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Abstract

The authors describe a rapid and low-cost approach for multiplex microRNA(miRNA) assay on 

lateral flow nucleic acid biosensor (LFNAB). The principle of assay is based on sandwich-type 

nucleic acid hybridization reactions to produce gold nanoparticle (GNP)-attached complexes 

(ssDNA-microRNA-ssDNA/GNPs), which are captured and visualized on the test zone of 

LFNAB. By designing three different test zones on LFNAB, simultaneous detection of 

microRNA-21, microRNA-155 and microRNA-210 was achieved with an adding-measuring 

model by using GNP as visual tag. The method was challenged by testing the microRNAs in 

spiked serum samples with satisfied results. In our perception, the test is a particularly valuable 

tool for clinical application and biomedical diagnosis, particularly in limited resource settings.
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Introduction

MicroRNAs (miRNA) are class of short (usually ~18–25 nucleotides), single-stranded and 

endogenous noncoding RNA molecules, which are derived from long primary transcripts by 

the catalysis of Dicer enzyme [1, 2]. It is of crucial importance in regulating post-

transcriptional gene expression in a broad range of animals, plant, and viruses [3–5]. More 

importantly, there is accumulating evidence that the expression levels of microRNAs are 

associated with a variety of pathological conditions including cancers, such as lung cancer, 

hepatocellular carcinoma, breast cancer and gastric carcinoma [2]. MicroRNAs have become 

a vital class of potential biomarker candidates for clinical and early diagnosis [6, 7]. 

MicroRNA detection is challenging due to its low abundances, small size, and high degree 

of sequence similarity presenting obstacles in the use of conventional analytical approaches 

[8, 9]. Meanwhile, some studies have also demonstrated that the variation of microRNA in 

*Corresponding author: W. Chen, chenweishnu@163.com, Researcher ID: F-4557-2010, http://www.researcherid.com/rid/
F-4557-2010; G. Liu, guodong.liu@ndsu.edu. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Sens Actuators B Chem. Author manuscript; available in PMC 2019 July 01.

Published in final edited form as:
Sens Actuators B Chem. 2018 July 1; 264: 320–326. doi:10.1016/j.snb.2018.02.159.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.researcherid.com/rid/F-4557-2010
http://www.researcherid.com/rid/F-4557-2010


cancer includes both downregulated and overexpressed microRNAs with putative tumor 

suppressive and oncogenic functions. For qualitative analysis, the amount of microRNA in 

suspicious samples is compared to that of normal cells or tissues. For quantitative 

measurement, the detection limit is the bottleneck for detection of microRNA 

downregulation. [9] Taking these issues into account, considerable effort has been devoted to 

the development of methods with both high sensitivity and specificity for microRNA 

detection [10, 11]. Sequencing-based methods have been used for microRNA detection, such 

as Northern blotting [12], reverse transcriptase-polymerase chain reaction (RT-PCR) [13], 

rolling circle amplification (RCA) [14] and microarrays [6, 15, 16]. Northern blotting 

protocol is highly quantitative and has been considered as the “gold standard” method in 

microRNA profiling, but it requires large amounts of sample (~10–30 μg) and is highly 

cumbersome and time-consuming, often taking days for completion [10, 17, 18]. RT-PCR 

has high dynamic range and is sensitive, but has low throughput and is less specific 

compared to standard PCR [19]. Microarray-based methods were limited in terms of 

sensitivity, selectivity, and specificity although they have the property of high-throughput 

[20]. In general, although these methods performed well on microRNA analysis with high 

sensitivity, high selectivity, or high throughput, they suffered from time-consumption, 

expensive equipment and complex operations [21, 22] which dramatically limited their 

further applications on point-of-care diagnostic testing at low-resource settings. Therefore, 

facile, rapid, straight-forward and economical experimental approaches are urgently needed 

for microRNA analysis [23]. Recently, with the extraordinary achievements of 

nanotechnology, nanomaterial-based biosensors have sprung out and been greatly developed 

due to the unique electronic, optical and catalytic properties of the nanomaterials, which 

offer the signal amplification to achieve high sensitivity [3, 23].

Lateral flow biosensors have been extensively used as an effective tool for detecting bacteria 

[24], parasite antigens [25, 26], and hormones [27, 28] owing to their obvious advantages of 

user-friendly format, short assay time, and low testing cost [29, 30]. Gold nanoparticles 

(GNPs) are the most widely used tag on lateral flow assays for colorimetric analysis [31]. 

Furthermore, lateral flow nucleic acid biosensors (LFNABs) which inspired by the 

traditional immunochromatography test were reported for rapid visual detection of DNA or 

RNA segments [32, 23]. The principle of LFNAB is based on sandwich-type DNA 

hybridization reactions, which were implemented on the traditional lateral flow device. 

Recently, Liu and co-workers applied LFNABs to detect microRNA 215 (miRNA-215) with 

a detection limit of 60 pM [23]. Disease diagnostics usually requires accurate measurement 

of a panel of biomarkers, while only single-microRNA detection is usually inadequate for 

accurate diagnosis of cancer [33–36]. To the best of our knowledge, simultaneous detection 

of multiple microRNAs on lateral flow device with satisfied sensitivity has not been 

reported. Herein, we present a lateral flow nucleic acid biosensor for multiplex microRNA 

assay in aqueous solution and spiked serum samples. MicroRNA-21 (miR-21), 

microRNA-155 (miR-155) and microRNA-210 (miR-210), which are related with cancers 

and considered as potential biomarkers of diseases, were chosen as model targets to evaluate 

the multiplex feasibility of LFNAB. The promising properties of the approach are reported 

in the following sections.
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Materials and methods

2.1 Reagents

Streptavidin (SAV), bovine serum albumin (BSA), trisodium citrate, tween-20, 

deoxyadenosine triphosphate (dATP) and tris (2-carboxyethl)phosphine (TCEP) were 

purchased from Sangon Biotech (Shanghai) Co., Ltd. and used directly without further 

purification. HAuCl4 was purchased from J&K Chemical Scientific Ltd. (Shanghai, China). 

Cellulose fiber sample pads, conjugate pads, and laminated cards were purchased from 

Millipore (USA). Nitrocellulose membranes including CN 95 and Vivid 170 were purchased 

from Sartorisu Stedim Biotech GmbH (Goettingen, German) and PALL Corporation (New 

York, USA), respectively. All the solutions used in this research were prepared with double 

distilled water (> 18 MΩ). Target microRNAs used in this study were synthesized by Takara 

Biotechnoly (Dalian) Co., Ltd. All other deoxy-oligonucleotide probes used in this study 

were ordered from Sangon Biotech (Shanghai) Co., Ltd. The sequences of DNA probes and 

microRNAs are presented in Table 1.

2.2 Preparation of concentrated (10-fold) gold nanoparticles (GNPs)

Gold nanoparticles (GNPs) with average diameter of 25 nm were prepared by the classic 

trisodium citrate reduction method with slight modifications [30]. Briefly, 50 mL of 0.01% 

HAuCl4 were brought into a 400-mL conical flask and heated to boiling with vigorous 

stirring, and then 950 μL of 1% trisodium citrate was added rapidly. The color of the 

solution changed from dark red to purple, and finally to wine red. The solution was kept 

heating and stirring for another 10 min and then cooled to room temperature.

One milliliter above prepared GNP solution was centrifuged at a relative centrifugal force 

(RCF) of 9200 g for 7 min, and 900 μL of supernatant was decanted. The remaining pellet in 

solution was eddied to obtain the 10-fold GNP solution. The 10-fold GNPs were stored at 

4 °C for subsequent use.

2.3 Preparation of GNP-X ssDNA conjugates (X means miRNA-21, miRNA-155 and 
miRNA-210)

Firstly, a mixture solution containing three thiol-modified ssDNA probes (Table 1) was 

prepared. The final concentration of each ssDNA probe in the mixture solution was 2 μM. 

Then 100 μL of the mixture solution was activated for 1 h in dark by adding 2 μL of 1 mM 

TCEP at room temperature (RT), which was prepared in 0.5 M acetate buffer. Following, 

100 μL of 10-fold concentrated GNPs were added and the solution was kept stirring for 1 h. 

Afterward, 10 μL of 10 mM dATP was added to inhibit the nonspecific absorption on the 

GNP surface, and the solution was kept stirring for another 45 min. The GNP-X ssDNA 

conjugates were aged by adding 20 μL of 0.1 M NaCl and stayed at RT for 1 h. The solution 

could stand at 4 °C for additional 6 h. The conjugates were purified by centrifugation at 

8600 g for 7 min and the pellet was re-suspended in 100 μL of re-suspension solution 

containing 1 mM Tris-HCl (pH 8.0), 5% BSA, 0.25% Tween-20, and 10% sucrose.
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2.4 Preparation of lateral flow nucleic acid biosensor (LFNAB)

The diagram of LFNAB is shown in scheme 1. It is composed of four parts including an 

absorbent pad, a nitrocellulose membrane, a glass fiber membrane (conjugated pad) and a 

sample pad. Before assembling, the sample pad and the conjugated pad were treated with 

different buffer solutions. The buffer solution containing 50 mM Tris-HCl (pH 8.0), 0.15 

mM NaCl and 0.25% Tritonx-100 was used to treat the sample pad. While the buffer 

solution to treat the conjugated pad was 10 mM PBS (pH 7.4) containing 5% sucrose, 1% 

Trehalose, 0.25% PEG, and 0.3% Tween 20. After the pretreatments, the sample pad and 

conjugated pad were dried at 37 °C for 6 h and stored in desiccator at RT. The biotin-

modified ssDNA probe (T-21 probe, T-155 probe, T-210 probe and control line probe) was 

mixed with streptavidin in PBS (pH 7.4) solution. After purification with a filter, the 

resulting streptavidin-biotin-T probe and streptavidin-biotin-C probe solution were 

dispensed on the nitrocellulose membrane at the designed area named as the test line (T line) 

and control line (C line) by the Biojet BJQ 3000 dispenser. The four parts mentioned above 

were assembled on the sticky back plate orderly and overlapped with each part by 2 mm to 

ensure that the sample solution could migrate through the strip. The strip was cut into 4 mm 

in width and stored at 4 °C and kept dry for use.

2.5 Singleplex microRNA assay

Detection of microRNA-21 (miRNA-21) was implemented by applying 100 μL of sample 

solution containing a desired miRNA-21 concentration to the sample pad of LFNAB. After 

10 min, the T line was observed by naked-eye and the intensity of the T line was obtained by 

taking the image of the T line and analyzing with ImageJ software. The detection of 

miR-155 and miR-210 was also conducted respectively with the same procedure.

2.6 Multiplex microRNA assay

Multiplex microRNA assay was carried out by applying 100 μL of sample solution 

containing different concentrations of miRNA-21, miRNA-155 and miRNA-210 to the 

sample pad of the biosensor. Ten min later, red bands on the LFNAB were observed by 

naked-eye indicating the accumulation of GNPs on the test lines and quantitative analysis 

was performed by ImageJ software.

2.7 Detection of microRNAs in serum samples

For evaluating the potential of the LFNAB for clinical application, the biosensor was applied 

to detect microRNAs in serum samples. Serum samples spiked different concentrations of 

miR-21, miR-155 and miR-210 were diluted 10-folds with running buffer. Then the spiked 

serum samples were tested on LFNAB as described in 2.6.

Results and discussions

3.1 Principle of multiplex microRNA assay on LFNAB

The principle of multiplex microRNA assay on LFNAB was based on sandwich-type 

hybridization reactions to produce a ssDNA-miRNA-ssDNA/GNPs complexes, which were 

captured and visualized on the test zones of LFNAB. (Scheme 1) Firstly, the four 
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streptavidin-biotin -ssDNA probes (probe 1, 2, 3, 4 in scheme) were dispensed on the 

different zones of nitrocellulose membrane to form three test (T) lines and one control (C) 

line respectively. The thiol-modified ssDNA probes (probe 5, 6, 7 against miRNA 21, 155 

and 210, respectively) were conjugated with the GNPs by self-assembling procedure. Then 

the resulting ssDNA/GNP conjugates were mixed and loaded on the conjugate pad of the 

LFNAB. In the presence of microRNAs in the sample solution, the sandwich-type 

complexes could be captured on the corresponding T line resulting in the accumulation of 

GNPs and visualized as red bands. The optical intensity of each T line was proportional to 

the concentration of each target miRNA, and the qualitative results could be achieved by 

naked-eye observation. The excess of thiol-ssDNA/GNP conjugates were captured by the 

ssDNA probe 1 on the C line and induced the red band, indicating the effectiveness of 

LFNAB. The intensities of T lines are analyzed with the ImageJ software.

3.2 Optimization of experimental parameters

In order to obtain the best performance of microRNA assay on LFNAB, the experimental 

parameters of the assay were optimized. Firstly, nitrocellulose membrane with different pore 

sizes would affect the migration rate of the GNP-ssDNA conjugates during the assay. Vivid 

170 and CN 95 nitrocellulose membranes were used to prepare LFNABs and the 

performances of the biosensors were compared. Figure 1a presents the photo images of the 

LFNABs after testing different miRNA-21 concentrations. One can see the LFNAB prepared 

with CN 95 membrane could detect lower concentrations than that of the LFNABs prepared 

with Vivid 170 membrane. Therefore, CN 95 membrane was chosen to prepare the LFNAB 

in the following experiments. The amount of ssDNA used to prepare ssDNA-GNP 

conjugates was another important factor to affect the sensitivity of the LFNAB. The ssDNA 

with different volumes ranging from 0 to 20 μL was used to prepare the ssDNA-GNP 

conjugates, and the performances of the conjugates were evaluated by detecting 10 nM 

miRNA-21 (Figure 1b). One can see that the intensity of the test line increased with the 

increase of the ssDNA volume from 0 to 15 μL; further increment of the ssDNA volume led 

to a slight decreased intensity of the test line (Figure 1c), which could be attributed to the 

spatial hindrance effect from the excess of ssDNA on the GNP surface. Therefore, 15 μL of 

2 μM ssDNA detection probe was adopted as the optimal volume to prepare the ssDNA-

GNP conjugates. In addition, the amount of dATP used to block GNP surface was also 

optimized and the results were detailed in supporting information. Other parameters 

including the components of the running buffer and the diameter of GNPs were adopted 

from our previous study without future optimization.

3.3 Analytical performance of microRNA assay on LFNAB

Under the optimal conditions, we examined the analytical performance of LFNAB for 

multiplex miRNA assay. The simultaneous determination results of three target microRNAs 

were shown in Figure 2. Figure 2a presents the typical photo images of LFNABs in the 

presence of different concentrations of three microRNAs and corresponding quantitative 

results. One can see that the optical intensity of the T line increased with the concentration 

increase of three analytes in the range from 0 to 10 nM. The threshold of visual detection of 

miRNA-155, miRNA-21 and miRNA-210 on LFNAB was 0.01, 0.01 and 0.05 nM, 

respectively. Based on the quantitative analysis results in Figure 2a, the calibration curves of 
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three miRNAs were constructed and shown in Figure 2b. The R squares of three calibration 

curves for miRNA-155, miRNA-21 and miRNA-210 determination is 0.9973, 0,9987 and 

0.9895, respectively. Besides, the calibration curve of each miRNA is also of litter difference 

in both the linear range and the detection limit (DL). Good linear relationship was achieved 

in the range from 0.01 to 5 nM, 0.1 to 10 nM, and 0.05 to 10 nM, for miRNA-155, 

miRNA-21and miRNA-210, respectively. The DL of three miRNAs were estimated to be 

0.007 nM, 0.068 nM and 0.017 nM, respectively (signal to noise ratio, S/N=3), which are 

comparable to our previous report [23]. The DLs for three miRNAs are better than that of 

enzymatic based amplification methods [37, 38]. The concentrations of microRNAs in 

serum/plasma range from fmol/L to pmol/L, which depends on the examined microRNAs. 

[39] Further research will aim to improve the DLs of LFNAB by using signal amplification 

approaches developed in our laboratory. [32]

The specificity of microRNA assay on LFNAB relies on the recognition ability of the 

designed ssDNA probes. Due to the sequence homology of the microRNA family members, 

it is important to check the specificity of microRNA assay on LFNAB. The specificity of 

microRNA assay on LFNAB was studied by detecting the target microRNA, single base-

mismatched ssDNA (M1), two bases-mismatched ssDNA (M2), two other microRNAs with 

different sequences and a ssDNA with random sequence. Figure 3 presents the responses of 

T lines in the presence of 10 nM miRNA-21 and other mentioned analytes above. In this 

case, only a pair of ssDNA probes specific to miRNA-21 was used to prepare the LFNAB. 

The highest response was obtained with miRNA-21, and negligible responses were obtained 

with other miRNAs and ssDNA with random sequence, indicating there is no cross-reaction 

between the designed ssDNA and other miRNAs and single-stranded DNA. It is noted that 

the LFNAB could differentiate the target miRNA-21 from single base-mismatched and two 

bases-mismatched DNAs. We also tested the specificities of LFNABs prepared with other 

ssDNA probes, which are specific for miRNA-155 and miRNA-210, respectively. The 

LFNAB showed and excellent specificity. (see the details in Figure S4).

3.4 Multiplex miRNA assay in serum samples

The capability of multiplex microRNA assay on LFNAB was studied by detecting 

microRNAs in spiked serum samples. Three test zones were prepared by dispensing three 

ssDNA probes on the nitrocellulose membrane of LFNAB. Firstly miRNA-21 was tested in 

spiked serum samples. As depicted in Figure 4A, two bright red bands (T line and C line) 

were observed on the LFNAB and the intensity of T line increases with the increase of 

miR-21 concentration in serum samples. In the case of testing the serum sample spiked 

either miR-21 or miR-155 or miR-210, T line appeared at different locations of LFNAB 

(Figure 4B). The serum samples spiked two microRNAs and three microRNAs were also 

tested on LFNABs. As expected, three red bands (two T lines and one C line) were observed 

on LFNAB when the serum samples were spiked with two miRNAs, and four red bands 

(three T lines and one C line) were observed when the serum samples were spiked with three 

microRNAs (Figure 4B). The results indicated that no cross-reaction occurred and the 

LFNAB can be used to detect miRNA without the influence of analogues or matrix in serum 

samples.
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Conclusions

In this article, the lateral flow nucleic acid biosensor was used for multiplex microRNA 

assay. After systematic optimization, the biosensor was able to detect miRNA-21, 

miRNA-155 and miRNA-210 with detection limits of 0.073, 0.061 and 0.085 nM, 

respectively. The biosensor was successfully applied for simultaneous detection of multiple 

microRNAs in spiked serum samples without cross-reactivity and matrix-effect. The lateral 

flow nucleic acid biosensor could be a potential tool for rapid and on-site screening of 

microRNAs. Further work will aim to improve the sensitivity of the biosensor and test 

microRNAs in serum samples from patient and healthy controls.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Lateral flow nucleic acid biosensor was constructed for rapid detection of 

microRNAs.

• Three target microRNAs were all successfully detected with good linearity 

and sensitivity.

• MicroRNAs were detected in the spiked serum samples with this lateral flow 

nucleic acid biosensor.
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Figure 1. 
(a) Photo images of the CN 95-based LFNABs and Vivid 170-based LFNABs in the 

presence of different miRNA-21 concentrations; (b) Photo images (top) of LFNABs and 

corresponding responses (bottom) in the presence of 10 nM miRNA-21. The LFNABs were 

prepared with different ssDNA-GNP conjugates. The ssDNA-GNP conjugates were 

prepared with different ssDNA volume ranged from 0 to 20 μL. (c) Effect of ssDNA volume 

used in the preparation of ssDNA-GNP conjugates on the peak area of T line.
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Figure 2. 
(a) Typical photo images of LFNABs in the presence of different concentrations of 

miRNA-21. (b) Corresponding optical responses; (c) Calibration curves of detecting 

individual miRNA on LFNAB.
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Figure 3. 
Histogram of the T line response of the LFNAB in the presence of 10-nM miR-21, 10-nM 

miR-155, 10-nM miR-210, 10-nM one-base mismatched DNA (1 nt mismatch), 10 nM two-

base mismatched DNA (2 nt mismatch), 10-nM DNA with random sequence(Random) and 

0-nM microRNA(control). The LFNABs were prepared with the ssDNA probes specific to 

miR-21.
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Figure 4. 
(A) Typical photo images of the LFNABs in the presence of different concentrations of 

miR-21 in spiked serum samples. (B) Typical photo images of the LFNABs in the absence 

and presence of individual microRNA and multiple microRNAs in spiked serum samples.
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Scheme 1. 
(A) Schematic diagram of lateral flow nucleic acid biosensor for multiplex microRNA assay; 

(B) In the absence and presence of three microRNA; (C) Principle of detecting multiple 

microRNAs on lateral flow nucleic acid biosensor.
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Table 1

Sequences of all the oligonucleotide probes used in this research

Name of probes Sequences Information

miRNA-21 (miR-21) 5′-UAG CUU AUC AGA CUG AUG UUGA-3′

miRNA-155 (miR-155) 5′-UUA AUG CUA AUC GUG AUA GGGU-3′

miRNA-210 (miR-210) 5′-CUG UGC GUG UGA CAG CGG CUGA-3′

C line probe (probe 1) 5′-Biotin-ACA CGG TGT CTA GGG GG-3′

T-21 probe (probe 2) 5′-CTG ATA AG C TAC CCCC-Biotin-3′

T-155 probe (probe 3) 5′-GAT TAG CAT TAA CCC CC-Biotin-3′

T-210 probe (probe 4) 5′-ACA CGC ACA GCC CCC-Biotin-3′

Detection probe to miRNA-21 (probe 5) 5′-thiol-CCC CCT AGA CAC CGT GTT CAA CATC AGT-3′

Detection probe to miRNA-155 (probe 6) 5′-thiol -CCC CCT AGA CAC CGT GTA CCC CTA TCAC-3′

Detection probe to miRNA-210 (probe 7) 5′-thiol-CCC CCT AGA CAC CGT GTT CAG CCG CTGT-3′
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