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Abstract
A novel functional nucleic acid (FNA) nanomaterial based on hybrid chain reaction (HCR) nanoscaffolds is proposed to solve 
the problem of time superposition and repeated primer design in sensitive miRND detection using cascade amplification 
technique. Rolling circle amplification (RCA) was cascaded with the prepared FNA nanomaterials for miRNA let-7a (as 
a model target) sensitive detection by lateral flow assay (LFA). Under the optimal conditions, the proposed RCA-FNA-
LFA assay demonstrated the specificity and accuracy for miRNA let-7a detection with a detection limit of 1.07 pM, which 
increased sensitivity by nearly 20 times compared with that of RCA -LFA assay. It is worth noting that the non-target-
dependent self-assembly process of HCR nanoscaffolds does not take up the whole detection time, thus, less time is taken than 
that of the conventional cascaded method. Moreover, the proposed assay does not need to consider the system compatibility 
between two kinds of isothermal amplification techniques. As for detection of different miRNAs, only the homologous arm 
of the padlock probe of RCA needs to be changed, while the FNA nanomaterial does not need any change, which greatly 
simplifies the primer design of the cascaded amplification techniques. With further development, the proposed RCA-FNA-
LFA assay might achieve more sensitive and faster results to better satisfy the requirements of clinical diagnosis combing 
with more sensitive labels or small strip reader.

Keywords  Functional nucleic acid · Nanoscaffold · Hybrid chain reaction · Rolling circle amplification · Lateral flow 
assay · MiRNA let 7a · Cascaded amplification

Introduction

Isothermal amplification technique is one of the hot research 
topics in the field of rapid and sensitive nucleic acid (NA) 
detection [1]. However, different isothermal amplification 
methods have their own limitations, such as the low efficiency 
of rolling circle amplification (RCA) for long sequence 
NA detection, the difficulty of loop-mediated isothermal 
amplification (LAMP) primer design for short sequence NA 
detection, and the poor amplification ability of enzyme-free 

isothermal amplification techniques for NA detection [2, 
3]. Cascaded amplification technique is the integration of 
several nucleic acid isothermal amplification, with the 
output of the first layer amplification as the input of the next 
layer [4]. Cascaded amplification techniques, by integrating 
the characteristic of different isothermal amplification 
techniques, shows a great advantage in rapid and sensitive 
detection of NA, especially for trace NA detection [5].

At present, there are still two obvious problems with 
cascaded amplification [6]. One is that the mainstream 
cascaded amplification is carried out sequentially, that 
is, when the first layer of amplification is completed, the 
second stage of amplification is triggered. The amplification 
process is therefore more time-consuming. Although some 
cascades of one-pot method have been carried out, the 
optimal conditions for different isothermal amplification 
are not completely consistent, which makes it difficult for 
one-pot method to obtain an optimal condition suitable for 
multiple reaction systems [7]. Therefore, the sensitivity of 
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the cascaded amplification is sacrificed to a certain extent. 
Different from polymerase chain reaction (PCR), which 
has a special primer-assisted design software, primer 
design of isothermal amplification technique lacks a perfect 
design mechanism [8]. Therefore, primer screening is an 
important and complex work. In cascaded amplification, the 
primer design of the second layer is usually dependent on 
the primers or the products of the first layer, which leads 
to different targets or even the same target using different 
primers [9–11]. It not only increases redundant work but 
also inevitably causes the waste of resources [12]. Therefore, 
a new idea of cascaded amplification is needed to be put 
forward to realize the efficient and sensitive nucleic acid 
detection, while the complexity of primer design and 
reaction time was reduced.

Functional nucleic acids (FNAs) are a class of non-genetic 
nucleic acids and their analogues that have a special structure 
and perform a specific biological function [13–15], including 
aptamers, DNAzymes, ribose switches, G-quadruplex, 
and etc. As a powerful biomolecule, FNAs have shown 
unique charm in the fields of biosensing, bioimaging, 
material assembly, targeted delivery, and disease therapy 
[16, 17]. Meanwhile, study on the assembly of FNAs with 
nanomaterials have been carried out, because of the well-
arranged hydrophobic/hydrophilic and easily modified 
functional groups, flexible structures, high efficiency catalytic 
capacity, and the potential of constructing complex structures 
and patterns of various FNAs [18].

Inspired by these researches, a FNA nanomaterial based 
on HCR nanoscaffold and probe hybridization was proposed 
in the present study to solve two important problems in 
cascaded amplification, that is, amplification time-consuming 
and probe repeated design. In the proposed cascaded 
amplification, RCA was used as first-layer amplification, and 
HCR-based functional nucleic acid nanomaterials mediated 
secondary-layer amplification. This self-assembly process 
of the HCR-based FNA nanomaterial was independent 
of the target sequence. Hence, it can be performed before 
the cascade amplification, which didn’t occupy the total 
amplification time. As a result, the full time for the miRNA 
detection was only 2 h. In addition, the proposed method can 
be used for amplify different targets only by simply changing 
the homologous arm sequence of the padlock probe without 
the limitation of probe sequence dependence. As a proof-
of-concept experiment, miRNA let-7a, involved in tumor 
suppression [19, 20], was chosen as a model biomarker 
for cascaded amplification and LFA detection. Compared 
with previous studies, the sensitivity of proposed cascade 
amplification technique based on RCA and self-assembly 
FNA nanomaterial coupled with lateral flow assay (RCA-
FNA-LFA) was enhanced nearly 20 times than that of RCA-
LFA without reaction time increasing. Meanwhile, different 
from other cascaded amplification methods, the detection 

time of the proposed RCA-FNA-LFA depends only on the 
time consumed by the first layer amplification of RCA, which 
will help speed up the whole detection process. At the same 
time, standardized FNA probe design methods will reduce 
the repetitive work and improve the detection efficiency.

Materials and methods

Reagents and materials

Nucleic acid (Table  1), fetal bovine serum (FBS), 
Triton-X-100, and Tween-20 were purchased from Sangon 
Biotech (Shanghai, China). Splint R Ligase, phi29 DNA 
polymerase, and Nb.BbvCI were purchased from New 
England Biolabs (Beijing, China). Bovine serum albumin 
(BSA), streptavidin (SA), phosphate buffered saline 
(PBS), and Tris–EDTA (TE) buffer were purchased from 
Beijing solarbio science & technology (Beijing, China). 
Nitrocellulose (NC) membrane and Amicon Ultra-0.5 
centrifugal filter unit with Ultracel-30 membrane were 
purchased from Merck Millipore (Darmstadt, Germany). 
Glass fibers, polystyrene, and polyvinyl chloride backing 
pad, and absorbent papers were purchased from Jiening 
Biotech (Shanghai, China). All other chemical reagents used 
in the experiment were obtained from Sinopharm Chemical 
Reagent Co., Ltd. (Beijing, China). All water for solution 
preparation was obtained from the MilliQ Water Purification 
System of Merck Millipore (Darmstadt, Germany).

The self‑assembly of HCR nanoscaffold‑based FNA 
nanomaterial

Design and analysis of hairpin probes

According to the principle of HCR [21–23], the 
corresponding hairpin probes were designed for the given 
initiator probe (IP). Sequences of hairpin probes were 
analyzed by NUPACK (http://​www.​nupack.​org/), which was 
defined in 0.75 M Na+ as a testing benchmark.

Characterization of HCR nanoscaffold

100 μL SPSC buffer containing H1F (1 μM) and H2F 
(1 μM) were reacted with 0.3 μM IP at 37℃ for 12 h, and 
then the amplified product was centrifuged at 12,000 rpm 
for 15 min and replenished the solution to be 25 μL. The 
self-assembly products were characterized by 2% agarose 
gel electrophoresis and were observed under the Gel 
Doc-XR Imaging System (Biorad, USA).

http://www.nupack.org/
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Preparation and functionalization of AuNPs

AuNPs was synthesized according to the previously reported 
sodium citrate reduction method [24]. In short, 1 mL of 
chloroauric acid solution (1%, w/v) was added to 100 mL 
of ultrapure water, and the mixture was heated to the boil-
ing. After about 2 min, the color of the solution changed 
and lasted for 5 min. When the color of the solution was 
stable, continuing to heat for 10 min. Then the solution was 
cooled to room temperature away from light, patching to be 
100 mL. The prepared AuNPs was stored at 4℃ away from 
light for later use.

In order to graft DNA tag probes onto the surface of 
AuNPs, 1 mL of AuNPs were firstly concentrated 4 times 
and the pH value was adjusted to be 8.0. At the same time, 
200 μL of thiol-modified DNA tag probes (15 μM) were 
mixed with 5 μL of TCEP (1 M) and reacted for 30 min 
to activate the sulfhydryl group. Afterward, the prepared 
AuNPs and thiol-modified DNA probes were mixed and 
incubated at room temperature for 1 h. Then, 4.5 μL of 
sodium citrate solution (500 mM, pH 3) and NaCl (12 μL, 
1 M) were added successively and was incubated at room 
temperature for 1 h. After that, 60 μL of HEPES (500 mM, 
pH 7.6) was added to adjust the solution to be weakly 
alkaline. Finally, the surface was blocked with 10% BSA 
and was incubated at room temperature for 2 h. The solu-
tion containing AuNPs@DNA complex was centrifuged at 

12,000 rpm for 15 min and was washed three times with 
Tris–HCl (10 mM, pH 7.0) and was resuspended in 100 
μL of Tris–HCl (10 mM, pH 7.0). The obtained AuNPs@
DNA was stored at 4℃ away from light for further use.

Preparation of HCR nanoscaffold‑based FNA nanomaterial

The obtained AuNPs@DNA solution was mixed with the 
prepared HCR nanoscaffold at the ratio of 1:1 (v/v), and 
was incubated at room temperature for 2 h. Then the HCR 
nanoscaffold-based FNA nanomaterial conjugate was 
obtained and was stored at 4℃ away from light for further 
use.

RCA reaction

The RCA reaction was operated using a 10 μL of reaction 
mixture containing 1.5 U Splint R ligase, 200 nM pad-
lock probe (LP), 200 nM miRNA, 300 μM dNTPs, and 
0.4 U Phi29 DNA polymerase. The reaction mixture was 
incubated at 37 ℃ for 2 h, then was denatured at 65 ℃ for 
20 min, and finally was naturally cooled to room tempera-
ture. The RCA products were characterized by 2% agarose 
gel electrophoresis and were observed under the Gel Doc-
XR Imaging System (Biorad, USA).

Table 1   Nucleic sequences used in this study

Probe Target sequence (5’−3’)

ssDNA let-7a TGA​GGT​AGT​AGG​TTG​TAT​AGTT​
miRNA let-7a UGA​GGU​AGU​AGG​UUG​UAA​GUU​
LP let-7a P-CTG​ATA​AGC​TAA​GTC​TCC​TAC​CCT​CAG​CCT​CCT​TCA​ACA​TCA​GTC​TGA​TAA​GCT​AAG​

TCT​CCT​ACC​CTC​AGC​CTC​CTT​CAA​CAT​CAGT​
T line let-7a AAC​TAT​ACA​ACC​TACT-Biotin
C line let-7a Biotin- AAA​AAA​ GAG​GGT​AGG​AGA​CT
H1 ATT​TGG​TTC​CAT​TTT​ACC​AGC​TCA​AAG​TAG​CTG​GTA​AAA​TGG​AA
H2 AGC​TGG​TAA​AAT​GGA​ACC​AAA​TTT​CCA​TTT​TAC​CAG​CTA​CTT​TG
H1F ATT​TGG​ TTC​CAT​TTT​ACC​AGCT CAA​AGT​AGC​TGG​TAA​AAT​GGAA​

GGG​GTG​CCA​CCT​CC
H2F TGC​CAC​CTC​CGG​GGA​GCT​GGT​AAA​ATG​GAA​CCA​AAT​TTC​CAT​TTT​ACC​AGCT ACT​TTG​
Initiator probe (IP) AGC​TGG​TAA​AAT​GGA​ACC​AAA​TAA​AAG​TCT​CCT​ACC​CTCA​
Tag probe (CH2)6-SH- AAA​AAA​GGA​GGT​GGCA​
miRNA let-7b UGA​GGU​AGU​AGG​UUGU​GUGGUU​
miRNA let-7c UGA​GGU​AGU​AGG​UUG​UAU​GGUU​
miRNA let-7f UGA​GGU​AGUAG​AUUG​UAU​AGUU​
miRNA 202 AGA​GGC​AUA​GGG​CAU​GGG​AAAA​
miRNA 98 CUA​UAC​AAC​UUA​CUA​CUU​UCCU​
miRNA 21 UAG​CUU​AUC​AGA​CUG​AUG​UUGA​
miRNA 133 UUG​GUC​CCC​UUC​AAC​CAG​CUG​
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RCA‑FNA‑LFA for miRNA let‑7a detection

Prior to assembly, the sample pad was blocked with 10 mM 
PBS solution (0.1% Tween 20 v/v and 1% BSA w/v) for 
30 min, The ssDNA probes of C line and T line, which 
reacted with 1 mg/mL streptavidin, were immobilized on 
the test line and control line by the BioDot XYZ platform 
(XYZ3010, Shanghai Kinbio Technology, Shanghai, China), 
respectively. The NC membrane with T line and C line was 
dried at 37 ℃ overnight. Finally, the NC membrane, sample 
pad, and absorbent pad were pasted on a PVC backing card 
successively. After assembly, it was cut into 4-mm and was 
stored at room temperature in a sealed bag.

100 μL of reaction solution (5 × SSC) including sample, 
FNA nanomaterial, RCA products, and detergent (Triton 
X-100) were mixed in the ELISA well. Then, a test strip 
was inserted into this reaction solution at room temperature 
for 10 min. The reaction solution flowed through the NC 
membrane via capillary action. The bands of the T line and 
C line were photographed by a mobile phone and were ana-
lyzed by Image J software.

Results and discussion

Principle of HCR nanoscaffold‑based self‑assembly 
FNA nanomaterial

The FNA nanomaterial was self-assembled based on HCR 
nanoscaffold and the principle of Watson–Crick base 
pairing (Fig. 1). In the self-assembly process of HCR 
nanoscaffold, initiator probe (IP) acts as the initiator of 
HCR, opening the hairpin structure of H1F probe. The 
exposed sticky end of H1F probe can open the hairpin 
structure of H2F probe, as well as H2F probe and H1F 
probe open successively to form dsDNA. At the same time, 
AuNPs were modified with thiol-modified DNA tag probes 
by Au–S bond, and AuNPs@DNA was formed. A func-
tional arm of H1F probe and H2F probe was designed to 
bind with AuNPs@DNA to complete the self-assembly of 
FNA nanomaterial and to obtain the HCR nanoscaffold-
based FNA nanomaterial.

Fig. 1   Principle of the self-assembly FNA nanomaterial
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Characterization and optimization 
of the self‑assembly HCR nanoscaffolds

Simulation and characterization of the self‑assembly HCR 
nanoscaffolds

The reaction kinetics and product stability of the self-assem-
bly HCR nanoscaffold were simulated by NUPACK (https://​
nupack.​org/), a computer program developed by Harvard 
biophysicists Zachary Johnson and William Shih to predict 
the structure and stability of nucleic acid molecules, which 
has gradually evolved into a software platform containing 
multiple tools and algorithms [25, 26]. The initial concentra-
tion of H1F probe and H2F probe was set to be 1 μM, while 
the initial concentration of IP probe was set to be 0.1 μM, 
and the maximum complex product was set to be 5 compo-
nents. As shown in Fig. 2A, at maximum reaction limits, all 
IP probes were used to initiate the HCR reaction (Column 
3) without either by-products or leakage expression. The 
simulation of the product structure was shown in Fig. 2B, 
which showed the IP probe successfully initiated the self-
assembly process and was bound with H1F probe and H2F 
probe at the terminal. The free energy changing of the last 
H2F probe terminal indicated its potential to be continued to 
bind with new probes. In addition, agarose gel electropho-
resis was used to characterize the actual occurrence of the 

self-assembly. As shown in Fig. 2C, Lane 2 (H1F), Lane 3 
(H2F), and Lane 4 (H1F and H2F) only have bands of low 
molecular weight, indicating that harpin probes could be sta-
ble in solution. Nevertheless, with the presence of IP probe, 
bands of high molecular weight with diffuse distribution 
appeared, indicating that HCR was successfully occurred, 
and the HCR nanoscaffold for the following experiment was 
successfully prepared.

Optimization of the conditions for self‑assembly HCR 
nanoscaffold

HCR was a chemical equilibrium reaction. The key to suc-
cessfully construct HCR system was the design of harpin 
probe and terminal modification. It is not only necessary 
to ensure the efficient process of self-assembly, but also to 
avoid leakage expression in the absence of initiator. In par-
ticular, the bifunctional harpin probe designed in this study 
not only recognized the initiator to complete the capture of 
the amplified product, but also to combine with the AuNPs@
DNA to realize the signal output.

The HCR reaction required the assistance of cations. 
However, high concentration of cations would reduce the 
stability of AuNPs@DNA complex. Thus, it was necessary 
to desalt the HCR products before coupling with AuNPs@
DNA. This process was accomplished with the help of 

Fig. 2   Principle, design, and 
characterization of self-
assembly FNA nanomaterial 
(A) Simulation of the self-
assembly HCR nanoscaf-
fold. (1) remaining H2F 
probe. (2) remaining H1F 
probe. (3) Principal product: 
IP + H1F + H2F + H1F + H2F. 
IP: 0.1 μM. Other probes 
were 1 μM. (B) Simulation 
of principal product for HCR 
nanoscaffold. (C) Characteriza-
tion of the self-assembly HCR 
nanoscaffold. Lane 1: D2000 
marker. Lane 2: H1F. Lane 3: 
H2F. Lane 4: H1F + H2F. Lane 
5–7: IP + H1F + H2F. IP (5–7): 
0.1, 0.3, 0.5 μM. H1F with 
1 μM H2F, respectively

https://nupack.org/
https://nupack.org/
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ultrafiltration tubes, which helped to concentrate the formed 
FNA products at the same time. After ultrafiltration, the dis-
persion band in Lane2 was significantly brighter than that 
in Lane 3 (Fig. 3A), indicating that the HCR products were 
concentrated and the salts in the system were removed.

In addition, the reaction time of HCR was optimized. The 
conventional HCR reaction was fast which consumed 0.5 h 
to 2 h [27–29]. However, during this time period, the reac-
tion did not reach its maximum. At the same time, as the 
functions of hairpin probe become more complex, the time 
consumed also increased [30–32]. The reaction volume of 
100 μL reaction buffer containing H1F probe and H2F probe 
(1 μM) with different IP probe concentration was carried out 
at room temperature for 6 h [Fig. 3B(a)], 12 h [Fig. 3B(b)], 
and 24 h [Fig. 3B(c)], respectively. As shown in Fig. 3B, in 
12 h of HCR, the bands at the low molecular weight posi-
tion became very light, the brightness of the bands at high 
molecular weight was significantly enhanced instead, which 
was obviously different from the reaction of 6 h and 24 h. 
Therefore, 12 h was chosen as the optimal reaction time for 
HCR. Meanwhile, comparing the results of lane 2–6 in 12 h 

of HCR [Fig. 3B(b)], it can be found that with the increase 
of IP concentration (0.1–0.5 μM), the average molecular 
weight in the product decreased. In order to ensure that the 
HCR nanoscaffold can combine more AuNPs@DNA to pro-
vide a stronger signal, the probe ratio of lane 2 was selected, 
that was, IP: H1F: H2F = 1:10:10.

Characterization of the prepared AuNPs@DNA

The UV absorption spectra was used to characterize the pre-
pared AuNPs@DNA, and the result was shown in Fig. 4. 
It can be found from Fig. 4A that before coupling with 
DNA tag probe, the maximum absorption peak of AuNPs 
was located at 520 nm (solid red line), and after coupling 
with DNA tag probe, the absorption peak was changed to 
about 526 nm (solid green line), a redshift of the maximum 
absorption peak was occurred. At the same time, a distinct 
absorption peak appeared at 280 nm for AuNPs@DNA, 
which indicated that the diameter of AuNPs increased after 
coupling with DNA tag probe, the coupling between AuNPs 
and DNA tag probe was successful.

Fig.3   Optimization of FNA self-assembly based on HCR reaction 
(A) Concentration and desalting for self-assembly FNA. (B) Optimi-
zation self-assembly time for FNA. (a) FNA self-assembly for 6  h. 
Lane 1: D2000 marker. Lane 2–6: IP at the concentration of 0.1, 0.2, 

0.3, 0.4, and 0.5 μM. (b) FNA self-assembly for 12 h. Lane 1: D2000 
marker. Lane 2–6: IP at the concentration of 0.1, 0.2, 0.3, 0.4, and 
0.5 μM. (c) FNA self-assembly for 24 h. Lane 1: D2000 marker. Lane 
2–6: IP at the concentration of 0.1, 0.2, 0.3, 0.4, and 0.5 μM

Fig. 4   Characterization of AuNPs and AuNPs@DNA by UV absorption spectra (A). The UV absorption spectra of AuNPs and AuNPs@DNA. 
(B). The stability of AuNPs and AuNPs@DNA
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In addition, Meys stabilization experiment was used to 
investigate the stability of the formed AuNPs@DNA (Fig. 4B). 
When excessive NaCl solution was mixed with AuNPs, the 
charge balance between AuNPs was destroyed by sodium ions, 
resulting in the aggregation of AuNPs, while the surface of 
AuNPs@DNA was coupled with nucleic acids, which could 
protect AuNPs from aggregation. After NaCl was added to the 
AuNPs solution, the changes were drastic of the UV absorp-
tion spectra (solid red line to dotted red line), while the UV 
absorption spectra of the AuNPs@DNA did not change much 

before and after salt was added (dotted green line was over-
lapped with solid green line), which further proved that the 
DNA tag probe coupling with AuNPs was successful.

HCR nanoscaffold‑based FNA nanomaterial 
cascaded with RCA and coupled with lateral flow 
assay (RCA‑FNA‑LFA) for miRNA let‑7a detection

The principle of HCR nanoscaffold-based FNA nanomate-
rial cascaded with RCA and coupled with lateral flow assay 

Fig. 5   The principle of the proposed RCA-FNA-LFA assay for miRNA let-7a detection (A). The principle of RCA reaction. (B). The principle 
of RCA-FNA-LFA
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(RCA-FNA-LFA) was illustrated in Fig. 5, demonstrating 
a strategy for fast, simple, and visual detection of miRNA 
let-7a.

For miRNA detection, the padlock probe first specifi-
cally bound with miRNAs and cyclized in the presence of 
Splint R ligase. Once the padlock probe was cyclized, the 
amplification was started under the function of Phi29 DNA 
polymerase and repeated single-stranded amplified products 
were produced. The pre-prepared FNA nanomaterial com-
bined with RCA product, and the formed complexes run 
along the NC membrane under the action of capillary force. 
Afterwards it was bound with the capture probe immobilized 
on the T line, and positive signal as red color was given. 
The strengthened red color indicated greater amount of RCA 
products on the T line. In contrast, in the absence of miRNA, 
that is, absence of RCA products, the FNA nanomaterial 
was not recognized by the capture probe immobilized on 
the T line, thereby negative signal (no red color) was given. 
Whereas all control reactions gave positive signals on the C 
line of the strip. The process of nanoscaffold self-assembly 

was independent of the target sequence, so it is prepared in 
advance, and the entire detection process is only determined 
by the time of RCA amplification. Hence, the detection time 
was 2 h.

Considering the environmental factors and matrix fac-
tors that may affect the color rendering conditions, the color 
rendering ratio of T/C was used in the following results to 
counteract the inherent heterogeneity of LFA.

Optimization of RCA conditions for the proposed 
RCA‑FNA‑LFA assay

The specificity of the designed padlock probe was sig-
nificant to ensure the specificity of the proposed method 
for target miRNA. Using pre-designed padlock probe LP 
let-7a, RCA was performed with the presence of miRNA 
21, miRNA 221, and miRNA let-7a, respectively, and the 
results were characterized by agarose gel electrophoresis. 
A highly efficient RCA reaction would occur with a long 
repeating sequence that can be formed with low mobility 

Fig. 6   Optimization of RCA conditions for RCA-FNA-LFA assay 
(A). Specificity evaluation of padlock probe for RCA. Lane 1: 
D2000 marker. Lane 2: miRNA let-7a + padlock probe let7a. Lane 
3: miRNA 21 + padlock probe let7a. Lane 4: miRNA 211 + padlock 
probe let7a. (B). Optimization of the padlock probe concentration for 
RCA. (a) The result of agarose gel electrophoresis. The concentration 
of padlock probe in lane 1–5 was 1, 5, 10, 50, 100 nM, respectively. 
(b) The result of LFA. The concentration of padlock probe in strips 
1–5 was 1, 5, 10, 50, 100  nM, respectively. All miRNA concentra-
tions used in the experiment was 20 nM. (C). Evaluation the effect of 

steric hindrance of RCA products on the detection of miRNA let-7a 
based on RCA-FNA-LFA. (a) The result of agarose gel electropho-
resis. Lane 1: D2000 marker. Lane 2: with nicking enzyme. Lane 3: 
without nicking enzyme. (b) miRNA let-7a detection based on RCA-
FNA-LFA without nicking enzyme. Strip1: NC. Stirp 2: 0.25 nM of 
miRNA let-7a detection. Strip 3: 0.5 nM of miRNA let-7a detection. 
Strip 4: 1 nM of miRNA let-7a detection. (c) miRNA let-7a detection 
based on RCA-FNA-LFA without nicking enzyme. Strip1: NC. Stirp 
2: 0.25 nM of miRNA let-7a detection. Strip 3: 0.5 nM of miRNA let-
7a detection. Strip 4: 1 nM of miRNA let-7a detection
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on agarose gel electrophoresis and signal can be identi-
fied on the gel lane. As shown in Fig. 6A, only Lane 2 
with the presence of miRNA let-7a had obvious bright 
band near gel lane. indicating the designed padlock probe 
possessed a good specificity for miRNA let-7a.

RCA products and padlock probes had the homolo-
gous complementary sequences. Hence, excessive pad-
lock probes in the system might prevent the binding of 
the RCA amplified products with the capture probes on 
T line of LFA. However, a lower concentration of pad-
lock probe cannot efficiently perform RCA. Therefore, it 
was necessary to optimize the concentration of padlock 
probes. A gradient concentration of padlock probe (1, 5, 
10, 50, and 100 nM) was used to evaluate the effect of 
padlock probe concentration on RCA reaction. As shown 
in Fig. 6B(a), bright bands appeared in Lane 3 (10 nM), 
Lane 4 (50 nM), and Lane 5 (100 nM), indicating that a 
large number of RCA products were produced with the 
concentration of padlock probes higher than 10 nM. All 
the above-mentioned RCA products were detected by 
the proposed RCA-FNA-LFA. According to the results 
in Fig.  6B(b), it can be found that an obvious signal 
appeared on the T line at the padlock probe concentration 
of 5 nM. With the padlock probe concentration increasing 
from 5 to 50 nM, the red color on T line became more 
clearer, while the color became weaker at padlock probe 
concentration of 100 nM, suggesting that 100 nM padlock 
probe might be excess and affect the detection process. 
Therefore, 50 nM was selected as the optimal concentra-
tion for padlock probe.

The product of RCA was a repeated long fragment, 
as well as the sequence length of the prepared FNA was 
generally above 2 Kb. Therefore, the complex of RCA-
FNA may be too huge to affect its smooth migration 
on LFA. In order to overcome this possible influence, 
a nicking enzyme site was deliberately introduced into 
padlock probe to produce small fragments for smooth 
migration of the complex on LFA. With the addition of 
nicking enzyme, the product was changed from the accu-
mulation on the gel lane to a diffuse band [Fig. 6C(a)]. It 
was worth noting that the efficiency of one-pot (Lane 2) 
digestion was higher than that of step-by-step (Lane 3). 
Subsequently, the RCA-FNA complex before and after 
digestion was also characterized with LFA (Fig. 6C). 
Compared with the undigested group [Fig. 6C(b)], the 
signal on T line was more obvious under the function 
of nicking enzyme [Fig. 6C(c)]. The smaller molecular 
weight of the complexes produced after enzyme diges-
tion was easier to migrate on LFA, moreover, the exposed 
recognition sequence after digestion was more easily to be 
captured by the immobilized probe on T line.

Optimization of running buffer for the proposed 
RCA‑FNA‑LFA assay

The composition of the running buffer had a great influence 
on the migration and capture of the RCA-FNA complex. 
For running buffer evaluation, the running buffer type, the 
running buffer pH values, type and percentage of detergent 
were the subjects of frequent inspection.

Three types of buffers (PBS, SSC, and Tris–HCl) were 
chosen to evaluate the efficiency for running buffer. Moreo-
ver, referring to previous studies, different concentrations of 
SSC (1 × , 5 × , and 10 ×) were also investigated due to their 
different function in nucleic acid hybridization [33, 34]. All 
the strips showed clear T line and C line in the presence 
of different running buffers (Fig. 7A), however, among the 
results of these running buffers, the T/C ratio in the 5 × SSC 
buffer was the highest, thus it was chosen as the optimal 
running buffer for the detection.

Not AuNPs were easily to be destroyed but nucleic acid 
hybridization would fail under the condition of over-acid 
or over-alkali. Hence, the effect of pH values from 4 to 9 of 
5 × SSC running buffer were also evaluated (Fig. 7B). It was 
an obvious false positive phenomenon at acid condition (pH 
4–6). From the results of three other pH values (pH 7–9), 
it was observed that the T/C ratio of 5 × SSC buffer with 
pH value of 8 was the highest. There might be two main 
reasons for the effect of pH on the signal output of LFA. 
On one hand, nucleic acid molecules (DNA and RNA) had 
negatively charged phosphate groups, whose charge state 
was affected by pH. At different pH values, the degree of dis-
sociation of nucleic acid molecules was different, affecting 
the ability to bind with the complementary chains [35]. On 
the other hand, pH had an effect on the stability of nucleic 
acid immobilization. For example, when the solution was 
alkaline, the positive charge on the of paper surface was 
reduced, which was not conducive for DNA immobilization. 
It meant lower the efficiency of DNA immobilization[36]. 
Therefor, 5 × SSC with pH value of 8 was selected as the 
running buffer in the subsequent experiments.

The absence of surfactants in running buffer may result in 
low fluidity of RCA-FNA complexes and incomplete migra-
tion along NC membranes. First, two surfactants (Tween-20 
and Triton X-100) with the same concentration (1%) were 
compared. As shown in Fig. 7C(a), running buffer added 1% 
Tween-20 showed a more obvious signal on T line than that 
of Triton X, however, Tween-20 as surfactant was accom-
panied by distinct false positive. In this study, Tween-20 
may change the physical and chemical properties of the 
sample pad and the nitrocellulose membrane on the strip, or 
produces unexpected interactions with HCR nanoscaffolds-
based functional nucleic acids on the strip, resulting in the 
generation of false positive signals. Another possible rea-
son is that the presence of Tween-20 may alter the bonding 
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dynamics between target miRNA -FNA complex and captur-
ing probe on the strip [37, 38]. Thus, Triton X was chosen 
as the surfactant. Different concentrations of Triton X-100 
(0.5%, 1.0%, 2.0%, and 5.0%, v/v) were further evaluated for 
their effect on LFA (Fig. 7C(b)). It can be found that when 
the concentration of Triton X-100 was 1.0%, the T/C ratio 
was the highest. Therefore, 1.0% Triton X-100 was finally 
selected as the surfactant in the subsequent experiments.

Analytical performance of the proposed 
RCA‑FNA‑LFA assay

Sensitivity of the proposed RCA‑FNA‑LFA assay

Under the optimized experimental conditions, a gradient 
concentration of miRNA let-7a (0 nM, 25 pM, 50 pM, 
100 pM, 250 pM, 500 pM, and 1 nM) were detected by 
the proposed RCA-FNA-LFA assay. As shown in Fig. 8, 
all concentrations of miRNA let-7a showed positive sig-
nals (red color) on T line, whereas absence of miRNA 
didn't give any positive signal (no red) on T line. With the 
increase of miRNA let-7a concentration, the red color of 
T line was strengthened, that is, the intensity of positive 
signal (red color) was proportional to the concentration 
of miRNA let-7a. The T/C ratio was linearly correlated 
with the logarithmic concentrations of miRNA let-7a with 
the linear regression of y = 0.35x-0.5332 (R2 = 0.9561) 

(Fig. 8B). The limit of detection (LOD) for miRNA let-7a 
was calculated to be 1.07 pM according to 3σ principle, 
which was nearly 20-fold sensitivity enhancement com-
pared with that of RCA-LFA assay [39].

Compared to other miRNA detection strategy, it can 
be observed that the sensitivity assay of the present study 
was slightly better than that of previous reported studies 
(Table 2).

Specificity of the proposed RCA‑FNA‑LFA assay

In order to evaluate the specificity of the proposed RCA-
FNA-LFA assay, miRNA let-7 family members (let-7b, 
let-7c, let-7f, miR-202, and miR98) and other miRNAs 
(miR21 and miR133) were detected as the targets. 500 pM 
of different miRNAs and miRNA mixture were dissolved 
in fetal bovine serum (FBS) for detection. As illustrated in 
Fig. 9, for let-7a and miRNA mixture detection, obvious 
red bands on the T and C line were observed, while no 
bands were observed on T line of other miRNA groups. 
Meanwhile, the T/C ratio of let-7a and miRNA mixture 
group was significantly different from that of other groups. 
Hence, the present assay can be used for specific, sensi-
tive, rapid, and visual detection of let-7a in serum sam-
ples, other miRNAs did not cause any interference to the 
detection.

Fig. 7   Optimization of detection conditions for the proposed RCA-
FNA-LFA assay (A). Optimization of running buffer types. (B). Opti-
mization of 5 × SSC running buffer pH values. (C). Optimization of 

surfactant type and concentration. (a) Optimization of surfactant type. 
(b) Optimization of surfactant Triton X-100 concentration
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Accuracy of the proposed RCA‑FNA‑LFA assay

The accuracy and precision of the proposed RCA-FNA-
LFA assay were evaluated by detecting miRNA let-7a 
spiked in FBS, and the recovery was calculated. Low 
(100 pM), medium (250 pM), and high concentrations 
(1 nM) of miRNA let-7a were spiked in FBS for analy-
sis. As shown in Table 3, the intra-assay recoveries were 
96.64 ± 2.05%, 99.41 ± 2.15%, and 100.10 ± 0.81%, and the 
inter-assay recoveries were 97.25 ± 9.08%, 99.57 ± 5.15%, 
and 100.57 ± 1.80%, respectively. The coefficient of vari-
ation wasfrom 2.06 to 9.34%. These results indicated that 
the accuracy and precision of RCA-FNA-LFA was accept-
able for the quantitative detection of miRNA let-7a.

Stability of the proposed RCA‑FNA‑LFA assay

To evaluate the stability, the HCR-based FNA nanomate-
rials in the solution or embedded on the conjunction pad 
were placed at 4℃ and 37 °C for 7 days (equivalent to 
1–2.5 months at low temperature), respectively. At each day 
post the incubation, the LFA were used to test 500 ng/mL 
miRNA let-7a. As shown in Fig. 10, there was no signifi-
cant difference between three groups within 7 days, and the 
ratio of T/C value were all nearly 0.4. The results indicated 
that the proposed RCA-FNA-LFA assay was stable, and the 
prepared HCR-based FNA nanomaterials could be stably 
stored as well.

Conclusions

A novel functional nucleic acid nanomaterial based on HCR 
nanoscaffolds was proposed to solve the problems of time 
superposition and repeated primer design in cascaded ampli-
fication in the present study. The key factors that affect the 
self-assembly of FNA nanomaterials, such as assembly time, 
probe concentration, and system composition were focused 
to be investigated. Subsequently, using miRNA let-7a as 
the model target, RCA was cascaded with FNA nanomate-
rials and LFA for sensitive and rapid detection. Under the 
optimal conditions, the proposed RCA-FNA-LFA assay 
demonstrated the specificity and accuracy of miRNA let-7a 
detection with a detection limit of 1.07 pM and a detection 
range of 25–1000 pM, which was nearly 20-fold sensitiv-
ity enhancement compared with that of RCA-LFA assay. It 

Fig. 8   Sensitivity of the proposed RCA-FNA-LFA assay (A). Results 
of different miRNA let-7a concentrations detection by RCA-FNA-
LFA. 0: negative control. 1–6 miRNA let-7a concentration: 25  pM, 

50  pM, 100  nM, 250  nM, 500  pM, 1  nM, respectively. (B). Quan-
titative standard curve of miRNA let-7a detection. All values are 
mean ± standard deviation (n = 3)

Table 2   Comparison of the results for miRNA detection

Target Signal amplifi-
cation method

LOD Time Reference

miRNA-21 RCA​ 40 pM 2 h [39]
miRNA let-7a 20 pM
miRNA-21 DSN enzyme 0.16 pM 2 h [40]
miRNA-21 CHA 0.89 pM 1 h [41]
miRNA-196a-5p CHA 1.171 nM 30 min [42]
miRNA-31-5p 2.251 nM
miRNA-21 CHA 3.31 pM 30 min [43]
miRNA-196a- 5p 2.18 pM
miRNA let-7a RCA-FNA 1.07 pM 2 h This work
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was worth mentioning that the time consumption of the pro-
posed cascaded amplification based on RCA-FNA-LFA in 
this study only depended on the time of RCA, because FNA 
nanomaterials were prepared in advance. At the same time, 

a standardized FNA probe design was established, which 
depended on the design of padlock probes for RCA. As for 
other targets detection, the developed FNA nanaomaterials 
can be used without any change. It can be expected that 

Fig. 9   Specificity of the proposed RCA-FNA-LFA assay

Table 3   The accuracy and precision of RCA-FNA-LFA for detection of miRNA let-7a spiked in serum

miRNA let-7a
 (pM)

Intra-assay Inter-assay

Mean (pM) SD Recovery (%) CV (%) Mean (pM) SD Recovery(%) CV (%)

100 99.64 2.05 96.64 ± 2.05% 2.06 97.25 9.08 97.25 ± 9.08% 9.34
250 248.52 5.38 99.41 ± 2.15% 2.16 248.93 12.87 99.57 ± 5.15% 5.17
1000 1001.03 8.01 100.10 ± 0.81% 0.80 1005.72 18.02 100.57 ± 1.80% 1.79

Fig. 10   The stability of HCR-based FNA nanomaterials
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this smart design will play a pivotal role in greatly reducing 
duplication of effort in probe design. Meanwhile, by comb-
ing with labels with stronger signal intensity, such as fluores-
cence and surfaced enhanced Raman spectroscopy (SERS), 
the sensitivity of the proposed assay can be significantly 
enhanced and realizes ultra-sensitive detection.
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