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Abstract

As important modulators of gene expression, microRNAs (miRNAs) have been identified as
promising biomarkers with powerful predictive value in diagnosis and prognosis for several diseases,
especially for cancers. Here we report a facile, multiple and sensitive miRNA detection method that
uses conventional gel electrophoresis and catalytic hairpin assembly (CHA) system without any
complex nanomaterials or enzymatic amplification.

Methods: In this study, three pairs of hairpin probes are rationally designed with
thermodynamically and kinetically preferable feasibility for the CHA process. In the present of target
miRNA, the stem of the corresponding hairpin detection probe (HDP) will be unfolded and expose
the concealed domain. The corresponding hairpin assistant probe (HAP) then replaces the
hybridized target miRNA to form specific HDP/HAP complexes and releases miRNA based on
thermodynamically driven entropy gain process, and the released miRNA triggers the next recycle
to produce tremendous corresponding HDP/HAP complexes.

Results: The results showed that the CHA gel assay can detect miRNA at fM levels and shows good
capability of discriminating miRNA family members and base-mismatched miRNAs. It is able to
analyze miRNAs extracted from cell lysates, which are consistent with the results of conventional
polymerase chain reaction (PCR) method. Depending on the length of the designed hairpin probes,
the CHA gel assay consisting of different hairpin probes effectively discriminated and simultaneously
detected multiple miRNAs in homogenous solution and miRNAs extracted from cell lysates.

Conclusion: The work highlights the practical use of a conventional gel electrophoresis for
sensitive interesting nucleic acid sequences detection.
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Introduction

microRNA (miRNA) are single-stranded, short
(approximately 19-23 nucleotides), endogenous,
noncoding regulatory RNAs that are crucial in many
biological processes [1-3]. Aberrant expression levels
of miRNAs are closely associated with many diseases,
including cancers [4,5]. For example, miRNA-373 is
validated as a potential novel oncogene for
tumorigenesis, regulating tumor cell cycle and tumor

metastasis [6-10]. High miRNA-21 expression levels
are observed in various malignancies including breast
cancer, colorectal cancer, lung cancer, stomach cancer
and glioma [11,12]. In recent years, considerable
efforts have been devoted to develop methods to
quantify intracellular miRNA-21 [13,14]. Overex-
pression of miRNA-10b can promote the metastasis of
cancer cells [15]. Therefore, miRNA is emerging as
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one of the promising biomarkers for early diagnosis
and prognosis of several cancers [16,17]. However,
multiple and sensitive miRNA detection is
challenging because of their unique properties, such
as small size, high sequence similarity, susceptibility
to degradation and, especially, low abundance
[18-20]. Conventional miRNA analysis methods,
including real-time polymerase chain reaction
(RT-PCR) [21], Northern blot [22], microarrays
technology [23] have been widely used, which suffer
from some defects such as low sensitivity,
time-consuming methods, false positive signal and
expensive equipment. Therefore, the development of
a sensitive, specific and convenient strategy is
urgently needed to monitor miRNA levels in early
clinical diagnosis [24-28]. Especially, the multiplicity
of miRNA needs a miRNA assay that detects multiple
miRNA simultaneously.

Recently, a variety of amplification strategies
have been established for sensitive detection of
miRNA, such as nanomaterial-based [29,30], and
molecular biology-involved signal amplification
methods including target RNA cycling, ligase chain
reaction (LCR), rolling-circle amplification (RCA),
isothermal strand-displacement polymerase reaction,
and strand displacement amplification (SDA) [31-33].
As a versatile SDA isothermal amplification
technique, catalytic hairpin assembly (CHA) is an
enzyme-free DNA circuit that relies on a
thermodynamically driven entropy gain process to
achieve signal amplification, possibly permitting
exponential amplification of a target sequence in 15
min [34-36]. By combining CHA with other detection
techniques such as colorimetry [37], fluorescence [38],
electrochemistry [39,40], chemiluminescence [41],
Raman spectroscopy, and surface plasmon resonance,
miscellaneous CHAs platforms have been developed
for miRNAs, metal ions [42] and protein molecular
analysis [43]. However, these strategies are associated
with complex nanoparticles and fluorescence
labelling processes, time-consuming methods or
expensive equipment.

Recently, numerous novel methods combining
traditional gel electrophoresis and other technologies
have been developed to analyze genetic material, such
as microfluidic gel electrophoresis [44] and capillary
gel electrophoresis [45]. Lee et al. developed a
bio-barcode gel assay for miRNA detection at low
concentration using a conventional gel electrophoresis
platform, opening the avenue for practical application
of conventional gel electrophoresis for high-sensitive
analysis of miRNA without PCR amplification [46].
The final detected signal is derived from the amount
of the barcode DNA in the gel electrophoresis instead
of direct detection of miRNA, and the detection signal

could be significantly amplified without any
enzymatic amplification due to the numerous barcode
DNA. The barcode gel assay provided a
straightforward detection signal method on a
conventional gel electrophoresis, but it also involved
complicated DNA nanoparticle modification and gold
nanoparticle dissolving processes.

In this work, a multiple and sensitive miRNA
detection strategy is designed by combing
conventional gel electrophoresis with a CHA signal
amplification system. As shown in Figure 1, three
pairs of programmable oligonucleotide hairpin
probes of hairpin detection probe (HDP) and hairpin
assistant probe (HAP) are designed. In the present
specific target miRNA, the stem of the corresponding
HDP will be unfolded and expose the concealed
domain. The corresponding HAP then replaces the
hybridized target miRNA to form specific HDP/HAP
complexes and releases miRNA based on
thermodynamically driven entropy gain process, and
the released miRNA triggers the next recycle to
produce tremendous corresponding HDP/HAP
complexes. In this way, one copy of target specific
miRNA could trigger formation of numerous
corresponding HDP/HAP complexes with designed
length, resulting in significant signal amplification
without enzymatic and nanoparticle-involved
amplification. Depending on the length of the
engineered hairpin probes, the hybridized duplex
structures have different migration in the gel
electrophoresis, which can be used to effectively and
simultaneously detect various target miRNAs in
complex biological samples.

Methods

Materials

YeaRed nucleic acid dye and 6XDNA Loading
Buffer were obtained from YEASEN (Shanghai,
China). The electrophoresis buffer consisted of 40 mM
Tris, 20 mM acetic acid, 2 mM EDTANa,, and 12.5
mM (CH;COO).Mg (TAE-Mg). Hybridization buffer
was phosphate buffered saline (PBS) (pH 7.4, 10 mM
with 137 mM NacCl), which was prepared by mixing
the stock solutions of NaH,PO; and Na,HPOs and
adjusting the pH with NaOH and Hs;PO.. Dimethyl
sulphoxide (DMSO) was obtained from Sinopharm
Chemical Reagent Co., Ltd (Beijing, China). PBS (pH
7.4, 10 mM) used in cell experiments, fetal bovine
serum (FBS), Dulbecco’s modified Eagle’s medium
(DMEM), trypsin-EDTA and penicillin-streptomycin
were purchased from Gibco Life Technologies (AG,
Switzerland). The ultrapure water was obtained from
a Millipore water purification system (18 MQ, Milli-Q,
Millipore, USA). All of the DNA sequences were
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Figure 1. Schematic illustration of CHA gel assay for multiple miRNA detection. In the presence of target miRNAs, the HDP will be unfolded to form HDP-miRNA
duplex, and expose the concealed domain. Then, the corresponding HAP replaces the target miRNA to form specific HDP/HAP complexes and releases miRNA based on a
thermodynamically driven entropy gain process, and the released miRNA triggers the next recycle to produce numerous corresponding HDP/HAP complexes.

purchased from Sangon Biological Engineering
Technology & Services Co., Ltd. (Shanghai, China).
The RNA sequences purified using high-performance
liquid chromatography were obtained from Gene
Pharma (Shanghai, China) and modified with 2'-OMe
to increase resistance to nucleases to improve the
stability for miRNA detection [47]. Their sequences
are in Table 1. All the miRNA sequences were diluted
in diethyl pyrocarbonate (DEPC)-treated water for
experiments, and all the experiments were performed
in a laminar flow bench for a clean environment to
control the influence of RNase.

Instruments

The agarose gel electrophoresis image was
captured with an Alliance Ld2 (Uvitec, Cambridge,
U.K.) with a UV lamp at 365 nm.

Characterization of CHA kinetics

The CHA kinetics were determined using the
‘fminunc’ function in Matlab. 100 nM HDP with two
terminals labeled with a fluorescent dye and
quencher, 100 nM HAP, and target miRNA-373 of
different concentrations were mixed, and the
fluorescence intensity of the solution was detected as
a function of time. For comparison, the real-time
fluorescence intensity of a mixture containing 100 nM
HDP and target miRNA-373 of different
concentrations was also measured.

Table 1. DNA and miRNA oligonucleotide sequences involved in
this work.

Oligonucleotide Sequence (5'---to---3)

HDP-373 ACA CCC CAA AAT CGA AGC ACT TCC CAT GTG TAG AGA
AGTGCTTCG ATTT

HAP-373 AGC ACT TCT CTA CAC ATG GGA AGT GCT TCG ATT TCC
ATG TGT AGA

HDP-21 TCA ACA TCA GTC TGA TAA GCT ATG GAA CGT AGG TCT
TTT GGT TAG CTT ATC AGA CTG

HAP-21 TAA GCT AAC CAA AAG ACCTACGTT CCA TAG CTT ATC
AGA CTG TGG AAC GTA GGT CTT TTG GT

HDP-10b CAC AAA TTC GGT TCT ACA GGG TAG TAC GCT TAC CCT
GTAGAAC

HAP-10b AGG GTA AGC GTA CTA CCC TGT AGA ACG TACGCT

miRNA-373 GAA GUG CUU CGA UUU UGG GGU GU

miRNA-21 UAG CUU AUC AGA CUG AUG UUG A

miRNA-10b UAC CCU GUA GAA CCG AAU UUG UG

SM miRNA-373 GAA GUG CUU CGA UUU UGG GGU AU
DM miRNA-373 GAA GUG CUU CGA UUU UGG UGU AU
TM miRNA-373 GAA GUG CUU CGA UAU UGG UGU AU
miRNA-373* ACU CAA AAU GGG GGCGcu uuc

NC AUU GAA UAU UCU UAU UAU AAU UA

CHA agarose gel electrophoresis assays

Under optimized experimental conditions, HAP
(1 pM), HDP (1 pM) and different concentrations of
target miRNA-373 (Lane 1-11: 1 pM, 100 nM, 10 nM, 1
nM, 100 pM, 10 pM, 1 pM, 100 fM, 10 fM, 1 fM and 0)
in 50 pL were reacted for 1 h at 37 °C. The resulting
mixture was analyzed by gel electrophoresis. A
control experiment was performed similarly without
addition of HAP.
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Analysis of miRNA extracted from cell lysates

MCEF-7 and MDA-MB-231 cells were cultured in
DMEM supplemented with 10% (v/v) FBS, 1%
penicillin and streptomycin (100 U/mL) at 37 °Cin a
humidified atmosphere containing 5% CO,. MCF-7,
MDA-MB-231 and NHDF cells (~2x10° cm™) were
washed, harvested and counted with a hemocyto-
meter. The total miRNAs were extracted using a
miRcute miRNA isolation kit (TIANGEN, Beijing,
China). The resulting miRNAs were redispersed in 60
pL of DEPC-treated water and stored at -80 °C for
further use, and miRNA was analyzed by the same
gel electrophoresis procedure as aforementioned. The
negative control experiment was performed by
addition of DI water instead of cell lysates.

Multiple miRNAs detection

Under optimized experimental conditions, a
mixture containing different target miRNAs was
added to a solution consisting of three types of HAP
(1 pM) and HDP (1 pM) to react for 1 h at 37 °C. The
resulting mixture was analyzed by gel electropho-
resis. A control experiment was similarly performed,
except without addition of any target miRNA.

Under optimized experimental conditions, a
mixture containing three target miRNAs with
different concentrations (100 nM, 100 pM, 100 fM, 0)
was added to a solution consisting of three types of
HDP (1 pM) and HAP (1 pM) to react for 1 h at 37 °C.
The resulting mixture was analyzed by gel
electrophoresis.

Results

Feasibility of the CHA gel assay
A pair of hairpin probes of HDP and HAP was
rationally designed for specific miRNA detection, and

the ideal structures and corresponding thermo-
dynamic parameters (Figure S1-3) of the HDP, HAP,

miRNAs, HDP-miRNA duplex and HDP/HAP
complexes were analyzed by mFold under the
condition of PBS buffer (pH 7.4) containing 137 mM
NaCl. All the probes have lower enthalpy changes
(AH), indicating the probes designed are stable and
have few other secondary structures. For example, all
the AH values for HDP and HAP hairpin structures
are lowest in all the predicted possible structures,
suggesting the good stability of the hairpin structures.
The Gibbs free energy (AG) of the CHA reaction
revealed the reaction was spontaneous, indicating the
thermodynamical feasibility of the CHA process. In
order to demonstrate progression of the CHA
reaction, the time course of the CHA reaction over a
wide range of target miRNA concentrations was
measured by fluorescence spectroscopy (Figure 2 and
Figure S4). The kinetic analysis of the CHA was
carried out using the ‘fminunc’ function in Matlab
[48,49]. The rate constant ki = 1.6x10°> M~1s7! yielded
the best fit to the experimental data in Figure 2A, and
the kan = 1.2x105 M-1s are plotted as dots in Figure 2B.
Kinetic analysis of the CHA (miRNA-21 and
miRNA-10b) was also carried out. The rate constants
kan = 0.9x10° M~1s7! and kan = 4.5%10°> M-1s! yielded
the best fits to the experimental data for miRNA-21
and miRNA-10b CHA processes (Figure S4). These
results kinetically suggested the good feasibility of the
CHA process.

To evaluate the feasibility of CHA, agarose gel
electrophoresis analysis experiments were performed.
For the miRNA-373 analysis, as shown in Figure
3A-B, the HDP (lane 1), HAP (lane 2), and target
miRNA (lane 3) exhibited a single obvious
electrophoresis band, which indicated that secondary
structures were not formed in the rationally designed
hairpin probes. Although HDP and HAP contain
complementary sequences, only a very weak band
associated with interaction of HDP and HAP was
observed (lane 4), implying the very low level of

0.4+
A B [HDP]=100 nM, [HAP]=100 nM
0.24 —data [HDP]=100 nM —
’ sim 0.34 n
—_ * 100nM
3 5
2 3 0.2 10 nM
3-. 0 1 = b
[7/] 0 .1
8 10nm @ 0.1 0.1 nM
‘2 W 0.1 nM g
= 0.0- - 0 £ 00 k, l
HDP+miRNA—»=HDP:miRNA HDP+HAP+miRNA—aL HDP/HAP+miRNA
T T T T T T — T —rTr—r—7r—r—7r—r
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Figure 2. Characterization of CHA kinetics. (A) Measurement of catalyst binding rate ki. All traces contained 100 nM HDP initially, and different amounts of target
miRNA-373 were added at t = 0. Dotted lines show simulation traces from modelled reactions, assuming a rate constant of ki = 1.6 x 105 M!s”!. (B) Measurement catalyst
binding rate kai. All traces contain 100 nM HDP and 100 nM HAP initially, and different amounts of target miRNA-373 were added at t = 0. Dotted lines show simulation traces
from modelled reactions, assuming a rate constant of kai = 1.2x105 M7!s™!. “n.u.” denotes normalized units; all fluorescence results were normalized to 1 n.u.
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Figure 3. Verification of the experimental design by gel electrophoresis analysis. (A) miRNA-373, (C) miRNA-21, (E) miRNA-10b. Lane I: HDP (1 uM); lane 2: HAP
(1 uM); lane 3: miRNA (10 uM); lane 4: HDP (1 uM) and HAP (1 uM); lane 5: HAP (1 uM) and miRNA (1 uM); lane 6: HDP (I uM) and miRNA (1 pyM); lane 7: HDP (1 uM), HAP
(1 uM) and miRNA (1 uM). (B, D, F) The proportion of free nucleic acid sequences (red column) and the corresponding hybridized mixture (blue column) derived from the grey

value of the gel electrophoresis images.

spontaneous interactions between the rationally
designed hairpin probes. Similarly, there was no
obvious new band assigned to hybridization of HAP
and target miRNA (lane 5). However, when HDP was
mixed with target miRNA, a new band with relative
less migration than that of HDP appeared, which
represented a good recognition of the HDP to the
target miRNA (lane 6). The introduction of HAP to the
mixture of HDP and target miRNA produced a more
centralized band related to the HDP/HAP complex,
indicating the successful dynamic assembly via
cyclical toehold-induced strand displacement of

target miRNA with HAP (lane 7). To further verify the
signal-to-noise ratio, the gray values in Figure 3A
were analyzed to investigate the corresponding
hybridization efficiency. The blue column and red
column represented the hybridized and free status of
the mixture (Figure 3B), which indicated the excellent
signal-to-noise and good feasibility of the designed
CHA strategy. The designed hairpin probes of the
miRNA-21 (Figure 3C-D) and miRNA-10b (Figure
3E-F) also demonstrated good feasibility for the CHA
gel assay.
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Figure 4. Sensitivity of the CHA gel assay. (A) The CHA gel assay results and (B) corresponding calibration curve from different concentrations of target miRNA-373
(Lane 1-11: 1 yM, 100 nM, 10 nM, 1 nM, 100 pM, 10 pM, 1 pM, 100 fM, 10 fM, 1 fM and 0), normalized to the negative control band, and the error bars were obtained from three

independent assays for each case.

Assay performance for specific miRNA
detection

The experimental conditions were first
optimized (Figure S5). As shown in Figure 4A and
Figure S6, the gel band intensity related to HDP/
HAP complexes increased gradually with elevated
concentration of target miRNA (miRNA-373), and the
magnified photographs from lane 4 to lane 10 clearly
showed the intensities difference. Figure 4B shows
the average fold-induction values (normalized to the
negative control band intensity) for the gel band
intensity for each target concentration. The
corresponding calibration plots showed a good linear
relationship between the fold-induction values and
the logarithm of target miRNA concentration in the
range from 100 fM to 1 nM (inset of Figure 4B). The
limit of detection (LOD) was calculated to be 10 fM by
using three times of the standard deviation
corresponding to the control. For comparison, we also
investigated the performance of the non-amplification
gel assays without adding HAP under the same
experimental condition (Figure S7). It suggested the
LOD of the CHA gel assay was approximately 5
orders of magnitude lower than that of the
non-amplification gel assay. Moreover, the LOD of
the CHA gel assays of miRNA-21 and miRNA-10b
were also investigated (Figure S8), both of which
could be detected at concentrations at fM levels,
confirming the high sensitivity of the CHA gel assay.
The LOD was also superior to previous CHA-based
reports (Table S1). For example, the LOD of the CHA
gel assay is about 3 orders of magnitude better than
the previously reported electrochemical miRNA
biosensor [39]. It is also comparable to previous
electrochemiluminescence miRNA biosensors [50].
The better performance might result from the
rationally designed oligonucleotide hairpin probes,

higher hybridization efficiency and low background
signal in the homogeneous solution of the no-label
probes. The HDP was labeled with a fluorescent dye
and a quencher at two terminals, respectively. The
fluorescence intensity associated with the HDP/HAP
complexes mixture linearly increased along with the
target miRNA-373 over a wide range (Figure S9),
further validating the CHA assay in quantitative
analysis.

Selectivity of the CHA gel assay

To evaluate the selectivity of the CHA gel assay,
we performed a series of contrast experiments by
using complementary target (CM), single-base
mismatched strand (SM), double-bases mismatched
strand (DM), three-bases mismatched strand (TM),
miRNA-373* and non-complementary match (NC) in
the same condition. The ideal structures and
corresponding thermodynamic parameters of the
HDP-373 with SM, DM, and TM complexes are
displayed in Figure S10. The AG of the target miRNA
CHA reaction is much lower (-5.43 kcal mol?) than
that of SM (AG=-3.13 kcal mol!), DM (AG=-1.83 kcal
mol?') and TM (AG=-0.53 kcal mol?), indicating the
more preferable thermodynamic process of the target
miRNA CHA reaction. Meanwhile, the HDP-miRNA
duplex exhibited the lowest AH, which further
confirmed the better stability of HDP-miRNA duplex
compared to HDP-miRNA with mismatched bases.
These results theoretically indicated the potential
good discrimination capability of the proposed assay.
As shown in Figure 5A-B, the fold-induction values of
SM, DM, TM, miRNA-373* and NC were similar to
that of control. However, the target miRNA-373
displayed a remarkable increase in the fold-induction
values compared to control groups, which were 6.7-,
12.1-, 9.1-, 10.0- and 9.8-fold higher than that of the
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Figure 5. Selectivity of the CHA gel assay. (A) The CHA gel assay results and (B) the corresponding fold-induction values responding to | uM of different miRNAs (Lane
1-6: CM, SM, DM, TM, miRNA-373* and NC) and RNase-free water for control (Lane 7). The statistical significance (P < 0.05) was determined by the two-tailed Student t test

(*P < 0.05, ¥P < 0.01, ¥*P < 0.001), as compared with the control.

SM, DM, TM, miRNA-373* and NC. These results
demonstrated that this CHA gel assay had high
selectivity and excellent discrimination capability for
base-mismatched sequences.

miRNA-373 detection in cell lysates

The feasibility of this strategy for miRNA
detection in a real sample was also investigated by
analyzing the miRNA extracted from cell lysate. Two
breast cancer cell lines MDA-MB-231, MCF-7 (high
expression of miRNA-373), and a control cell line
normal human dermal fibroblasts (NHDF, low
expression of miRNA-373) were investigated for
analyzing target miRNA expression levels. Total
miRNA extracted from each cell line was analyzed
with the proposed CHA gel assay (Figure 6A) and the
corresponding fold-induction values were recorded
(Figure 6B). It demonstrated the MDA-MB-231
displayed a higher miRNA-373 expression level than
that of MCF-7, and the NHDF expressed the lowest
miRNA-373 among the three types of cell lines. It
provided a powerful tool to analyze the miRNA
expression in cell lysates.

From the linear regression equation (Figure 4B)
and fold-induction values in Figure 5B, we calculated
that the average quantity of miRNA-373 in a single
NHDF, MDA-MB-231 and MCEFE-7 cell was 108.6 +
35.9, 20824 £ 134.4 and 952.6 + 104.4 fg, respectively,
and exhibited no statistical differences (ANOVA and
Tukey test, 99% confidence level;, Figure 6C). We
further performed the standard qRT-PCR experi-
ments to confirm our results. The target miRNA-373
expression levels from the three types of cell lines
were also analyzed using a standard qRT-PCR. The
miRNA-373 ranging from 100 pM to 1 pM were

reverse transcribed, and the PCR amplification of the
cDNA was then analyzed to obtain the linear
regression equation. The average quantity of
miRNA-373 in a single NHDF, MDA-MB-231 and
MCE-7 cell determined by qRT-PCR was 237.5 + 77.2,
23549 + 573.7 and 992.8 + 419.2 fg, respectively
(Figure 6D). Notably, the CHA gel assay showed a
competitive precision for miRNA detection compared
to the qRT-PCR, which indicated the good feasibility
of the proposed CHA gel assay for real sample
detection.

Multiple miRNA detection

Encouraged by the initial analysis of sensitivity
and selectivity, we investigated the multiplexing
detection capability of the CHA gel assay for three
different miRNA targets (miRNA-373, miRNA-21 and
miRNA-10b). As shown in Figure 7, depending on the
different lengths of the HDP/HAP complexes, the
CHA gel assay could effectively discriminate and
simultaneously detect the target miRNA in the
solution containing a random combination of two
types of miRNA targets including miRNA-2land
miRNA-10b (lane 2), miRNA-373 and miRNA-21
(lane 3), and miRNA-373 and miRNA-10b (lane 4).
The gel band intensity of miRNA-10b was weaker
than that of the miRNA-21 and miRNA-373 gel band,
which resulted from the relatively shorter sequences
of HDP-10b and HAP-10b (Table 1). Notably, for the
homogenous solution containing three types of
miRNAs, gel bands of specific miRNAs-mediated
HDP/HAP complexes were easily distinguishable by
the different lengths of the designed hairpin probes
(lane 1), indicating the good capability of the CHA gel
assay for multiple miRNA detection. This is easily
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Figure 6. Quantitative measurement of miRNA-373 in cell Lysates. (A) The CHA gel assay results and (B) corresponding fold induction values responding to different
cell lysates (Lane 1-4: NHDF, MDA-MB-231, MCF-7 cells and RNase free water ). (C) Quantification of miRNA-373 by CHA gel assay and (D) qRT-PCR.

12345678

Figure 7. The CHA gel assay results and corresponding gray curves for multiple miRNA detection. Lane I: miRNA-21 (1 pM), miRNA-373 (1 pM) and miRNA-10b (1 uM); Lane
2: miRNA-21 (1 uM) and miRNA-10b (1 uM); Lane 3: miRNA-21 (I uM) and miRNA-373 (1 pM); Lane 4: miRNA-373 (1 uM) and miRNA-10b (1 pM); Lane 5: miRNA-21 (1 pM);
Lane 6: miRNA-373 (1 pM); Lane 7: miRNA-10b (I pM) and RNase-free water for control.

extended to more types of miRNA detection just by
simply adjusting the length of the hairpin probes.

We further investigated the feasibilities of the
CHA gel assay for multiple miRNA detection at
different concentrations. As shown in Figure 8, three
types of target miRNAs were effectively discri-
minated and simultaneously detected even at
concentrations down to 100 fM without any
enzymatic amplification. The results revealed the
good sensitivity and selectivity of the multiplexed
CHA gel assay. The expression levels of three

miRNAs in three different cell lines were also
evaluated by the proposed CHA gel assay. Much
higher expression levels of miRNA-21, miR-373 and
miRNA-10b in MDA-MB-231 cells [17,51], aberrantly
higher expression of miRNA-21, miR-373 but normal
expression level of miRNA-10b were observed in
comparison with the control NHDF cells. The results
indicated that the proposed strategy holds great
potential in biomedical research and early clinical
diagnostics.
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Discussion

In this study, we demonstrated that a facile CHA
gel assay could effectively and simultaneously detect
three miRNA species even at concentrations down to
100 fM without any enzymatic amplification in
homogeneous solutions and cell lysates. Specifically,
we showed that the CHA gel assay was effective for
quantifying different miRNAs over a wide spectral
range (0.1-1000 pM) with good capability of
discriminating miRNA family members and
base-mismatched miRNAs. This assay has the
potential to be a powerful tool for quantifying miRNA
expression in clinical specimens without involving
complex conventional PCR and nanomaterials-based
amplification, and shows great potential for nucleic
acid detection applications.

CHA is an enzyme-free DNA circuit that relies
on a thermodynamically driven entropy gain process
to achieve signal amplification, possibly permitting
exponential amplification of a target sequence in 15
min. Since traditional gel electrophoresis could
distinguish nucleic acids according to their length, we
developed three pairs of programmable oligonucleo-
tide hairpin probes to simultaneously detect three
miRNA species, depending on the length of the
designed hairpin probes (Figure 1). First, the ideal

structures (Figure S1-3) of the HDP, HAP, miRNAs,
HDP-miRNA duplex and HDP/HAP complexes were
thermodynamically optimized to ensure the good
feasibility of the CHA process. The designed probes
possessed a kinetically preferable reaction process
with a fast kinetic rate.

To experimentally evaluate the feasibility of
CHA, fluorescence spectrometry and agarose gel
electrophoresis experiments were performed (Figure
2-3), and the results were consistent with the
theoretical prediction. It demonstrated that the
miRNA target unfolded the HDP with a fast rate to
form an exposed HDP-miRNA duplex and expose the
concealed domain. The exposed toehold terminal
could be recognized by HAP, which displaced the
target miRNA to form specific HDP/HAP complexes
and released miRNA based on a thermodynamically
driven entropy gain process. The released miRNA
triggered the next recycle to produce numerous
corresponding HDP/HAP complexes structures. The
CHA gel assay analysis also confirmed that all the
designed probes displayed few self-assembly
secondary structures, indicating low false-signal
production and reliability of the CHA gel assay. These
findings impelled us to explore the CHA gel assay for
multiple and sensitive miRNA quantitative detection
in homogeneous solutions and cell lysates.
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The very low level of spontaneous interactions
between the rationally designed hairpin probes
resulted in low background (Figure 3), which is
significant for the sensitivity of the CHA gel assay.
After optimization of the experimental conditions, the
sensitivity of the CHA gel assay was measured. The
CHA gel assay exhibited significant signal
amplification with five orders of magnitude
sensitivity enhancement for target miRNA detection
compared to non-amplification gel assays without
adding HAP under the same experimental condition,
leading to a limit of detection down to 10 fM without
enzymatic amplification (Figure 4). Meanwhile, we
validated the selectivity of the CHA gel assay (Figure
5), and the results verified high selectivity for
discriminating the target sequences from single-base
mismatched miRNA and the family members.

Generally, quick detection methods, such as
fluorescence methods, require complex probe labels,
possess high background signals (due to incomplete
quenching) and high LOD, and are inefficient for
multiple detection due to overlap of the dye
fluorescence spectra. The proposed CHA gel assay is
cost-effective, avoiding laborious probe labelling and
complex instruments. Especially, it is favorable for
multiplex miRNA simultaneous detection by simply
adjusting the length of the probe. The low
background signal and CHA signal amplification of
the assay can lead to highly sensitive detection
performance.

Furthermore, using oncogenic miRNA-373 as a
model, the feasibility to the assay for miRNA
detection in real samples was investigated (Figure 6).
Total miRNA extracted from three cell lines was
analyzed with the proposed CHA gel assay using a
linear regression equation. A low background signal
was observed due to the spontaneous interaction
between HDP and HAP. The average quantity of
miRNA-373 in a single cell showed a competitive
precision compared to qRT-PCR, which indicated the
good feasibility of the proposed CHA gel assay for
real sample detection. Notably, depending on the
different lengths of the HDP/HAP complexes, the
CHA gel assay could simultaneously discriminate
and detect the target miRNA in homogeneous
solutions (Figure 7) and cell lysates (Figure 8). The
results indicated that the proposed CHA gel assay
holds great potential in nucleic acid detection-based
biomedical research and early clinical diagnostics.

Overall, we developed a CHA-based gel assay
for multiple and sensitive miRNA detection using a
conventional gel electrophoresis platform and
rationally designed CHA hairpin probes. Although
relatively complex and time-consuming (1 h running
time) operation steps for running gel electrophoresis

are involved, the CHA gel assay exhibited significant
signal amplification for target miRNA detection and
could detect the miRNA at fM levels without
enzymatic amplification. It showed high selectivity
for discriminating the target sequences from
single-base mismatched miRNA and the family
members. This method had good feasibility to detect
miRNA extracted from different cell lysates, and the
results were consistent with the conventional
qRT-PCR-based results. Notably, the CHA gel assay
consisting of different hairpin probes could effectively
discriminate and simultaneously detect three types of
miRNAs in homogenous solution and miRNAs
extracted from cell lysates. It is easy to extend to
simultaneous detection of more types of miRNA just
by rationally designing the hairpin probes, which
provides a powerful tool for the sensitive sequence
detection of miRNAs of interest in practical
applications without enzymatic amplification.
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