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ABSTRACT: Thermal cycling-based quantitative polymerase
chain reaction (qPCR) represents the gold standard method for
accurate and sensitive nucleic acid quantification in laboratory
settings. However, its reliance on costly thermal cyclers limits the
implementation of this technique for rapid point-of-care (POC)
diagnostics. To address this, isothermal amplification techniques
such as rolling circle amplification (RCA) have been developed,
offering a simpler alternative that can operate without the need for
sophisticated instrumentation. This study focuses on the develop-
ment and optimization of toehold-mediated RCA (TRCA), which
employs a conformationally switchable dumbbell DNA template
for the sensitive and selective detection of cancer-associated
miRNAs, specifically miR-21. In addition, we developed variants of
hyperbranched TRCA (HTRCA), nicking-assisted TRCA (NTRCA), and hyperbranched NTRCA (HNTRCA) to facilitate
exponential amplification by enhancing TRCA through the sequential incorporation of reverse primer (Pr) and nicking endonuclease
(nE). By conducting a systematic kinetic analysis of the initial rate and end point signals for varying concentrations of key reaction
components, we could identify optimal conditions that markedly enhanced the sensitivity and specificity of the TRCA variants. In
particular, HNTRCA, which exploits the synergistic effect of Pr and nE, demonstrated an approximately 3000-fold improvement in
the detection limit (260 fM) and a wider dynamic range of more than 4 log orders of magnitude compared to TRCA, thereby
evidencing its superior performance. Also, we established a mechanistic model for TRCA that includes the roles of Pr and nE in
different amplification processes. Model parameters were fitted to the experimental data, and additional simulations were conducted
to compare the four amplification methods. Further tests with real biological samples revealed that this technique showed a good
correlation with qPCR in quantifying miR-21 expression in various cell lines (0.9510 of Pearson’s r), confirming its potential as a
robust and rapid tool for nucleic acid detection. Therefore, the simplicity, high sensitivity, and potential for integration with POC
diagnostic platforms make the HNTRCA system suitable for field deployment in resource-limited environments.
KEYWORDS: isothermal nucleic acid amplification, rolling circle amplification, microRNA, systematic optimization, mechanistic modeling

Gene amplification system represents a fundamental tool in the
fields of molecular biology and diagnostics, facilitating the
detection and analysis of nucleic acids. In particular, amplifying
target nucleic acid biomarkers in the background greatly
simplifies multiple downstream signaling and detection
processes. First developed in the 1990s, quantitative polymer-
ase chain reaction (qPCR) has experienced rapid growth and is
now recognized as the gold standard for laboratory-based
nucleic acid analysis and detection.1 However, a number of
limitations have hindered its application in the field of rapid
point-of-care (POC) diagnostics.2,3 The biggest barrier is the
reliance on costly thermal cyclers equipped with optics to read
the optical signals generated by the highly temperature-
controlled thermal cycling system for amplification. This
nature necessitates relatively large, reliable power supplies
and expensive equipment, which constrains the portability of

the technology and excludes it from various POC applications.
To address this issue, considerable effort has been made to
develop isothermal technologies that can operate at a single
optimal temperature, thereby greatly simplifying the thermal
cycling requirements of the system.4−6

An exemplar of an isothermal amplification technique is
rolling circle amplification (RCA), which employs DNA
polymerase (DNAP) with strong strand displacement activity
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to amplify DNA by rolling along a circular DNA template at a
constant temperature.7−9 The RCA reaction generates DNA
amplicons with sequences complementary and repetitive to the
circular template, which can be customized with functional
sequences, including DNA aptamers,10−13 DNAzyme,14−16

restriction or nicking enzyme cleavage sites,17,18 probe binding
sites,19−23 etc. Notably, RCA reactions can be performed not
only in solution but also on a variety of solid substrates (e.g.,
glass, plastic, or gold substrates, nano/microparticle surfa-
ces)24−28 and in complex biological matrices (e.g., cell
membranes, intracellular compartments).29−32 Thus, the
robustness, versatility, and programmability of this RCA
technique have facilitated its extensive utilization in the fields
of in vitro diagnostics, biosensors, and bioanalysis, enabling the
sensitive detection and analysis of various biomarkers,
including DNA, RNA, proteins, small molecules, and
cells.9,33,34 However, although the RCA technique shows
great potential in biosensors and bioanalysis, its translation
into commercial and field settings remains limited due to
challenges, including lack of validated assays, technical
optimization, standardization, and nonspecific amplification.
Despite these hurdles, RCA-based products such as TempliPhi
DNA amplification kit (Cytiva),35 TruePrime RCA kit,
(SYGNIS Biotech)36 and DNBSEQ platform (MGI Tech)37

demonstrate that the RCA technique is gradually being
adopted in real-world applications, particularly in sequencing
and genomic analysis. Still, to fully integrate RCA into clinical
practice and POC diagnostics, these limitations�especially the
risk of false-positive results, high background noise, and
reduced sensitivity and selectivity due to nonspecific
amplification�should be addressed. While advantageous for
simplifying instrumentation, the isothermal nature of RCA
presents challenges that need further resolution to ensure its
successful implementation in clinical and field settings.
In addition to the classical RCA, which exhibits linear

amplification, several RCA techniques have been developed to
allow for exponential amplification through a single binding
event. One of the well-established examples is hyperbranched
RCA (HRCA), which amplifies DNA by initiating multiple
branching events through the hybridization of multiple primers
with the amplicon.38 This results in a highly branched and
extensive DNA network. Multiprimed RCA also employs
multiple primers that hybridize into different sites on the
circular template, allowing simultaneous DNA amplifications at
various sites from the template.39 Another type of RCA is a
combination of RCA with a nicking reaction (nicking-assisted
RCA or NRCA), which employs a nicking endonuclease (nE)
to introduce nicks in the amplicon at a specific site, enabling
the continuous displacement and synthesis of new strands by
DNAP in an exponential manner.40 These modified RCA
techniques are employed individually or in conjunction with
one another and/or other isothermal amplification approaches
to enhance sensitivity, particularly when the target molecules
are present at low abundance.
Despite the extensive use of RCA techniques in biosensor

and bioanalytical applications, the optimization of experimental
conditions for different variants of RCA remains a significant
challenge. A typical RCA requires five key components: a
circular DNA template, primers, a DNAP (e.g., phi29, Bst, Bsu,
and Vent DNAPs, etc.), deoxynucleoside triphosphate
(dNTP), and a reaction buffer (typically comprising Mg
ions). The concentrations of those components affect the
overall amplification efficiency. Although the majority of

studies have focused on empirically optimizing these
components based on the experimental results,41−43 a
systematic and comprehensive investigation of the underlying
real-time kinetics of the RCA process has frequently been
lacking. In order to optimize RCA and its variants for specific
applications such as POC diagnostics and quantitative analysis,
it is essential to gain a deep understanding of the underlying
kinetic parameters, including the initial rate and final
yield.44−46 It is of particular importance to optimize the initial
amplification rate to reduce detection time and associated
costs. In addition, in the context of detecting targets present at
very low abundances, it is crucial to comprehend and refine the
parameters influencing the final yield to achieve robust and
reliable amplification results. This is particularly the case for
modified RCAs, such as HRCA and NRCA, where the
amplification process is initiated simultaneously at multiple
sites, resulting in a more complex kinetic profile than
conventional RCA. A thorough understanding of these kinetics
enables the design of optimal reaction conditions, taking into
account the concentrations and binding efficiencies of the
various components that affect the initial rate and final yield.
Therefore, kinetic analysis and subsequent optimization of
RCA and its variants are essential to facilitate rapid and
efficient DNA amplification, enabling reliable detection of
target molecules.
In this study, we constructed a toehold-mediated RCA

(TRCA) using a conformationally switchable dumbbell DNA
template (DBTP) for sensitive and selective detection of
cancer-associated microRNAs (miRNAs) without labels. The
DBTP consists of two loops and a stem, each containing a
toehold region for target miRNA binding and a specific
sequence for recognition by a nE. This rationally designed
template maintains a stable dumbbell structure and is then
activated for TRCA initiation by triggering toehold-mediated
strand displacement specific to the target miRNA.47,48 To
further construct modified TRCA, we introduced reverse
primers (Pr) that bind to TRCA amplicons and a nE to induce
hyperbranched TRCA (HTRCA), nicking-assisted TRCA
(NTRCA), and hyperbranched NTRCA (HNTRCA). We
chose miR-21 as a target miRNA, which is commonly
overexpressed in several types of cancer, including breast,
lung, and colon cancer.49 In particular, miR-21 is one of the
cancer-related miRNAs that has been extensively studied as a
potential biomarker for cancer diagnosis and prognosis and as
a target for therapeutic intervention, as it plays an important
role in tumorigenesis by regulating the genes involved in cell
proliferation, apoptosis, and metastasis.50

To optimize the experimental conditions and obtain high
amplification yields of the four TRCAs used in this study, we
analyzed the time-dependent amplification behavior of each
TRCA by varying the concentrations of dominant reaction
factors, including DBTP, dNTP, Mg, DNAP, Pr, and nE. Two
kinetic parameters, such as initial rate and end point signal,
were extracted and examined from the amplification curve to
gain insight into the kinetics of the TRCA and its variants. In
addition to the experimental kinetic analysis, we developed a
mechanistic model for TRCA, HTRCA, NTRCA, and
HNTRCA to explore the complex interplay of various species
on DNA amplification efficiency. This mechanistic model, with
parameters fitted to the experimental data, can also be used to
understand the influence of input species concentrations on
the temporal evolution of substrates, enzymes, DNA
amplicons, and other ionic species.
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Results obtained from both experiments and simulations
demonstrated that the reaction rate and amplification gain
could be finely tuned by modulating the concentrations of
reaction components. The optimal conditions were then
employed to assess the sensitivity and specificity of the four
TRCAs. The HNTRCA reaction was found to exhibit superior
performance in terms of initial rate, final yield, sensitivity, and
specificity compared to the other TRCAs. Subsequently, we
conducted the HNTRCA using known concentrations of
synthetic miRNA by spiking them into total RNA extracted
from cells. This resulted in 90−150% recoveries, confirming
the utility of the HNTRCA technique for quantitative
detection of the target miRNA in complex biological matrices.
Finally, we demonstrated that HNTRCA could identify
differences in relative miR-21 expression levels in total RNA
extracts derived from five different cell lines, showing its
consistency with qPCR analysis. Overall, we developed and
optimized a single-step, isothermal TRCA reaction with
performance competitive with qPCR, thereby presenting a
quantitative molecular diagnostic tool suitable for rapid and
sensitive nucleic acid testing in the field.

■ MATERIALS AND METHODS

Materials

All DNA and RNA oligonucleotides used in this study were
purchased from Integrated DNA Technology (IA, USA) and
used without further purifications (see Table S1 for details of
oligonucleotide sequences). T4 DNA ligase, exonuclease I and
III (Exo I and Exo III), Bst 2.0 DNAP, Nt.BstNBI nE, dNTP
solution mix, and 100 mM MgSO4 were purchased from New
England Biolabs (MA, USA). SYBR Green I, SYBR Gold
nucleic acid stain, 10× TBE buffer (1 M Tris, 900 mM boric
acid, 10 mM EDTA, pH 8.3), and nuclease-free deionized
water were supplied from ThermoFisher Scientific (MA, USA).
Preparation of DBTP

To synthesize DBTP, a 5′ phosphorylated linear single-
stranded DNA template was enzymatically self-ligated in the
absence of a splint DNA. First, the linear DNA template (4
μM) was annealed by heating at 80 °C for 5 min and gradually
cooling to 25 °C in 1× ligation buffer (50 mM Tris-HCl, 10
mM MgCl2, 1 mM ATP, 10 mM DTT, pH 7.5) using a PCR
thermocycler (Eppendorf, Germany). After annealing, the nick
site was intramolecularly connected by adding 2 μL of T4
DNA ligase (16 U/μL), and the ligation reaction was
performed at 25 °C for 2 h before inactivation at 65 °C for
10 min. The ligated product was followed by treatment with
Exo I (0.4 U/μL) and Exo III (2 U/μL) in 1× NEBuffer 1 (10
mM Bis-Tris-Propane-HCl, 10 mM MgCl2, 1 mM DTT, pH 7)
at 37 °C for 1 h to digest any residual unsealed template DNA.
After the inactivation of Exo I and Exo III at 80 °C for 20 min,
the resulting DBTP (2 μM) was stored at −20 °C for further
use. To verify the ligation of the linear template and
hybridization of DBTP with a target miRNA, 15% native
polyacrylamide gel electrophoresis (PAGE) and 15% dena-
tured urea-PAGE were performed in 0.5× TBE at 110 and 120
V for 1 h, respectively. The gels were stained with 1× SYBR
Gold nucleic acid stain at 25 °C for 30 min and observed by
using the ChemiDoc MP imaging system (Bio-Rad, USA).
Melting Temperature Analysis

To ascertain the melting temperature (Tm) of DBTP, a mixture
(20 μL) containing DBTP (200 nM), dNTP (1.5 mM),

MgSO4 (6 mM), and 50× SYBR Green I was prepared in 1×
isothermal amplification buffer (20 mM Tris-HCl, 10 mM
(NH4)2SO4, 50 mM KCl, 2 mM MgSO4, 0.1% Tween 20, pH
8.8). The temperature was increased at a rate of 0.3 °C/s from
35 to 95 °C. The fluorescence intensity (FI) was measured
using QuantStudio 5 Real-Time PCR system (ThermoFisher
Scientific) with an excitation wavelength of 480 nm and an
emission wavelength of 520 nm. The Tm was calculated by
converting the fluorescence data into the negative derivative of
fluorescence as a function of temperature.
TRCA and Modified TRCA Reactions

In a typical TRCA reaction, a mixture (20 μL) containing
miRNA (50 nM), DBTP (200 nM), dNTP (1.5 mM), MgSO4
(6 mM), Bst2.0 DNAP (0.6 nM), and 50× SYBR Green I was
prepared in 1× isothermal amplification buffer. The modified
RCA reactions involve the addition of the Pr and/or nE to the
TRCA reaction. Specifically, for HTRCA and NTRCA, Pr
(200 nM) and nE (14.7 nM) were added to the TRCA
reaction mixture, respectively, resulting in a final volume of 20
μL. The HNTRCA mixture was prepared by the addition of
both Pr (200 nM) and nE (14.7 nM) to the TRCA mixture.
All reaction mixtures were prepared on ice and reacted at 50
°C for 60 or 90 min, followed by incubation at 80 °C for 20
min to inactivate Bst2.0 DNAP.
Real-Time Kinetics of TRCA and Modified TRCA Reactions

For the kinetic analysis of TRCA and modified TRCA, real-
time fluorescence measurements were conducted at a constant
temperature of 50 °C every 1 min using QuantStudio 5 Real-
Time PCR system. Fluorescence emission was quantified at
520 nm following excitation at 480 nm. The net signal change
(referred to as normalized FI) was calculated by subtracting
the initial FI from the FI of the sample during the
measurement period. To facilitate a comparison of the relative
FI changes between the test groups, the average FI of three
independent experimental replicates after 60 min reaction was
used. The analysis and plot fitting of the obtained results were
conducted using Origin Pro2023b (OriginLab Corporation,
USA). The calculations of the initial rate and end point signal
were standardized across all amplification curves. The reported
initial rate and end point signal refer to the rate of increase in
normalized FI within the initial phase of the reaction and the
normalized FI after 60 min-reaction (which indicates the
overall yield), respectively.
Analytical Sensitivity and Specificity

To ascertain the analytical sensitivity of the TRCA and
modified TRCA reactions, amplification curves were generated
for varying concentrations of the target miRNA, ranging from 0
to 5 nM. Subsequently, the FIs obtained after 60 and 90 min of
amplification were used to derive sigmoid dose−response
curves. Specifically, the time required to reach the threshold
value (referred to as amplification time) was used to derive
linear dose−response curves for the NTRCA and HNTRCA
reactions. The curves were plotted and fitted using the dose−
response or linear function in OriginPro 2023b. The limit of
detection (LOD) was calculated as the target concentration
obtained by adding three times the standard deviation (s.d.)
from the mean FI signal of 0 nM target and extrapolating the
resulting value to the dose−response curve. To assess
specificity, each TRCA and modified TRCA was tested in
the presence of eight different miRNAs (5 nM), including
miR-21, miR-34a, let-7a, miR-200a, miR-92b, miR-133a, miR-
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450b, and miR-4659a. The TRCA and modified TRCA
reactions were performed in the same procedure as described
above.
Cell Culture and RNA Extraction

Human breast cancer cells MDA-MB-231 (KCLB no. 30026),
HCC1143 (KCLB no. 9S1143), HCC1954 (KCLB no.
9S1954), and SK-BR-3 (KCLB no. 30030) and human
embryonic kidney cells HEK 293T (KCLB no. 21573) were
obtained from the Korean Cell Line Bank (KCLB). MDA-MB-
231 and HEK293T cells were maintained in the DMEM
medium (Gibco), and HCC1143, HCC1954, and SK-BR-3
cells were maintained in the RPMI 1640 medium (Gibco). All
complete culture media were supplemented with 10% v/v fetal
bovine serum (Merck) and 1% v/v penicillin/streptomycin
(Gibco), and the cells were kept at 37 °C in a humid
atmosphere with 5% CO2. Total RNA containing miRNAs was
extracted using miRNeasy kit (Qiagen, Germany) according to
the manufacturer’s instructions. Cells were lysed with the
Qiazol reagent, mixed with chloroform (1:5 volume ratio of
chloroform to Qiazol), and separated by centrifugation at 12
000g for 15 min at 4 °C. Total RNA was then isolated and
purified with miRNeasy columns. The RNA concentration and
purity were confirmed with a DS-11 FX+ spectrometer
(DeNovis Inc., USA). The extracted RNA samples were kept
at −80 °C until use.
RT-qPCR

For quantification of miR-21 by reverse transcription-
quantitative polymerase chain reaction (RT-qPCR), comple-
mentary DNA (cDNA) was prepared in a 10-μL reaction using
a miRCURY LNA RT kit (Qiagen) from 100 ng of RNA
extracts according to the manufacturer’s protocols. The RT
reaction was incubated at 42 °C for 60 min and then
inactivated at 95 °C for 5 min before immediately cooling to 4
°C. qPCR was performed on a QuantStudio 5 Real-Time PCR
System using a miRCURY LNA SYBR Green PCR kit
(Qiagen) and miRCURY LNA miRNA PCR Assays (Qiagen;
#YP00204230 for hsa-miR-21-5p) with 0.5 ng input cDNA
reaction. The qPCR reaction was as follows: 95 °C for 2 min,

followed by 40 cycles of denaturation at 95 °C for 10 s,
annealing and extension at 56 °C for 60 s. The cycles to
threshold (Ct) values for miR-21 in cell-derived RNA samples
were compared with the amplification time values of
HNTRCA.
HNTRCA Using Total RNA Extracted from Cell Lines

To construct the standard curve, serial dilutions of synthetic
miR-21 (0−5 nM) were spiked into total RNA (100 ng)
extracted from HEK 293T cells. The HNTRCA was then
performed at 50 °C for 90 min under optimal conditions. In a
parallel experiment, four concentrations of synthetic miR-21
(0.1, 0.2, 1, and 2 nM) were spiked into 100 ng of total RNA
extracts, and HNTRCA was carried out under the same
conditions. The measured miR-21 concentration in the spiked
samples was calculated by extrapolation a threshold of 105
based on a linear calibration curve derived from the obtained
amplification time. The recovery (%) and relative s.d. (RSD,
%) were calculated using the following equations: recovery (%)
= (measured miR-21 concentration/spiked miR-21 concen-
tration) × 100; RSD (%) = (s.d./mean) × 100. To ascertain
the expression of miR-21 in cell lines, HNTRCA was further
conducted under optimal conditions on total RNA extracts
(100 ng) derived from five cell lines (MDA-MB-231,
HCC1143, HCC1954, SK-BR-3, and HEK 293T). For the
correlation study between HNTRCA and RT-qPCR, the
amplification times and Ct values of the two assays were
compared.
Mechanistic Modeling

Four types of DNA amplification�TRCA, HTRCA, NTRCA,
and HNTRCA�were modeled using simple enzymatic
reaction kinetics, which resulted in dual Michaelis−Menten-
type reaction kinetics equations. The DNA synthesis process
begins with the formation of the miRNA-DBTP complex,
followed by the involvement of DNAP, which are common
steps across all amplification methods. In the presence of Pr,
additional DNA synthesis occurs, referred to as branched
DNA. The addition of nE leads to the cleavage of the prior
DNA into the initial miRNA-DBTP complex and replicon

Scheme 1. Schematic Illustration of the Conventional TRCA and Modified TRCAs (HTRCA, NTRCA, and HNTRCA)
Reaction Pathways Initiated by Toehold-Mediated Displacement and Subsequent Circularization of DBTP in the Presence of a
Target miRNAa

aDBTP, dumbbell DNA template; DNAP, DNA polymerase; DNAP−Mg, Mg-bound DNAP; miRNA, microRNA; dNTP, deoxynucleoside
triphosphates; dNTP−Mg, Mg-bound dNTP; Pr, reverse primer; nE, nicking endonuclease; Mg, magnesium ion
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DNA. Variations in the concentrations of ionic species
throughout the DNA amplification process were also
considered, which were described by a set of algebraic
equations involving equilibrium relations and component
balances, some of which were necessary for calculating the
reaction rates.43,45 Additional mechanisms were incorporated
to provide a more realistic representation of the amplification
process. First, the precipitation of Mg2PPi was accounted for,
based on its solubility limit.44−46 Second, DBTP was assumed
to be taken by DNAP in addition to miRNA. Third, the
enzymes DNAP and nE could undergo partial deactivation.
Finally, the degradation of produced DNA was included.44,45

The temporal concentrations of key species�miDNA, DBTP,
dNTP, DNAP, Pr, nE, and DNA�as well as ionic species,
PPi4−, H+, Mg2+, and buffer (Tris) were described by a system
of ordinary differential equations.44−46 As a result, temporal
variations in species concentrations and DNA synthesis rates
could be obtained by solving a system of differential and
algebraic equations composed of the aforementioned reaction
rates. The hypothesis for the DNA amplification steps, the
formulation of DNA synthesis rate, and other model equations
can be found in the Supporting Information.

■ RESULTS AND DISCUSSION

Reaction Pathways in TRCA and Modified TRCAs
Both conventional toehold-mediated rolling circle amplifica-
tion (TRCA) and modified TRCA amplify short target
microRNA (miRNA) sequences (22 nt) at a single reaction
temperature of 50 °C through the action of a thermophilic
DNA polymerase (DNAP) and/or nicking endonuclease (nE)
on dumbbell-shaped template DNA (DBTP). The representa-
tive amplification reaction pathways are shown in Scheme 1.
The DBTP strategically designed for target-specific TRCA
comprises one stem (12 bp) and two loops (16 bp each) with
sealed ends and contains three major sites: (i) a toehold site
for association with the target miRNA, (ii) a reverse primer
(Pr) binding site, and a nE recognition site. The opening of the
DBTP is initiated by a toehold recognition of the target and a
toehold-mediated strand displacement process, which is
accompanied by penetration into the stem sequence. This

results in a conformational change to the activated circular
template.47,48 The target, which is bound to the template,
serves as a primer and is then elongated to the repeated
sequences complementary to the template with the addition of
deoxynucleoside triphosphate (dNTP) by DNAP with strong
strand displacement activity. In this context, a divalent cation
such as magnesium (Mg) ions acts as an essential cofactor for
the DNAP-catalyzed formation of phosphodiester bonds, while
interacting with incoming dNTP to ensure proper conforma-
tional adjustments for catalysis and stabilize the reaction
intermediate.51,52 The presence of a Pr binding site and a nE
recognition site on the resulting amplicon of TRCA can induce
three additional amplifications, including hyperbranched
TRCA (HTRCA), nicking-assisted TRCA (NTRCA), and
hyperbranched NTRCA (HNTRCA). In HTRCA, hybrid-
ization of the amplicon with Pr leads to the extension of Pr by
DNAP, which in turn facilitates further DNA amplification.
Moreover, during NTRCA, sequence-specific cleavage by nE of
the growing amplicon results in sequence extension by DNAP
at the nick site and subsequent amplification through
displacement of the downstream strand that has not yet
dissociated from the template. Ultimately, the incorporation of
Pr and nE in HNTRCA initiates both the HTRCA and
NTRCA reaction pathways simultaneously, leading to the
further elongation of multiple strands. Given that the resulting
amplicons adopt repeating hairpin structures, we employed
SYBR Green I, which binds specifically to the double-stranded
DNA (dsDNA) and emits fluorescence, to monitor the real-
time kinetics of these amplification reactions.53

We first prepared DBTP by enzymatic self-ligation of 5′
phosphorylated linear template DNA in the absence of a splint
using T4 DNA ligase. This was followed by subsequent
treatments with exonuclease I and III, which served to remove
any residual unsealed DBTP. The results of the 15% native and
denatured polyacrylamide gel electrophoresis showed that both
the 5′ and 3′ ends of DBTP were successfully ligated (Figure
S1a). In the presence of a target miRNA, a new band of higher
molecular weight appeared, indicating that the hybridization
between DBTP and miRNA induced a conformational shift to
the circular template (Figure S1b). We then measured the

Figure 1. Kinetics of TRCA under four different conditions. Real-time fluorescence curves (left), initial rates (middle), and end point signals
(right) of TRCA performed in the presence of a target miRNA (50 nM) at 50 °C for 1 h with various concentrations of a) DBTP, b) Mg, c) dNTP,
and d) DNAP, respectively. The initial rate and end point signal represent the rate of increase in normalized fluorescence intensity (FI) within the
initial phase of the reaction and the normalized FI after 1-h reaction. Data represent mean ± s.d. for three independent experiments.
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melting temperature (Tm) of DBTP to confirm that its
secondary structure remained without denaturation at the
TRCA reaction temperature (50 °C). To achieve this, the
reaction mixture was prepared in the same manner as that used
for the TRCA reaction, with the exception of the inclusion of
DNAP. The calculated Tm of DBTP was 76.8 °C, implying that
the DBTP maintained a stable dumbbell structure under the
reaction conditions (Figure S2).
Real-Time Kinetics of TRCA under Various Conditions

To investigate the effect of key reaction components on the
kinetics of TRCA, we first carried out TRCA by varying the
concentration of four dominant factors (DBTP, Mg, dNTP,
and DNAP) in the reaction. The standard conditions were set
at 200 nM DBTP, 6 mM Mg, 1.5 mM dNTP, and 0.6 nM
DNAP. When the concentration of one component was
altered, the remaining three components were kept at the
standard conditions. The fluorescence intensity (FI) was then
monitored in real-time fluorescence for 60 min, yielding an
amplification curve. The amplification curves for varying
concentrations of each component were compared to
determine the relationship between the concentration of
each factor and the kinetic variables (initial rate and end
point signal). Based on these experiments, we sought to
identify the optimal reaction conditions for obtaining high-gain
DNA products and to elucidate the mechanisms underlying the
kinetic differences of TRCA among conditions.
For the TRCA reaction, the initial rate of DNA amplification

was found to be proportional to the DBTP concentration, with
the maximum rate and end point signal at 200 nM of DBTP.
At higher concentrations, the initial rate was negligible, while
the end point signal decreased, indicating that the excess of

DBTP exerted an inhibitory effect on the TRCA reaction
(Figure 1a). This may be attributed to the competitive reaction
of miRNA-bound DBTP and free DBTP for DNAP, as
evidenced by the observation of a high DNA binding rate of
DNAP in the presence of high concentrations of dsDNA.54

This subsequently reduces the availability of DNAP to bind
and extend the miRNA-template complex, thereby lowering
the amplification efficiency.55 An increase in Mg concentration
resulted in a discernible initial rate increase, with the maximum
end point signal at 6 mM, suggesting a pronounced Mg ion
dependence of DNAP activity (Figure 1b). In contrast, the
initial rate was observed to decrease continuously with
increasing dNTP concentration (Figure 1c). These results
are consistent with previous studies demonstrating that during
RNA polymerase-catalyzed RNA polymerization, the binding
of nucleoside triphosphate (NTP) ions with Mg ions resulted
in the formation of several complexes, including Mg2NTP,
MgNTP, and MgHNTP. This process leads to a reduction in
the concentration of free Mg ions and an NTP concentration-
dependent decrease in the initial rate of RNA amplifica-
tion.44,46 Additionally, an alternative mechanism involves the
formation of insoluble magnesium pyrophosphate (Mg2PPi)
crystal precipitates, derived from the binding of Mg ions with
pyrophosphate (PPi) ions released from dNTP during DNA
synthesis. The generation of these crystals competes with
dNTP for Mg ions, which ultimately leads to a decline in the
concentration of free Mg. This is supported by the observation
that the addition of PPi to an aqueous Mg solution in the
absence of a polymerization reaction resulted in a decrease in
Mg concentration due to the formation of Mg2PPi precipitates,
while the addition of NTP increased the Mg concentration in
solution.46 Moreover, in contrast to the initial rate trend, the

Figure 2. Kinetics of HTRCA under five different conditions. Real-time fluorescence curves (left), initial rates (middle), and end point signals
(right) of HTRCA performed in the presence of a target miRNA (50 nM) at 50 °C for 1 h with various concentrations of a) DBTP, b) Mg, c)
dNTP, d) DNAP, and e) Pr, respectively. Data represent mean ± s.d. for three independent experiments.
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end point signal displayed a gradual increase with increasing
dNTP concentration. This result can be explained by the fact
that the production of Mg2PPi precipitates is suppressed at
elevated dNTP concentrations over time, which prevents the
termination of the polymerization reaction and contributes to
enhanced yields. Finally, increasing DNAP concentrations
increased the initial rate of amplification without any
noticeable effect on DNA yield (Figure 1d).
Real-Time Kinetics of Modified TRCAs under Various
Conditions

Subsequently, we conducted modified TRCAs, including
HTRCA, NTRCA, and HNTRCA, and compared their initial
rate and end point signals with TRCA in order to gain insight
into the kinetic differences and product yields. In comparison
with TRCA, a prominent feature of the amplification curve in
HTRCA was the overall enhancement of the FI values and the
sigmoidal profile at low concentration conditions. The
introduction of Pr into the reaction mixture initiates a
secondary polymerization event, resulting in a hyperbranched
structure with multiple replication forks.38 This differed from
the amplification curve for TRCA, which showed an initial
rapid amplification followed by saturation (Figure 1). Instead,
HTRCA produced a sigmoidal curve with an initial lag phase
followed by an exponentially rapid increase in amplification to
saturation (Figure 2).
In HTRCA, DBTP concentrations exhibited behavior

comparable to that of TRCA in terms of initial rate and end
point signal (Figure 2a). An increase in Mg concentrations
resulted in a steeper increase in the initial rate compared to
TRCA (1.83 × 104 min−1 mM−1 for TRCA vs 2.70 × 104
min−1 mM−1 for HTRCA), with the maximum end point signal

obtained at 2 mM (Figure 2b). The dNTP concentrations had
a comparable impact on both TRCA and HTRCA in terms of
initial rate and end point signal, indicating that the
concentration for optimal yield was 1.5 mM (Figure 2c).
Notably, the initial rate inhibition was more pronounced for
HTRCA (−7.04 × 104 min−1 mM−1 for TRCA vs −1.45 × 105
min−1 mM−1 for HTRCA), suggesting that HTRCA is more
sensitive to changes in dNTP concentrations than TRCA. As
with the Mg ion, the increase in DNAP concentration also
increased more rapidly than that observed for TRCA (5.30 ×
104 min−1 mM−1 for TRCA vs 3.12 × 105 min−1 mM−1 for
HTRCA), with the maximum reaction yield being reached at
1.2 nM (Figure 2d). An increase in Pr concentration showed a
gradual enhancement of both the initial rate and reaction yield
(Figure 2e). These comparisons demonstrate the subtle
differences in reaction kinetics between TRCA and HTRCA,
with HTRCA displaying more sensitive kinetics and exhibiting
improved DNA yields.
The NTRCA, which is initiated by the introduction of nE,

creates a nick at a specific site on the newly synthesized DNA
strand, thereby providing an additional starting point for a new
polymerase reaction. This leads to exponential amplification,
comparable to HTRCA, but driven by the nick rather than the
primer.40 This induces an initial delay during the nick
formation step, followed by a rapid signal increase before
reaching a plateau and a higher end point signal than that
observed in TRCA. Consequently, the amplification curves for
NTRCA also showed an overall increase in FI signals,
analogous to that observed in HTRCA, and more sensitive
initial reaction rates than TRCA (Figure 3). The initial
response rate of NTRCA presented greater sensitivity to
changes in DBTP concentrations compared to TRCA,

Figure 3. Kinetics of NTRCA under five different conditions. Real-time fluorescence curves (left), initial rates (middle), and end point signals
(right) of NTRCA performed in the presence of a target miRNA (50 nM) at 50 °C for 1 h with various concentrations of a) DBTP, b) Mg, c)
dNTP, d) DNAP, and e) nE, respectively. Data represent mean ± s.d. for three independent experiments.
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demonstrating a more rapid increase between 100 nM and 200
nM. However, the end point signal showed a definite decline
(Figure 3a). This level of sensitivity can be attributed to the
distinctive mechanism of NTRCA, whereby nE rapidly induces
additional amplification sites of target miRNA-bound DBTP,
necessitating immediate and efficient utilization of DNAP.
This process can be significantly disrupted when DNAP is
sequestered by high concentrations of free DBTP, resulting in
a more substantial decrease in the end point signal of NTRCA
compared to TRCA or HTRCA. The initial rate and the
responsiveness of the end point signal to changes in Mg ions,
dNTP, and DNAP concentrations were found to be generally
similar to those observed for HTRCA (Figure 3b−d).
Nevertheless, the inhibition and enhancement of the initial
rate by dNTP (−1.45 × 105 min−1 mM−1 for HTRCA vs
−6.48 × 104 min−1 mM−1 for NTRCA) and DNAP (3.12 ×
105 min−1 mM−1 for HTRCA vs 1.96 × 105 min−1 mM−1 for
NTRCA) showed fewer sensitive changes when compared to
those of HTRCA. This suggests that dNTP consumption and
DNAP activity by nE provided less rapid and controlled
amplification than HTRCA, which induced rapid and extensive
amplification in the presence of Pr. Finally, increasing nE
concentration slightly increased the initial rate but did not
improve the amplification yield (Figure 3e).
The HNTRCA relies on a synergistic amplification process

that combines the nicking of nE with the hyperbranching effect
of Pr. The nE generates another initiation site for synthesis on
the DNA strand growing on the DBTP, and the Pr anneals to
the resulting DNA strand to provide various additional
synthesis sites. This synergistic effect resulted in a markedly
more dynamic and robust exponential amplification compared
to other modified TRCAs and produced higher yields of DNA

(Figure 4). It is also noteworthy that across all parameters
(DBTP, Mg, dNTP, DNAP, Pr, and nE concentrations),
HNTRCA revealed consistently higher initial reaction rates
compared to other amplifications. This steep initial increase
indicates that the reaction rapidly generates substantial
quantities of DNA within a relatively short time frame. This
is particularly advantageous for applications that require rapid,
high-yield amplification, such as molecular diagnostics, where
the detection of low levels of target DNA or RNA is critical.
Overall, the initial reaction rates and maximum yields of the

four TRCAs were analyzed for four to six reaction factors. The
results demonstrated that HNTRCA consistently had the
highest initial rate and maximum yield under the test
conditions, while TRCA had the lowest performance (Figures
S3 and S4). This is to be expected, given the linear
amplification mechanism of TRCA and the exponential
amplification scenario resulting from the synergistic effect of
the roles of Pr and nE in HNTRCA. Furthermore, it was
observed that the initial reaction rate was enhanced for all
TRCA reactions when the concentration of Mg, DNAP, Pr,
and nE was increased. However, the initial reaction rate was
inhibited when excess DBTP and dNTP were present due to
competitive reactions. These findings indicate that HNTRCA
is the optimal approach when utilizing optimized concen-
trations of each component for high gain of amplification. It is
also crucial to avoid the occurrence of plateauing or efficiency
reduction observed at high concentrations. Therefore, based
on these results, the optimal conditions for achieving
maximum amplification yield were identified as 200 nM
DBTP, 6 mM Mg, 1.5 mM dNTP, 0.6 nM DNAP, 200 nM Pr,
and 14.7 nM nE.

Figure 4. Kinetics of HNTRCA under six different conditions. Real-time fluorescence curves (left), initial rates (middle), and end point signals
(right) of HNTRCA performed in the presence of a target miRNA (50 nM) at 50 °C for 1 h with various concentrations of a) DBTP, b) Mg, c)
dNTP, d) DNAP, e) Pr, and f) nE, respectively. Data represent mean ± s.d. for three independent experiments.
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Figure 5. Comparison of analytical sensitivity and specificity of TRCAs. a) Real-time fluorescence curves, b) target dose−response curves, and c)
target specificity results of TRCA, HTRCA, NTRCA, and HNTRCA. For sensitivity tests, each reaction was performed with various concentrations
of target miRNA, ranging from 0 to 5 nM, at 50 °C for 90 min. The end point signals after 60- and 90-min reactions were used to construct dose−
response curves. For specificity tests, each reaction was conducted with eight different miRNAs (5 nM) at 50 °C for 1 h. All reactions were carried
out under the optimized conditions, including 200 nM DBTP, 6 mM Mg, 1.5 mM dNTP, 1.5 mM DNAP, 200 nM Pr, and 14.7 nM nE. Data
represent mean ± s.d. for three independent experiments.

Figure 6. Comparison of experimental data with calculation results. a−d) Measured and simulated results of total DNA concentration changes with
time. e−h) Simulation results of total DNA concentration changes with respect to varying miRNA concentrations at 10, 30, and 60 min of
amplification. Simulations were performed with the data-fitted model parameters for representative conditions, including 200 nM DBTP, 6 mM
Mg, 1 mM dNTP, 0.3 mM DNAP, 500 nM Pr, and 7.35 nM nE.
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Analytical Sensitivity and Specificity

To compare the analytical sensitivity of the four TRCAs, each
amplification reaction was conducted under optimal conditions
using various concentrations of miR-21 ranging from 0 to 5
nM. The resulting amplification profiles and dose−response
curves based on the end point signal at 60 and 90 min were
shown in Figure 5a,b. As expected, the end point signal showed
a positive correlation with miRNA concentration. The limit of
detection (LOD) was calculated based on the dose−response
curve using three times the standard deviation of the negative
sample. As summarized in Table S2, the NTRCA and
HNTRCA showed approximately 25- and 23-fold lower
LODs than TRCA (based on 60 min end point signals).
This resulted in approximately 2516- and 3110-fold improve-
ment when using the 90 min end point signals. In contrast,
HTRCA did not show a notable increase in sensitivity
compared to TRCA. Although quantitative measurements
using this single end point readout are straightforward, they
produce a relatively narrow linear dynamic range with one or
two log orders of magnitude, particularly when an exponen-
tially amplified signal quickly reaches saturation. Therefore, to
obtain a broader dynamic range, the time required to reach the
threshold of the amplified signal (amplification time) was used
as a quantitative metric to generate linear dose−response
curves for NTRCA and HNTRCA (Figure S5). Both responses
displayed a broader linear relationship with four log orders of
magnitude (5 pM to 5 nM).
Next, in order to evaluate the specificity of the amplification

system, each TRCA was performed against eight miRNAs
(miR-21, miR-34a, let-7a, miR-200a, miR-92b, miR-133a, miR-
450b, and miR-4659a), followed by analysis with the 60 min
end point signals. As shown in Figure 5c, all four TRCAs
exhibited high fluorescence specific to the target miRNA (miR-
21), and the signal difference between target and nontarget
miRNAs was significantly higher for NTRCA and HNTRAC,
which demonstrated relatively better sensitivity and amplifica-
tion efficiency. Therefore, based on the amplification rate and
yield, sensitivity and specificity results, it can be concluded that
HNTRCA is the most suitable for highly sensitive and specific
detection of miRNAs.
Model Fitting and Simulation Results

Model parameters were fitted to each individual set of kinetic
experiments. In TRCA, a total of 9 parameters were estimated
for each experiment set, while an additional 7 parameters were

included for the estimation in each HTRCA and NTRCA. As
shown in Figure 6a−d, the calculated total DNA concen-
trations closely matched the experimental values. Although the
parameter values should ideally be consistent across different
experiments with varied input concentrations, they showed
significant variation from one condition to another. It is
speculated that these variations in model parameters may be
due to diffusion limitations within the reaction volume. Since
the participating species need to be effectively delivered to the
relevant sites for biochemical reactions to occur, such crowded
conditions as those in the DNA amplification setup�where
the total reaction volume is minimal and contains numerous
substances and growing DNA�can limit diffusion. Addition-
ally, the FI measured during DNA amplification might not be
directly proportional to DNA concentration, especially in the
presence of numerous ionic and chemical species. Since the
dye molecules also need to bind to DNA to emit fluorescence,
the measured FI might only reflect a portion of DNA due to
their diffusion-limited access.
Using the parameters separately identified for TRCA,

HTRCA, NTRCA, and HNTRCA, we performed simulations
with different amounts of miRNA to compare DNA
amplification efficiency across different TRCA methods.
Figures 6e−h and S6 illustrate DNA amplification with respect
to the amount of miRNA at three-time points (10, 30, and 60
min) for the four TRCA methods. The general trend of
increasing DNA synthesis with an increase in miRNA was
observed across all methods, consistent with experimental
results (Figure 5b). However, the current mechanistic model
failed to capture the high nonlinearity in the increase of DNA
for NTRCA and HNTRCA. This could be because the model
parameters used for this analysis were estimated for much
higher miRNA concentration (50 nM) than those simulated
here. Nonetheless, the simulations clearly showed that
HNTRCA outperforms the other methods in terms of end
point signals. Further detailed results on the temporal
evolution of biochemical molecules and ionic species can be
found in Figures S7−S14.
Quantification of MiR-21 in Total RNA Extracts Using
HNTRCA

To further test the feasibility of the NHTRCA assay for target
miRNA quantification in real biological samples, we adapted
this method to quantify miR-21 levels in total RNA extracts of
human embryonic kidney cells HEK 293T, which express

Figure 7. Quantification of synthetic miR-21 in total RNA extracts using HNTRCA. Real-time fluorescence curves of the HNTRCA with a) serial
dilutions of synthetic miR-21 standards (0−5 nM) and b) miR-21 at four different concentrations (0.1, 0.2, 1, and 2 nM) spiked into 100 ng total
RNA extracted from HEK 293T cells. The HNTRCA reaction was conducted at 50 °C for 90 min under the optimized conditions. The black solid
line of the curves in a) and b) indicates the threshold (105) to determine the amplification time. c) Linear standard curve with serial dilutions of
synthetic miR-21 standards to quantify the concentration of spiked miRNA in total RNA extracts. Data represent mean ± s.d. for two or three
independent experiments.
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relatively low levels of miR-21 compared to cancer cells.18,56

To this end, synthetic miR-21 was serially diluted in 100 ng of
total RNA extracts, after which the HNTRCA was performed
to obtain a standard curve (Figure 7a,c). In a separate
experiment, varying concentrations of miR-21 (100, 200, 1000,
and 2000 pM) were spiked into RNA extracts. The
amplification times from HNTRCA curves were recorded
and subsequently analyzed by substituting them into the
standard curve, yielding 147.6, 258.7, 1067.1, and 1868.8 pM,
respectively (Figure 7b,c). This resulted in recoveries of 147.6,
129.3, 106.7, and 93.44%, as illustrated in Table 1. The

observed recoveries above 100% can be attributed to several
factors, including potential dilution inaccuracies, minor
deviations in the calibration curve, and the possibility of
cross-reactivity with other RNAs present in the sample. These
factors may result in an overestimation of the measured miR-
21 concentration. Therefore, HNTRCA can be a practical and

reliable approach for the precise detection of target miRNAs,
effectively eliminating the impact of interfering substances that
may present in biological samples.
Determination of MiR-21 Expression Levels in Various Cell
Lines Using HNTRCA

To validate the utility of HNTRCA for identifying the
expression of miR-21 in cancer cells, total RNA was extracted
from four human breast cancer cell lines (MDA-MB-231,
HCC1143, HCC1954, and SK-BR-3) and one normal cell line
(HEK 293T). The extracted RNA was subjected to both
single-step HNTRCA and two-step reverse transcription-
quantitative polymerase chain reaction (RT-qPCR). The
HNTRCA analysis demonstrated that cancer cells exhibited
relatively higher expression of miR-21 compared to normal
cells, indicating the potential of miR-21 as a diagnostic
biomarker for breast cancer cells (Figure 8a,b).49 The
expression levels of miR-21 were found to be higher in
HCC1143, MDA-MB-231, HCC1954, SK-BR-3, and HEK
293T, in that order, which was in good agreement with the
results obtained using the gold standard RT-qPCR method
(Figure 8c,d). Furthermore, a good correlation was observed
between the two methods for detecting miR-21, as indicated
by Pearson’s r of 0.9510 (Figure 8e). These results confirm
that our HNTRCA approach has the capacity to sensitively
detect miRNAs with comparable performance compared to
RT-qPCR. Notably, it offers distinct advantages of rapid
miRNA detection in complicated biological samples in a single
isothermal reaction (<60 min), eliminating the need for an RT
step.

Table 1. Quantification of Synthetic miR-21 in Total RNA
Extracted from HEK 293T Cells Using HNTRCA

Spiked miRNA
(pM)a

Calculated miRNA
(pM)b Recovery (%)b

RSD
(%)b

100 147.55 ± 0.18 147.55 ± 0.18 0.12
200 258.72 ± 28.49 129.36 ± 14.24 11.01
1000 1067.05 ± 59.70 106.71 ± 5.97 5.59
2000 1868.79 ± 132.97 93.44 ± 6.65 7.14

aSynthetic miRNA was spiked into 100 ng of total RNA extracts.
bData represent mean ± s.d. for three independent replicates.

Figure 8. Determination of the presence of miR-21 in total RNA extracted from various cell lines using HNTRCA and RT-qPCR. a) Real-time
fluorescence curves and b) amplification time of the HNTRCA reaction with 100 ng total RNA extracted from five different cell lines. The
HNTRCA reaction was conducted at 50 °C for 90 min under the optimized conditions. c) Real-time amplification curves and d) cycles to
threshold (Ct) of the RT-qPCR assay with 0.5 ng input cDNA prepared from five different cell lines. e) Correlation between the measurements by
HNTRCA and RT-qPCR for miR-21 quantification. The black solid line of the curves in a) and c) indicates the threshold to determine the
amplification time and Ct value, respectively. Data represent mean ± s.d. for two or three independent experiments.
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■ CONCLUSIONS
In this study, we explored modified TRCA techniques with the
aim of improving the specificity and sensitivity of a
conventional TRCA technique for the detection of disease-
associated miRNAs, utilizing the DBTP with the capacity for
target-specific conformational switching. The modified TRCA
reactions, including HTRCA, NTRCA, and HNTRCA, were
implemented by sequentially incorporating Pr and nE, which
promoted exponential amplification, into the TRCA system. In
order to understand and refine the reaction parameters that
affect the real-time kinetics of these four TRCAs, each reaction
was performed over a range of concentrations of four to six
major components, and two kinetic parameters were subjected
to close analysis. Among the TRCA variants, we found that
HNTRCA consistently showed the highest amplification rate
and maximum yield over a range of concentration conditions.
This distinctive kinetics was accompanied by a favorable
amplification profile compared to the linear TRCA approach,
resulting in a wider dynamic range with a significantly
improved detection limit (260 fM) and target specificity.
This superior performance of HNTRCA could be attributed to
the synergistic effect of Pr and nE, enabling more efficient and
broader amplification. Moreover, these results highlight the
importance of optimizing biochemical reaction components,
including DBTP, Mg, dNTP, DNAP, Pr, and nE concen-
trations, as well as physical factors such as reaction temperature
and time, to circumvent amplification inhibition and maximize
efficiency.
We also validated the HNTRCA system with real biological

samples under the optimized conditions and demonstrated
excellent detection performance and recovery in complex
matrices containing different RNA molecules. In addition, the
system showed a high correlation with the standard RT-qPCR
method for quantifying the expression levels of miR-21 in
various cell lines. Consequently, through kinetic analysis and
systematic optimization of the four TRCAs, we proposed the
HNTRCA system, which features a single-step, easy-to-operate
isothermal process for rapid, robust, and efficient DNA
amplification.
The kinetic analysis was also performed numerically through

mechanistic modeling to better understand the complex
interplay between various ionic and biochemical species during
different DNA amplification processes. Although further
refinement of the mechanistic model is needed to more
accurately mimic the fluorescence-based DNA quantification
and account for potential diffusion-limited DNA amplification,
the current work lays the foundation for in silico platforms
aimed at developing and optimizing other RCA variants.
In conclusion, the simplicity and usability of the HNTRCA

method make it a promising technique in POC diagnostics,
where cost-effective and portable instruments are essential.
Integration with POC-friendly systems such as lateral flow
assays or smartphone-based signal detection platforms could
enhance its applicability. Given that conventional TRCAs are
widely used to detect and analyze various types of biomarkers,
including nucleic acids, proteins, and small molecules, the
developed HNTRCA technique offers considerable potential
as a versatile molecular diagnostic tool for developing novel
biosensors targeting diverse biomarkers. Furthermore, this
study could contribute to improving the accuracy of disease
diagnosis, including cancer and rare genetic disorders, and to

the rapid and sensitive identification of bacterial or viral
pathogens, especially with respect to emerging variants.
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