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ABSTRACT: Loop-mediated isothermal amplification (LAMP) has been widely used in nucleic acid assay because of its high
specificity, sensitivity, and isothermal property. However, the complexity of amplification product detection is still a major challenge
for its wide applications. Herein, we developed a light scattering technology-assisted, low-cost, and simple detection manner of
LAMP products without expensive reagents and complicated instruments. Only needing to add a kind of strong acid to the
amplification products, the amplification products can aggregate into large particles in a strongly acidic medium, and large particles
can produce strong light scattering, which shows a good proportional relationship with the number of amplification products in a
wide range. The proposed method shows excellent sensitivity and high specificity that can quantify RNA as low as 100 aM with a
single-base resolution.

■ INTRODUCTION

RNAs including microRNAs (miRNAs) and messenger RNAs
(mRNAs) have always been very important research topics due
to their vital roles in the fundamental process of life.1,2 As RNA
is considered a hallmark for identifying pathogens,3 and its
expression profile is relevant to the pathogenesis of the
disease,4 RNA analysis has become an important content of
current biological research. Thus, a simple and sensitive RNA
detection method is particularly important because of its great
value in disease pathophysiology5 and medical diagnostics.6

Up to now, many ways for RNA analysis have been
established from simple to complex and multistep procedures.
Among these ways, reverse transcription-polymerase chain
reaction (RT-PCR) is the most popular amplification
technology with a wide dynamic range.7 However, several
main limitations of RT-PCR are its thermal cycle process,
requirement of reverse transcription, and false-positive signal.8

Furthermore, since miRNA is quite short, it is difficult to be
amplified by the direct use of PCR, which makes the PCR
construction very complex.9 As promising alternatives to PCR,
isothermal amplification methods of miRNA,10 such as digital
miRNA detection,11 loop-mediated isothermal amplification
(LAMP),12−14 rolling circle amplification (RCA),15,16 expo-
nential amplification reaction (EXPAR),17,18 nucleic acid

sequence-based amplification (NASBA),19 duplex-specific
nuclease signal amplification (DSNSA),20 catalyzed hairpin
assembly (CHA),21 and hybridization chain reaction (HCR),22

are effective amplification methods under isothermal con-
ditions. Gines et al. reported an isothermal digital detection
method by designing DNA circuits that inhibits nonspecific
amplification common in nucleic acid amplification methods
and provides absolute quantification of miRNAs.11 CHA and
HCR are enzyme-free methods that rely on competitive
hybridization, which can be used to probe endogenous
miRNAs in living cells.22 LAMP, RCA, NASBA, EXPAR, and
DSNSA are well-known enzyme-based amplification strategies
that can be used for quantitative analysis of miRNAs through
their exponential or linear amplification mechanism. Among
the numerous enzyme-based isothermal methods, LAMP
possesses impressive sensitivity. Generally, LAMP can amplify

Received: March 23, 2022
Accepted: May 24, 2022
Published: June 1, 2022

Articlehttp://pubs.acs.org/journal/acsodf

© 2022 The Authors. Published by
American Chemical Society

19957
https://doi.org/10.1021/acsomega.2c01759

ACS Omega 2022, 7, 19957−19963

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Honghong+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuhui+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hui+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuanwen+Liang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuting+Jia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhengping+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c01759&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01759?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01759?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01759?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01759?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01759?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01759?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01759?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01759?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/7/23?ref=pdf
https://pubs.acs.org/toc/acsodf/7/23?ref=pdf
https://pubs.acs.org/toc/acsodf/7/23?ref=pdf
https://pubs.acs.org/toc/acsodf/7/23?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c01759?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


a few copies of nucleic acids to detectable capability at a
constant temperature. Therefore, LAMP technology has been
transformed into a popular method for the quantitative assay of
biomarkers23,24 and pathogen-caused infectious diseases, such
as COVID-19.25−27 Classic LAMP uses four primers to target
six areas on the target sequence (more than 130 bp), which
results in the requirement of long target sequences and
carefully designed primers.28 Du et al. used ligation-dependent
LAMP to amplify miRNA target sequences, in which one pair
of stem-loop probes can be specifically linked together to
generate double stem-loop structure DNA to start up LAMP.12

The strategy of initiating LAMP based on double stem-loop
DNA greatly simplifies the design of the primer for LAMP.29

Although LAMP is quite robust, the detection manner of
amplification products is still a challenge.
LAMP reaction is a highly efficient nucleic acid amplification

reaction, which can produce a mass of stem-loop structure
DNAs with a variety of stem lengths.28 So far, many ways have
been used for the analysis of amplification products including
gel electrophoresis,30,31 naked eye monitoring,32,33 real-time
fluorescence,34 electrochemical methods,35 and so on.
Magnesium pyrophosphate can be produced as a by-product
during nucleic acid amplification by DNA polymerase. Based
on this characteristic, Notomi and co-workers put calcein in
the reaction solution of LAMP33 and the amplification reaction
can be detected by the naked eye through the color change of
calcein-manganese (orange) turning into calcein-magnesium
(green fluorescence signal) as the reaction proceeds. But this
assay found that calcein would reduce the sensitivity of LAMP
compared with reaction results without adding additional
reagents. This is mainly due to the finding that calcein
combined with magnesium can reduce the activity of the
enzyme36 and the interaction between calcein and double-
stranded DNA leads to reduced sensitivity.37 For example, by
adding SYBR Green I in an amplification reaction,34 a kind of
embedded fluorescent dye, the fluorescence signal can be
collected and the process of LAMP reaction can be detected in

real time. However, this method requires a precise real-time
fluorescence detection system. Recently, a CRISPR/Cas12a-
assisted LAMP product detection method was reported.38 This
method can improve the specificity of amplification product
detection, but it needs to use a fluorescence probe and
CRISPR/Cas12a protease to generate fluorescence signals,
which greatly increases the detection cost. Therefore, simple
and low-cost detection manners are desirable for popularizing
the application of LAMP.
In this work, we establish research on light scattering

technology-combined ligation-dependent LAMP (LL-LAMP)
for RNA detection to develop a convenient and low-cost
detection method for the analysis of nucleic acid amplification
products without sophisticated instruments. We just need to
add perchloric acid into the amplification products, and the
DNA double-helix structure of products denatures into single-
stranded nucleic acids since hydrogen bonding between the
bases is destroyed in a strongly acidic medium. Then, single-
stranded nucleic acids aggregate into large particles with a
hydrated radius of 200−700 nm.39 The large particles produce
a very strong signal of light scattering, which shows a good
proportional relationship with the number of amplification
products in a wide range.

■ EXPERIMENTAL SECTION

Materials and Reagents. SYBR Green I (20 ng/μL) was
supported by Fanbo Biochemicals Co., Ltd. (Beijing, China).
T4 RNA ligase 2 and Bst DNA polymerase were obtained from
New England Biolabs (NEB, China). Deoxy-ribonucleotide
triphosphate dNTPs, Recombinant RNase Inhibitor (RRI),
and RNase-free water were obtained from Takara Biotechnol-
ogy Co., Ltd. (Dalian, China). MCF-7 cells were obtained
from the cell bank of the Chinese Academy of Sciences
(Shanghai, China). TRIzol reagent was purchased from
Invitrogen (USA). Stock solutions for RNA analysis were
respectively prepared in RNase-free water. All oligonucleotides

Figure 1. Principle of light scattering technology-combined ligation-dependent loop-mediated isothermal amplification for miRNA assay.
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used in this research were obtained from TaKaRa Biotechnol-
ogy Co., Ltd. (Dalian, China), and they are listed in Table S2.
Extraction of Total RNA. MCF-7 cells were kept in 7 mL

of DMEM medium (Gibco) containing 100 μg/mL
streptomycin, 3 mmol/L L-glutamine, 10% (v/v) fetal calf
serum, and 100 U/mL penicillin. The experimental process of
extracting total RNA from MCF-7 cells was based on the
protocol of the TRIzol reagent. The concentration of total
RNA was detected using a NanoDrop One (Thermo Scientific,
USA) and then stocked at −80 °C.
Experimental Process of LL-LAMP-Based RNA Assay.

For the ligation reaction, 1 μL of total RNA sample or 1 μL of
target RNA (microRNA or mRNA) was added to 5.0 μL of the
reaction solution including 2.3 μL of RNase-free water, 1 μL of
200 nM P1let‑7a (or P1mRNA), 1 μL of 200 nM P2let‑7a (or
P2mRNA), 0.1 μL of 40 U/μL RRI, and 0.6 μL of 10× T4 RNA
ligase 2 buffer (10 mM DTT, 500 mM Tris−HCl, 4 mM ATP,
and 20 mM MgCl2). The reaction solution was put at 65 °C
for 2 min and then at 39 °C for 5 min to accomplish the
hybridization reaction of target RNA and probes. Then, 3.5 μL
of RNase-free water, 0.4 μL of 10× ligase 2 buffer, and 0.1 μL
of ligase were put in the reaction solution, and the solution was
heated at 37 °C for 30 min for ligation reaction.
For the amplification reaction, a volume of 2 μL reaction

product mentioned above was put into 8 μL of LAMP mixture
including 4.3 μL of RNase-free water, 1.0 μL of 10×
ThermalPol buffer (20 mM MgSO4, 200 mM Tris−HCl, 100

mM KCl, 100 mM (NH4)2SO4, and 1% Triton X-100), 0.5 μL
of 8 U/μL Bst polymerase, 0.2 μL of SYBR Green I, 0.5 μL of
10 μmol/L FIP, 1.0 μL of 2.5 mmol/L dNTPs, and 0.5 μL of
10 μmol/L BIP with a final system of 10 μL. The reaction
mixture was immediately put into a 2720 PCR system (Applied
Biosystems, USA) to carry out the LAMP process at 65 °C.
LAMP amplification times were 35 min (the concentration of
RNA ranges from 100 aM to 100 fM) and 15 min (the
concentration of miRNA ranges from 1 pM to 1 nM).
Ten microliters of HClO4 (1 M) and 80 μL of water were

added to the above 10 μL of amplified products. One hundred
microliters of the mixture was mixed and added to the cuvette.
An LS55 fluorescence spectrophotometer was used to scan the
scattering spectrum.

■ RESULTS AND DISCUSSION

The Working Principle of LL-LAMP for RNA Assay.
The method described here applies to any known RNA. Figure
1 gives an illustrated example for the microRNA (let-7a) assay.
According to the sequence of let-7a (arrow represents the 3′-
terminus), we design two stem-loop probes including P1let‑7a
and P2let‑7a. P1let‑7a is composed of the complementary region
with a half sequence of let-7a and the stem-loop structure
region from the 5′-terminus direction to the 3′-terminus
direction. P2let‑7a is composed of the stem-loop structure region
and complementary region with a half sequence of let-7a from
the 5′-terminus direction to the 3′-terminus direction. P2let‑7a is

Figure 2. (A, B) Light scattering spectrum of let-7a with different concentrations by the LL-LAMP protocol. (A) From bottom to top, the
concentrations are 0 (blank, without let-7a in the LL-LAMP system), 100 aM, 1 fM, 10 fM, and 100 fM, respectively. The LL-LAMP reaction time
is 35 min. (B) From bottom to top, the concentrations are 0, 1 pM, 10 pM, 100 pM, and 1 nM, respectively. The LL-LAMP reaction time is 15
min. (C, D) Linear relationship between the light scattering intensity (at 320 nm) and the logarithm of concentrations. Error bars are the standard
deviation of three replicates in panels (C) and (D).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c01759
ACS Omega 2022, 7, 19957−19963

19959

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c01759/suppl_file/ao2c01759_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01759?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01759?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01759?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01759?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01759?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


modified with two ribonucleotides at the 3′-end, which
effectively improves the connection efficiency.40 In the
presence of let-7a, P1let‑7a and P2let‑7a respectively hybridize
adjacently with let-7a and are ligated together by the catalysis
activity of ligase to form a special DNA molecule with a double
stem-loop structure. The special DNA with a double stem-loop
structure is a starting template for the subsequent cycle DNA
amplification process, which is exactly a similar process to
loop-mediated isothermal amplification (LAMP).20 Once the
starting template is formed, it can initiate a cycle DNA
amplification reaction in the presence of FIP (forward inner
primer) and BIP (backward inner primer) under isothermal
conditions.29 Cycle DNA amplification reaction is catalyzed by
Bst polymerase with chain replacement activity. First, double
stem-loop DNA will initiate an extension reaction along with
itself as a template to form single stem-loop DNA consisting of
a stem and a loop (structure 1). F2 of FIP hybridizes with a
loop of structure 1 to continue the extension reaction while
displacing the lower strand to form structure 2. Structure 2
continues the extension reaction to form structure 3 and
structure 4. Briefly, DNA strand displacement occurs in two
processes: self-primed extension reaction and FIP (or BIP)-

mediated extension reaction. DNAs released by the strand
displacement process can self-hybridize to continue the self-
primed extension reaction, and then FIP (or BIP) will go on
hybridizing with a loop to start the extension reaction. Finally,
such a cycle DNA amplification reaction can produce a large
number of stem-loop DNAs with different inverted repeats and
cauliflower-like structures with multiple loops. When perchlor-
ic acid is added to the LAMP amplification products, the DNA
double-helix structure is first denatured into single strands and
then polymerized into large particles with a radius of 200 to
700 nm,39 which generates strong light scattering. Moreover,
the intensity of scattered light depends on the original target
RNA dosage, which can realize the highly specific and sensitive
analysis of RNA.

The Performance of LL-LAMP for RNA Analysis. The
influence of various conditions, including types of acids, the
concentration of HClO4, and the stability of the light scattering
signal, on the performance of LL-LAMP has been optimized
(Figures S1−S3). By testing a series of different amounts of let-
7a miRNA as target RNA, the analysis performance of LL-
LAMP was verified under the optimum conditions. As shown
in Figure 2A, the intensity of the light scattering signal

Figure 3. (A, B) Light scattering spectrum of mRNA with different concentrations by the LL-LAMP protocol. (A) From bottom to top, the
concentrations of mRNA are 0 (blank, without mRNA in the LL-LAMP system), 100 aM, 1 fM, 10 fM, and 100 fM, respectively. The LAMP
reaction time is 35 min. (B) From bottom to top, the concentrations of mRNA are 0, 1 pM, 10 pM, 100 pM, and 1 nM, respectively. The LL-
LAMP reaction time is 15 min. (C, D) Linear relationship between the light scattering intensity (at 320 nm) and the −lg of concentrations of
mRNA. The linear correlation equations are I320 nm = 944.2 + 52.4 lg C/M (R2 = 0.9958) with the concentration range from 100 aM to 100 fM and
I320 nm = 756.7 + 55.1 lg C/M (R2 = 0.9828) with the concentration range from 1 pM to 1 nM. Error bars represent the standard deviation of three
replicates in panels (C) and (D).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c01759
ACS Omega 2022, 7, 19957−19963

19960

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c01759/suppl_file/ao2c01759_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01759?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01759?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01759?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01759?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01759?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


increases gradually with the increase in miRNA concentration
and as low as 1 zmol (100 aM) miRNA can be distinguished
from the blank (without target RNA in LL-LAMP reaction).
When the light scattering intensity at 320 nm was plotted
against the negative logarithm concentration of miRNA (−lg
C/M) in the range of 100 aM to 100 fM, the standard curve
showed a good linear relationship (Figure 2C). The correlation
equation is I320 nm = 1114.2 + 62.8 lg C/M with a linear
correlation coefficient R2 = 0.9923, suggesting that the LL-
LAMP method is sensitive enough to quantitatively detect
miRNA with the detection limit of 100 aM. Typically, the
miRNA concentration range is about 100 aM to 800 fM in 1
ng of total RNA samples, that is, the dynamic range of the
proposed method is sufficient to detect the vast majority of
miRNAs in unknown actual samples.37 In addition, LL-LAMP
can expand the testing range by shortening the amplification
time (Figures 2B,D). Similarly, the intensity of light scattering
at 320 nm has a linear relationship with the negative logarithm
of the concentration of target miRNA (−lg C/M) in the range
from 1 pM to 1 nM. The linear equation is I320 nm = 785.2 +
56.3 lg C/M (R2 = 0.9921), which indicates that higher
concentrations of miRNA can also be analyzed by reducing the
amplification time. It is worth noting that the timescale of
LAMP amplification is different for the different ranges of

miRNA (Figure S4), which has been discussed in detail in the
Supporting Information.
To further demonstrate the generality of the method, p53

mRNA was chosen as another model target. According to the
sequence of p53 mRNA, P1mRNA and P2mRNA were designed
respectively by changing complementary regions of the target
sequence in P1let‑7a and P2let‑7a. As displayed in Figure 3, LL-
LAMP can sensitively quantify mRNA with the same
performance of let-7a. These results confirm the superior
applicability of the proposed method to the quantitative
analysis of other RNA molecules.

The Specificity of LL-LAMP for miRNA Detection.
Accurate single-base identification of target RNAs for genetic
biomarker analysis is an important aspect, especially those
miRNA sequences that are extremely similar. To evaluate the
specificity of the LL-LAMP protocol for RNA assay, the same
amount (1 fM) of let-7a family (let-7a, let-7d, and let-7e) and a
random miRNA (miR-143) were simultaneously detected by
using let-7a-specific probes (P1let‑7a and P2let‑7a). As shown in
Figure 1, P1let‑7a and P2let‑7a can perfectly hybridize with let-7a.
Let-7a can be used as a template to effectively ligate the let-7a-
specific stem-loop probes, start the subsequent amplification
reaction, and generate a clear light scattering signal. On the
contrary, the mismatched nucleotide from the other miRNA
can form the overhang with several nucleotides, which can

Figure 4. (A) Light scattering spectrum of the LL-LAMP-based assay of different miRNAs. (B) Relative light scattering responses (at 320 nm) of
other miRNAs compared to let-7a. The relative response of let-7a is defined as 100% and calculates the relative responses of other miRNAs based
on the linear equation in Figure 2. Error bars are the standard deviation of three replicates.

Figure 5. Quantification of let-7a in 50 pg of total RNA samples by using LL-LAMP. (A) Light scattering spectra for the assay of let-7a in total
RNA samples. (B) Let-7a content in total RNA. Error bars indicate the standard deviation of five replicates.
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avoid effective ligation reactions. As displayed in Figure 4A, the
light scattering signal of let-7a can be distinguished from the
other kinds of miRNA. It is worth noting that let-7a, let-7d,
and let-7e are different from one to two nucleotides. One can
see from Figure 4B that let-7e and let-7d produce 2.29 and
2.0% nonspecific signals, respectively. For miR-143, the light
scattering signal is the same as the blank, indicating that there
is no interference from miR-143. Overall, these results
demonstrate that the LL-LAMP protocol has high specificity
and the ability to identify highly similar RNAs with only single-
base differences.
Quantification of miRNA in the Total RNA Sample.

Furthermore, to investigate the practicability of the LL-LAMP
system for miRNA assay in complex biological samples, let-7a
in total RNA extracted from MCF-7 cells was detected. As
shown in Figure 5, 50 pg of the total RNA sample produced a
well-defined light scattering curve. With the calibration curve
in Figure 2C, the amount of let-7a in 50 pg of total RNA is
estimated to be 1.68 zmol. Upon adding 5 zmol of synthetic
let-7a to 50 pg of the total RNA sample, after five repeated
determinations, the average let-7a content was 6.51 zmol, and
the average recovery rate was 96.6%. These results indicate
that LL-LAMP is a reliable and practical method for the
quantitation of miRNA in biological samples.

■ CONCLUSIONS
In summary, we developed a convenient and low-cost method
(LL-LAMP) for RNA analysis based on light scattering
technology and ligation-dependent loop-mediated isothermal
amplification. In the proposed method, the efficient mecha-
nism of LAMP ensures the sensitivity of RNA assay. The target
RNA-templated ligation reaction of two stem-loop probes
enables LL-LAMP with single-base resolution. More impor-
tantly, the amplification products can aggregate into large
particles after adding perchloric acid and produce strong light
scattering. Thus, the target RNA can be quantitatively detected
by using light scattering technology without expensive
reagents. By using miRNA and mRNA as proof-of-concept
RNA targets, we have demonstrated that LL-LAMP is a
practical and reliable method for RNA analysis. These features
highlight that the LL-LAMP protocol has great potential in the
field of nucleic acid assay.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.2c01759.

Optimization of experimental conditions (Figures S1−
S3), results of real-time fluorescence monitoring of
amplified products (Figure S4), comparisons of different
optical methods for the detection of RNA (Table S1),
and sequences of the oligonucleotides (Table S2)
(PDF)

■ AUTHOR INFORMATION
Corresponding Authors
Hui Wang − School of Chemistry and Biology Engineering,
University of Science and Technology Beijing, Beijing 10083,
China; orcid.org/0000-0002-5116-1977;
Email: winscavin@ustb.edu.cn

Zhengping Li − School of Chemistry and Biology Engineering,
University of Science and Technology Beijing, Beijing 10083,

China; orcid.org/0000-0002-7573-8822;
Email: lzpbd@ustb.edu.cn

Authors
Honghong Wang − School of Chemistry and Biology
Engineering, University of Science and Technology Beijing,
Beijing 10083, China; orcid.org/0000-0002-8535-5358

Shuhui Wang − School of Chemistry and Biology Engineering,
University of Science and Technology Beijing, Beijing 10083,
China

Yuanwen Liang − School of Chemistry and Biology
Engineering, University of Science and Technology Beijing,
Beijing 10083, China

Yuting Jia − School of Chemistry and Biology Engineering,
University of Science and Technology Beijing, Beijing 10083,
China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.2c01759

Author Contributions
Honghong Wang, Hui Wang, and Z.L. conceived the work.
Honghong Wang and S.W. planned and performed the
experiments. Honghong Wang, Hui Wang, and Z.L. discussed
and analyzed the data. Y.L. and Y.J. carried out confirmatory
experiments. Honghong Wang, Hui Wang, and Z.L. wrote and
revised the paper. All authors declare no competing financial
interest and agree to contribute.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by the National Natural Science
Foundation of China (21775008) and the Fundamental
Research Funds for the Central Universities (FRF-TP-20-
021A2, FRF-BR-20-03B, and FRF-TP-20-043A2).

■ REFERENCES
(1) Cenik, C.; Cenik, E. S.; Byeon, G. W.; Grubert, F.; Candille, S. I.;
Spacek, D.; Alsallakh, B.; Tilgner, H.; Araya, C. L.; Tang, H.; Ricci, E.;
Snyder, M. P. Integrative analysis of RNA, translation, and protein
levels reveals distinct regulatory variation across humans. Genome Res.
2015, 25, 1610−1621.
(2) Gebert, L. F. R.; MacRae, I. J. Regulation of microRNA function
in animals. Nat. Rev. Mol. Cell Biol. 2019, 20, 21−37.
(3) Mandal, M.; Breaker, R. R. Gene regulation by riboswitches. Nat.
Rev. Mol. Cell Biol. 2004, 5, 451−463.
(4) Calin, G. A.; Liu, C. G.; Sevignani, C.; Ferracin, M.; Croce, C.
M. MicroRNA profiling reveals distinct signatures in B cell chronic
lymphocytic leukemias. Proc. Natl. Acad. Sci. USA 2004, 101, 11755−
11760.
(5) Sullenger, B. A.; Gilboa, E. Emerging clinical applications of
RNA. Nature 2002, 418, 252−258.
(6) Walt, D. R. CHEMISTRY: Miniature Analytical Methods for
Medical Diagnostics. Science 2005, 308, 217−219.
(7) Stahlberg, A.; Hakansson, J.; Xian, X.; Semb, H.; Kubista, M.
Properties of the reverse transcription reaction in mRNA
quantification. Clin. Chem. 2004, 50, 509−515.
(8) Bustin, S. Quantification of mRNA using real-time reverse
transcription PCR (RT-PCR): trends and problems. J. Mol.
Endocrinol. 2002, 29, 23−39.
(9) Chen, C.; Ridzon, D. A.; Broomer, A. J.; Zhou, Z.; Lee, D. H.;
Nguyen, J. T.; Barbisin, M.; Xu, N. L.; Mahuvakar, V. R.; Andersen,
M. R.; Lao, K. Q.; Livak, K. J.; Guegler, K. J. Real-time quantification
of microRNAs by stem-loop RT-PCR. Nucleic Acids Res. 2005, 33,
No. e179.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c01759
ACS Omega 2022, 7, 19957−19963

19962

https://pubs.acs.org/doi/10.1021/acsomega.2c01759?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c01759/suppl_file/ao2c01759_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hui+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5116-1977
mailto:winscavin@ustb.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhengping+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7573-8822
mailto:lzpbd@ustb.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Honghong+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8535-5358
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuhui+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuanwen+Liang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuting+Jia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01759?ref=pdf
https://doi.org/10.1101/gr.193342.115
https://doi.org/10.1101/gr.193342.115
https://doi.org/10.1038/s41580-018-0045-7
https://doi.org/10.1038/s41580-018-0045-7
https://doi.org/10.1038/nrm1403
https://doi.org/10.1073/pnas.0404432101
https://doi.org/10.1073/pnas.0404432101
https://doi.org/10.1038/418252a
https://doi.org/10.1038/418252a
https://doi.org/10.1126/science.1108161
https://doi.org/10.1126/science.1108161
https://doi.org/10.1373/clinchem.2003.026161
https://doi.org/10.1373/clinchem.2003.026161
https://doi.org/10.1677/jme.0.0290023
https://doi.org/10.1677/jme.0.0290023
https://doi.org/10.1093/nar/gni178
https://doi.org/10.1093/nar/gni178
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01759?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(10) Gines, G.; Menezes, R.; Xiao, W.; Rondelez, Y.; Taly, V.
Emerging isothermal amplification technologies for microRNA
biosensing: Applications to liquid biopsies. Mol. Aspects Med. 2020,
72, 100832.
(11) Gines, G.; Menezes, R.; Nara, K.; Kirstetter, A.-S.; Taly, V.;
Rondelez, Y. Isothermal digital detection of microRNAs using
background-free molecular circuit. Sci. Adv. 2020, 6, No. eaay5952.
(12) Du, W.; Lv, M.; Li, J.; Yu, R.; Jiang, J. A ligation-based loop-
mediated isothermal amplification (ligation-LAMP) strategy for
highly selective microRNA detection. Chem. Commun. 2016, 52,
12721.
(13) Sun, Y.; Tian, H.; Liu, C.; Sun, Y.; Li, Z. One-step detection of
microRNA with high sensitivity and specificity via target-triggered
loop-mediated isothermal amplification (TT-LAMP). Chem. Commun.
2017, 53, 11040−11043.
(14) Cardoso, T. C.; Ferrari, H. F.; Bregano, L. C.; Silva-Frade, C.;
Rosa, A. C.; Andrade, A. L. Visual detection of turkey coronavirus
RNA in tissues and feces by reverse-transcription loop-mediated
isothermal amplification (RT-LAMP) with hydroxynaphthol blue dye.
Mol. Cell. Probes 2010, 24, 415−417.
(15) Merkiene, E.; Gaidamaviciute, E.; Riauba, L.; Janulaitis, A.;
Lagunavicius, A. Direct detection of RNA in vitro and in situ by
target-primed RCA: The impact of E. coli RNase III on the detection
efficiency of RNA sequences distanced far from the 3′-end. RNA
2010, 16, 1508−1515.
(16) Li, Y.; Liang, L.; Zhang, C. Isothermally sensitive detection of
serum circulating miRNAs for lung cancer diagnosis. Anal. Chem.
2013, 85, 11174−11179.
(17) Jia, H.; Li, Z.; Liu, C.; Cheng, Y. Ultrasensitive Detection of
microRNAs by Exponential Isothermal Amplification. Angew. Chem.,
Int. Ed. 2010, 49, 5498−5501.
(18) Chen, J.; An, T.; Ma, Y.; Situ, B.; Chen, D.; Xu, Y.; Zhang, L.;
Dai, Z.; Zou, X. Isothermal amplification on a structure-switchable
symmetric toehold dumbbell-template: a strategy enabling MicroRNA
analysis at the single-cell level with ultrahigh specificity and accuracy.
Anal. Chem. 2018, 90, 859−865.
(19) Albert, H.; Stefanie, Z.; Maria, G. I.; Bert, T. Highly sensitive
detection of gene expression of an intronless gene: amplification of
mRNA, but not genomic DNA by nucleic acid sequence based
amplification (NASBA). Nucleic Acids Res. 1998, 26, 2250−2251.
(20) Zhang, K.; Wang, K.; Zhu, X.; Xu, F.; Xie, M. Sensitive
detection of microRNA in complex biological samples by using two
stages DSN-assisted target recycling signal amplification method.
Biosens. Bioelectron. 2017, 87, 358−364.
(21) Chen, J.; Liu, B.; Song, X.; Tong, P.; Yang, H.; Zhang, L.
Enzyme-free amplified detection of microRNA using target-catalyzed
hairpin assembly and magnesium ion-dependent deoxyribozyme. Sci.
China Chem. 2015, 58, 1906−1911.
(22) Wei, J.; Gong, X.; Wang, Q.; Pan, M.; Liu, X.; Liu, J.; Xia, F.;
Wang, F. Construction of an autonomously concatenated hybrid-
ization chain reaction for signal amplification and intracellular
imaging. Chem. Sci. 2018, 9, 52−61.
(23) Wang, H.; Wang, H.; Sun, Y.; Liu, X.; Liu, Y.; Wang, C.; Zhang,
P.; Li, Z. A general strategy for highly sensitive analysis of genetic
biomarkers at single-base resolution with ligase-based isothermally
exponential amplification. Talanta 2020, 212, No. 120754.
(24) Wang, H.; Wang, H.; Jia, Y.; Sun, R.; Hong, W.; Zhang, M.; Li,
Z. Visual Detection of Fusion Genes by Ligation-Triggered
Isothermal Exponential Amplification: A Point-of-Care Testing
Method for Highly Specific and Sensitive Quantitation of Fusion
Genes with a Smartphone. Anal. Chem. 2019, 91, 12428−12434.
(25) Broughton, J. P.; Deng, X.; Yu, G.; Fasching, C. L.; Servellita,
V.; Singh, J.; Miao, X.; Streithorst, J. A.; Granados, A.; Sotomayor-
Gonzalez, A.; Zorn, K.; Gopez, A.; Hsu, E.; Gu, W.; Miller, S.; Pan, C.
Y.; Guevara, H.; Wadford, D. A.; Chen, J. S.; Chiu, C. Y. CRISPR-
Cas12-based detection of SARS-CoV-2. Nat. Biotechnol. 2020, 38,
870−874.
(26) Carter, L. J.; Garner, L. V.; Smoot, J. W.; Li, Y.; Zhou, Q.;
Saveson, C. J.; Sasso, J. M.; Gregg, A. C.; Soares, D. J.; Beskid, T. R.;

Jervey, S. R.; Liu, C. Assay Techniques and Test Development for
COVID-19 Diagnosis. ACS Cent. Sci. 2020, 6, 591−605.
(27) Pang, B.; Xu, J.; Liu, Y.; Peng, H.; Feng, W.; Cao, Y.; Wu, J.;
Xiao, H.; Pabbaraju, K.; Tipples, G.; Joyce, M. A.; Saffran, H. A.;
Tyrrell, D. L.; Zhang, H.; Le, X. C. Isothermal Amplification and
Ambient Visualization in a Single Tube for the Detection of SARS-
CoV-2 Using Loop-Mediated Amplification and CRISPR Technol-
ogy. Anal. Chem. 2020, 92, 16204−16212.
(28) Notomi, T.; Okayama, H.; Masubuchi, H.; Yonekawa, T.;
Watanabe, K.; Amino, N.; Hase, T. Loop-mediated isothermal
amplification of DNA. Nucleic Acids Res. 2000, 28, No. e63.
(29) Aubret, M.; Savonnet, M.; Laurent, P.; Roupioz, Y.; Cubizolles,
M.; Buhot, A. Development of an Innovative Quantification Assay
Based on Aptamer Sandwich and Isothermal Dumbbell Exponential
Amplification. Anal. Chem. 2022, 94, 3376.
(30) Wong, Y. P.; Othman, S.; Lau, Y. L.; Radu, S.; Chee, H. Y.
Loop-mediated isothermal amplification (LAMP): a versatile
technique for detection of micro-organisms. J. Appl. Microbiol. 2018,
124, 626−643.
(31) Chen, M. H.; Kuo, S. T.; Renault, T.; Chang, P. H. The
development of a loop-mediated isothermal amplification assay for
rapid and sensitive detection of abalone herpesvirus DNA. J. Virol.
Methods 2014, 196, 199−203.
(32) Soli, K. W.; Kas, M.; Maure, T.; Umezaki, M.; Morita, A.; Siba,
P. M.; Greenhill, A. R.; Horwood, P. F. Evaluation of colorimetric
detection methods for Shigella, Salmonella, and Vibrio cholerae by
loop-mediated isothermal amplification. Diagn. Microbiol. Infect. Dis.
2013, 77, 321−323.
(33) Tomita, N.; Mori, Y.; Kanda, H.; Notomi, T. Loop-mediated
isothermal amplification (LAMP) of gene sequences and simple visual
detection of products. Nat. Protoc. 2008, 3, 877−882.
(34) Wang, H.; Wang, H.; Liu, C.; Duan, X.; Li, Z. Ultrasensitive
detection of telomerase activity in a single cell using stem-loop
primer-mediated exponential amplification (SPEA) with near zero
nonspecific signal. Chem. Sci. 2016, 7, 4945−4950.
(35) Zhang, X.; Qu, K.; Li, Q.; Cui, Z.; Zhao, J.; Sun, X. Recording
the Reaction Process of Loop-Mediated Isothermal Amplification
(LAMP) by Monitoring the Voltammetric Response of 2′-
Deoxyguanosine 5′-Triphosphate. Electroanalysis 2011, 23, 2438−
2445.
(36) Goto, M.; Honda, E.; Ogura, A.; Nomoto, A.; Hanaki, K.
Colorimetric detection of loop-mediated isothermal amplification
reaction by using hydroxy naphthol blue. BioTechniques 2009, 46,
167−172.
(37) Zhang, X.; Li, M.; Cui, Y.; Zhao, J.; Cui, Z.; Li, Q.; Qu, K.
Electrochemical Behavior of Calcein and the Interaction Between
Calcein and DNA. Electroanalysis 2012, 24, 1878−1886.
(38) Zhang, M.; Wang, H.; Wang, H.; Wang, F.; Li, Z. CRISPR/
Cas12a-Assisted Ligation-Initiated Loop-Mediated Isothermal Ampli-
fication (CAL-LAMP) for Highly Specific Detection of microRNAs.
Anal. Chem. 2021, 93, 7942−7948.
(39) Li, Z.; Li, K.; Tong, S. Determination of nucleic acids in acidic
medium by enhanced light scattering of large particles. Talanta 2000,
51, 63−70.
(40) Zhang, J.; Li, Z.; Wang, H.; Wang, Y.; Jia, H.; Yan, J.
Ultrasensitive quantification of mature microRNAs by real-time PCR
based on ligation of a ribonucleotide-modified DNA probe. Chem.
Commun. 2011, 47, 9465−9467.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c01759
ACS Omega 2022, 7, 19957−19963

19963

https://doi.org/10.1016/j.mam.2019.11.002
https://doi.org/10.1016/j.mam.2019.11.002
https://doi.org/10.1126/sciadv.aay5952
https://doi.org/10.1126/sciadv.aay5952
https://doi.org/10.1039/C6CC06160E
https://doi.org/10.1039/C6CC06160E
https://doi.org/10.1039/C6CC06160E
https://doi.org/10.1039/C7CC06140D
https://doi.org/10.1039/C7CC06140D
https://doi.org/10.1039/C7CC06140D
https://doi.org/10.1016/j.mcp.2010.08.003
https://doi.org/10.1016/j.mcp.2010.08.003
https://doi.org/10.1016/j.mcp.2010.08.003
https://doi.org/10.1261/rna.2068510
https://doi.org/10.1261/rna.2068510
https://doi.org/10.1261/rna.2068510
https://doi.org/10.1021/ac403462f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac403462f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201001375
https://doi.org/10.1002/anie.201001375
https://doi.org/10.1021/acs.analchem.7b03713?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.7b03713?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.7b03713?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bios.2016.08.081
https://doi.org/10.1016/j.bios.2016.08.081
https://doi.org/10.1016/j.bios.2016.08.081
https://doi.org/10.1007/s11426-015-5391-0
https://doi.org/10.1007/s11426-015-5391-0
https://doi.org/10.1039/C7SC03939E
https://doi.org/10.1039/C7SC03939E
https://doi.org/10.1039/C7SC03939E
https://doi.org/10.1016/j.talanta.2020.120754
https://doi.org/10.1016/j.talanta.2020.120754
https://doi.org/10.1016/j.talanta.2020.120754
https://doi.org/10.1021/acs.analchem.9b03061?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.9b03061?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.9b03061?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.9b03061?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41587-020-0513-4
https://doi.org/10.1038/s41587-020-0513-4
https://doi.org/10.1021/acscentsci.0c00501?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.0c00501?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.0c04047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.0c04047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.0c04047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.0c04047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1093/nar/28.12.e63
https://doi.org/10.1093/nar/28.12.e63
https://doi.org/10.1021/acs.analchem.1c05532?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.1c05532?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.1c05532?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1111/jam.13647
https://doi.org/10.1111/jam.13647
https://doi.org/10.1016/j.jviromet.2013.11.011
https://doi.org/10.1016/j.jviromet.2013.11.011
https://doi.org/10.1016/j.jviromet.2013.11.011
https://doi.org/10.1016/j.diagmicrobio.2013.09.009
https://doi.org/10.1016/j.diagmicrobio.2013.09.009
https://doi.org/10.1016/j.diagmicrobio.2013.09.009
https://doi.org/10.1038/nprot.2008.57
https://doi.org/10.1038/nprot.2008.57
https://doi.org/10.1038/nprot.2008.57
https://doi.org/10.1039/C6SC00802J
https://doi.org/10.1039/C6SC00802J
https://doi.org/10.1039/C6SC00802J
https://doi.org/10.1039/C6SC00802J
https://doi.org/10.1002/elan.201100279
https://doi.org/10.1002/elan.201100279
https://doi.org/10.1002/elan.201100279
https://doi.org/10.1002/elan.201100279
https://doi.org/10.2144/000113072
https://doi.org/10.2144/000113072
https://doi.org/10.1002/elan.201200192
https://doi.org/10.1002/elan.201200192
https://doi.org/10.1021/acs.analchem.1c00686?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.1c00686?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.1c00686?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0039-9140(99)00246-5
https://doi.org/10.1016/S0039-9140(99)00246-5
https://doi.org/10.1039/c1cc13466c
https://doi.org/10.1039/c1cc13466c
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01759?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

