with the regulation and 

progression of numerous cancers such as breast,
2
 thyroid,

3
  

colorectal,
4
 prostate,

5
 lung,

6
 and ovarian.

7
 While miRNAs are critical 

in the regulation of cancers, many other diseases such as 

cardiovascular diseases,
8
 neurological diseases,

9
 and immunological 

diseases
10

 also exhibit miRNA-based regulation. Monitoring changes 

in miRNA biomarkers can be used to signify the early onset of 

disease. 

  The studying of miRNA has generated an demand for its 

accurate and sensitive detection. However, miRNAs have the 

extremely limited size, significant sequence homology among family 

members and the low expression levels, thus weakening the routine 

techniques for quantitative analysis of miRNA.
11

 Currently, several 

methods have been developed for miRNA detection, ranging from 

simple to complex and multi-step procedures, such as quantitative 

reverse-transcriptase polymerase chain reaction (qRT-PCR),
12

 

microarrays,
13

 and Northern blotting. 
14

Among them, qRT–PCR
15

 is 

the most sensitive and practical method to detect miRNA targets. 

However, qRT–PCR method relies on the reverse transcription of 

miRNA to cDNA. Likewise, miRNA is too short to be amplified by 

PCR directly, which makes the PCR design very sophisticated
16

. 

Thermal cycling of the PCR technique are time-consuming and 

limited to a thermostable enzyme, a laboratory setting, and dual-

labelled fluorescent probes, such as Taqman probes,
17

are usually 

needed to determine the specificity of amplification.  

Therefore, isothermal nucleic acid amplification of miRNA, 

rolling-cycle amplification (RCA)
18 

loop-mediated isothermal 

amplification (LAMP)
19

, and exponential amplification strand-

displacement amplification reaction (SDA)
20

 have emerged an 

alternative amplification techniques. As the above mentioned 

reactions can be preceded at a constant temperature, there is no 

need of specialized instruments for miRNA detection. In addition, 

they have potential for ‘on-site’ testing. However, there are some 

limitations that affect the sensitivity and specificity toward target 

miRNA detection, such as the requirement of fluorescein-labeled 

recognition probe, circular template, relatively complex procedure 

design. In this context, the development of a simple, rapid and 

isothermal nucleic acid signal amplification system is highly 

desirable for the applications in biomolecule diagnostics. 

Currently, SERS has emerged as a specific, rapid and sensitive 

tool for biological analysis.
21

 It can facilitate molecular-level 

identification of samples, easy operation without complicated 

sample preparation, and nondestructive detection in a wide variety 

of matrices.
22

 Therefore, SERS has been employed as an efficient 

biosensing method for the detection of small bioactive molecules,
23

 

nucleic acids,
24

 proteins
25

and even mammalian cells and tissues.
26

 

Even though miRNAs can be directly identified by SERS.
27

However, 

only few SERS strategies based nucleic acid signal amplification 

have been reported for miRNA. Zhang et al. reported circular 

exponential amplification reaction (EXPAR) based SERS for 

simultaneous detection of multiple microRNAs.
28

 

In this work, we design a new signal amplification strategy for the 

detection of miRNA. A label-free multifunctional probe is designed 

for the recognition of target miRNA molecule to initiate the 

following exponential amplification. MiR-203, an important 

biomarker for tumor growth and progression,
29

 which expression is 

generally lower in cervical cancer cells than normal cervical 

tissues,
30

 is selected as the model analyte. Coupling of SERS 

technology with multiple amplification modes enabled the rapid 

amplification in 100 min and sensitive detection of miR-203 in a 

complex biological matrix, with a detection limit of 6.3 fM. This 

novel sensing system is simple in design and can easily be carried 
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out by simple mixing and incubation, offering a high potential for 

point-of-care diagnosis. 

 
Scheme 1 The structure and sequences of the smart probe and sensitive 

SERS detection of miRNA by using label-free multifunctional probe. 

 
A novel dual circular strand-displacement polymerization (CNDP) 

SERS method by using a smart probe is fabricated for miRNA. With 

the cooperation of the nicking endonuclease and polymerases, the 

amplified analysis of target through a two-cycle working mode 

based on bio-barcode is carried out. The design of the smart probe 

and principle of multiple amplification detection are elucidated in 

Scheme 1. The smart label-free probe facilitates the integration of 

multiple functional elements into a cooperative biosensing system. 

The “1” segment in the loop has target recognition sequences for 

suitable hybridization without hindering the affinity of the probe 

toward its target. The “2” segment is the recognition site of nicking 

endonucleade. The “3” segment is the stem which has self-block 

segment (antiprimer) and template for CNDP reactions. An 

antiprimer segment is added to the outermost part at the 3´-end. 

The antiprimer is designed to be complementary to the primer. In 

this case, the primer is incapable of hybridizing to antiprimer, 

inhibiting (namely, self-locking) the subsequent isothermal 

polymerization process. 

In the presence of miRNA-203, the hairpin structure of the probe 

is unfolded via a target molecule binding event. The antiprimer at 

the 3´-end is released. In the presence of dNTPs, the primer can 

hybridize to the antiprimer and is subsequently extended by the 

polymerase from the 3´-end of the probe to the 5´-terminal 

stem segment as the template. Target miRNA is replaced with the 

extension of the primer on the probe and binds to another probe, 

triggering the target CNDP (cycle 1, Scheme 1). Furthermore, a 

nicking endonuclease (Nt.AlwI), which could recognize specific 

nucleotide sequences in double-strand DNA and cleave only one 

strand, was added into the reaction to obtain nicked DNA. 

Subsequently, the forward-cleaved DNA strand was extended by 

using DNA polymerase and the short DNA sequence (trigger strand, 

Ts) behind the nicking site was released, owing to the strand-

displacement property of DNA polymerase, which triggered the 

downstream signal amplification (the second CNDP, cycle 2 Scheme 

1B). In our strategy of signal amplification, the released DNA strand 

Ts was hybridized to a loop of hairpin capture DNA probe (Hc) on 

magnetic bead (MB), which served as not only the template of 

CNDP reaction, but also the signal carrier through capturing the 

SERS signal on MBs. Via the Ts-Hc duplex hybrid event, the hairpin 

structure is opened. The SERS probe is attached to Hc through the 

DNA 1, as the primer for DNA strand polymerization. In the process 

of primer extension, the SERS probes can be anchored on the 

surface of MBs by forming dsDNA. Ts is displaced to renew the cycle. 

Thus a large amount of SERS probe labeled dsDNA could be 

immobilized on the surface of MBs and used for SERS measurement 

after magnetic separation. It is conceivable that the detection 

sensitivity could be significantly improved by accomplishing two 

cycle amplification.  

To test the feasibility of the SERS detection system, a series of 

control experiments were performed and the results are show in 

Fig.1. The laser excitation of the samples provided discrete 

vibrational peaks at 1344, 1499 and 1645 cm
-1

, from Rox dyes 

molecules. The strongest Raman band at 1499 cm
-1

 was used for 

the quantitative evaluation of miR-203. In the absence of miR-203, 

the double-helix DNA immobilized on MB can’t be opened, the bio-

barcodes couldn’t be anchored on the MBs, the subsequent cycles 

did not happen. So the hairpin probe kept a closed state, the SERS 

bio-barcode could not be captured, only small signals were 

observed, which should be due to the nonspecific adsorption of the 

bio-barcodes on the surface of MBs. In the presence of miR-203 but 

without Klenow polymerase or nicking endonuclease (curve b), the 

recognition probe can be unfolded. However, the Ts was not 

formed and released. Therefore, the Raman intensity still very low 

similar with curve a. In the presence of miR-203, polymerase, 

nicking endonuclease but no primer (curve c), miRNA hybridized to 

the probe and was subsequently extended by the polymerase. The 

double strand was formed and the Ts behind the nicking site was 

released in the joint action of nicking enzyme and DNA polymerase, 

which triggered the downstream signal amplification (cycle 2). 

Compared with the curve b a higher Raman signal was obtained. 

When the miR-203, Klenow polymerase, nicking endonuclease and 

primer were coexisted in the system, the Raman intensity was 

greatly raised via dual CNDP, suggesting when all reagents coexisted 

in the system, the Raman intensity was greatly raised, which 

confirmed the feasibility of this system.  
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Figure 1. SERS spectra obtained from the detection of miR-203, the 

concentration of miR-203 was A) 10
-14

, B) 10
-13

 and C) 10
-12

 M. (a) In the 

absence of miR-203; (b) in the presence of miR-203, but in the absence of 

Klenow polymerase or dNTPs or nicking endonuclease; (c) in the presence of 

miR-203, Klenow polymerase, dNTPs and nicking endonuclease, but in the 

absence of primer; (d) miR-203, Klenow polymerase, dNTPs, nicking 

endonuclease and primer were coexistent in the reaction system. (D), the 

comparision of all the controlled experiments, the  concentration of miR-203 

were 10
-14

, 10
-13 

and 10
-12

 M, respectively.  

 

 

Figure 2. A) SERS spectra for increasing concentrations of miR-203 (a-i: 0, 

1.0 × 10
-14

, 1.0 × 10
-13

, 1.0 × 10
-12

, 1.0 × 10
-11

, 1.0 × 10
-10

, 1.0 × 10
-9

 , 1.0 × 10
-8

, 

1.0 × 10
-7

 M, respectively). B) Variance of the normalized Raman intensity 

with the concentration of miR-203. 

 

Under the optimized experimental condition (the details of the 

op+mum experiments are provided in the ESI†), the detection 

performance of the SERS assay was investigated by using miRNA 

203 with different concentrations. According to Figure 2A, the 

intensity of Raman scattering increased with the increase in the 

concentration of miRNA 203. In Figure 2B, the Raman intensity had 

a good linear fit to the logarithm of miRNA 203 in the range from 

1.0 × 10
-14 

M to 1.0 × 10
-7 

M. The correlation equation was ΔI = 

1.268lgC + 18.388 (ΔI is the normalized Raman intensity, C is the 

concentration of miR-203), and the corresponding correlation 

coefficient (R) of calibration curve is 0.990. A relative standard 

deviation (RSD) of 10.1% was obtained by 11 replicate 

measurements of 50 nM miRNA 203, indicating a good 

reproducibility of the assay. The obtained detection limit of 6.3 fM 

(S/N=3) demonstrated high sensitivity. Compared with EXPAR-

based SERS method
28

, this method possesses two remarkable 

features as follows: (i) The template for CNDP is blocked in the stem 

of the hairpin probe, avoiding the cross reaction of the 

hybridization among the trigger strands (Ts) and the template. (ii) 

The problem of high background induced by excess SERS probes 

(bio-barcodes) is circumvented using MBs. The comparison of 

different methods for miRNA detection is shown in Table S2 (ESI).  

To determine whether this method could be applied to target 

miRNA detection in real samples, miR-203 extracted from the 

human bronchial epithelial cancer cell lines (ACC-M, H1299 and a 

bronchial epithelial cell line HBE) were measured by the proposed 

method. Moreover, to assess the accuracy of this new method, we 

further compared asymmetric amplification SERS assay with qRT-

PCR for miRNA. The detailed result is shown in Figure 3. The results 

obtained by the SERS assay agree well with the results obtained RT-

PCR. The detailed description and data about RT-PCR were added in 

the Supporting information (see ESI, Figure. S9).  

Figure 3. Concentrations of miRNA-203 in sample cells measured by SERS 

(yellow column) and RT-PCR (blue column). 

 

A simple, rapid, isothermal and sensitive SERS biosensing 

platform for miRNA detection was developed on the basis of a 

smart label-free probe. The detection limit toward miRNA was 

achieved to be as low as 6.3 fM. The entire detection time was less 

than 2 h. Moreover, it exhibited the distinct advantages of 

simplicity in probe design and biosensor fabrication, rapidness in a 

recognition and detection process. Furthermore, since various 

recognition units might be fused in the label-free hairpin probe 

structure, the new platform should be fairly easy to extend for the 

detection of a wide spectrum of analytes including nucleic acid, 

protein, nuclease activity, and biological small molecules, and be 

associated with some other analytical techniques. Thus, it opens a 

promising avenue to develop the biosensing of analytes for basic 

research and clinical applications. 
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