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Localized DNA circuits have shown good performance regarding reaction rate and sensitivity for sensing intra-
cellular microRNAs (miRNAs). However, these methods reported recently require large kinds of DNA strands and
suffer from low signal-to-background (S/B) ratio, which hinder their clinical application. To circumvent these
issues, we herein developed a novel strategy for sensitive sensing and imaging miRNAs in living cells based on
dispersion-to-localization of catalytic hairpin assembly (DL-CHA). This strategy consists of only three classes of
DNA strands (two hairpins and a linker strand), which largely reduces sequence design complexity. Additionally,
owing to the unique engineering of the substrate transformation from dispersion to localization, the DL-CHA
exhibits not only minimal background leakage but also intensive signal amplification, thus significantly
improving the S/B ratio. In particular, the simple sensing method is capable of imaging miRNAs in cells from
clinical blood samples for the diagnosis of breast cancer. Therefore, this work provides a powerful tool for
intracellular molecules detection and gives a much broader design space for constructing high-performance DNA
circuits.

1. Introduction

MicroRNAs (miRNAs) are small (about 22 nucleotides) endogenous
non-coding RNAs, which exactly regulate gene expression by binding to
specific mRNA targets and facilitating their degradation or translational
inhibition (Gebert and MacRae, 2019; Tricoli and Jacobson, 2007). This
regulatory mechanism enables miRNAs to play vital roles in various
cellular activities (Mendell and Olson, 2012). Also, the abnormal
expression of miRNAs is closely correlated with the initiation, progres-
sion, and drug resistance of diseases, highlighting that miRNAs have
great potential as critical biomarkers for early diagnosis and prognosis of
diseases (Anfossi et al., 2018; Goodall and Wickramasinghe, 2021).
Thus, efficient and reliable detection of miRNAs is highly desirable,
particularly in situ analysis of living cells. However, it remains a chal-
lenge for accurate sensing of intracellular miRNAs owing to their low
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abundance, high sequence homology, and heterogeneous expression in
different times and locations (Deng et al., 2017; Meng et al., 2021).

At present, considerable efforts have been made towards the devel-
opment of strategies to sense and image intracellular miRNAs (Peng
et al.,, 2020; Qing et al., 2019). These methods included molecular
beacon-based nanoflares (Choi et al., 2015; Gao et al., 2020),
enzyme-amplified technologies (rolling circle amplification and
polymerase-powered strand displacement) (Deng et al., 2014; Xue et al.,
2018; Yang et al., 2018), nanomaterial-assisted strategies (Zhu et al.,
2019) and nonenzymatic DNA circuits (DNAzyme (Duan et al., 2021;
Wei et al., 2020), catalytic hairpin assembly (CHA) (Karunanayake
Mudiyanselage et al., 2018; Li et al., 2020a; Liu et al., 2020b), hybrid-
ization chain reaction (HCR) (Cheglakov et al., 2015; Wei et al., 2018a),
and entropy-driven circuit (EDC) (Liang et al., 2017; Zhang et al., 2019).
Despite remarkable successes, these protocols cover at least one of the
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following drawbacks: deficient sensitivity as a result of the equivalent
reaction ratio of target and signal (Huo et al., 2019; Li et al., 2020b),
requirement for bulky exogenous enzymes that may change the
expression of intracellular miRNA (Liu et al., 2020b), slow reaction ki-
netics because of the random collision of free diffusible reactants
(Chatterjee et al., 2017; Liu et al., 2020a; Teichmann et al., 2014), and
cumbersome preparation process of nanomaterials (Liu et al., 2016).
Nonenzymatic localized DNA circuits that reactants are placed into
proximity in a confined space offer a potential tool to address the issues.
The spatial localization of reactants endows these circuits with faster
reaction kinetic and higher sensitivity, which are deemed as valuable
strategies in biosensing and bioimaging field (Ren et al., 2018). Recent
work has achieved in situ analysis of miRNA using the localization of
hairpin reactants on DNA nanomaterials such as nanowire (Wei et al.,
2018b; Wu et al., 2020; Zhu et al., 2020), quadrangular (Lin et al.,
2021), tetrahedron (Xing et al., 2021), and cube (Liu et al., 2019).
Nevertheless, these localized DNA circuits have certain limitations that
need to be addressed through novel design approaches. First, the pre-
fabrication of localized substrates requires numerous kinds of DNA
strands, which increases the sequence design complexity. Second, the
leakage reaction is severe, because diverse DNA hairpins simultaneously
assembled into a compact space are more prone to interact
non-specifically, leading to the low signal-to- background (S/B) ratio
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(Liu et al., 2020a; Sun et al., 2018). This provides motivation for the
design of a localized DNA circuit with few strands and high S/B ratio.

Herein, we designed a novel sensing paradigm, DNA ladder formed
by dispersion-to-localization of catalytic hairpin assembly (DL-CHA), for
sensitive miRNAs detection and imaging in living cells (Scheme 1).
Compared with other strategies, our sensing system contains only two
classes of hairpins and a linker strand to reduce strand complexity. Five
hairpins H1 and H2 are separately bound to linker strand L, forming
localized LH1 and LH2 to prevent nonspecific reaction caused by the
colocalization of diverse hairpins. Self-quenched H1 is labeled with 5-
Carboxyfluorescein (FAM) and Black Hole Quenchersl (BHQ1) at
appropriate position while H2 without any modification. Under the
response of intracellular miR-21, H1 is opened and a toehold initially
locked in the H1 stem becomes available to initiate the unwinding of H2
and displacement of the target (dispersive CHA), inducing the colocal-
ization of LH1 and LH2. Then, the displaced target moves forward
quickly powered by strand displacement reaction in the combined space
(localized CHA), resulting in the hybridization of the LH1 and LH2 each
other, the formation of DNA ladder, and the production of significant
fluorescence signal for intracellular miRNA sensing. Integrated the ad-
vantages of few kinds of strands, minimal leakage, and rapid reaction
rate, the developed DL-CHA is expected to be a promising tool for bio-
molecules imaging in the field of early diagnostics.
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Scheme 1. Schematic illustration of intracellular formation of DNA ladder via DL-CHA for visualization of miRNA in living cells. (A and B) The prefabrication of
localized LH1 and LH2. (C) The operation of DL-CHA responding to intracellular miR-21.
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2. Experimental section
2.1. Materials and reagents

The oligonucleotides (Table S1) and red cell lysis buffer were pur-
chased from Sangon Biotech (Shanghai, China). All synthetic oligonu-
cleotides were dissolved in tris-ethylenediaminetetraacetic acid buffer
(pH 8.0) and stored at —20 °C. 20 bp DNA Ladder was bought from
TaKaRa Biotech (Dalian, China). Gold View was purchased from SBS
Genetech (Beijing, China). All cell lines including normal epithelial
breast cell line (MCF-10A), breast cancer cell lines (MCF-7 and SK-BR3),
and liver cancer cell line (HepG2) were obtained from American Type
Culture Collection (ATCC, USA). Fetal bovine serum (FBS), Dulbecco’s
modified Eagle’s medium (DMEM), and penicillin-streptomycin were
purchased from Hyclone (USA). All reagents were analytical grade.

2.2. Apparatus

The fluorescence spectra were measured on a Cary Eclipse Fluores-
cence Spectrophotometer (Agilent Technologies, CA). The gel electro-
phoresis was carried out on the electrophoresis instruments (Bio-Rad,
USA), and the ChemiDoc XRS system (Bio-Rad, USA) was used for the gel
image. The size and morphology of ZNS was characterized by atomic
force microscope (AFM) dimension icon (BrukerAXS, Germany). The
fluorescence intensity of cells was measured on a CytoFLEX Flow Cy-
tometer (Beckman Coulter, USA). Confocal fluorescence imaging of cells
was performed on a TCSSP8 confocal laser scanning microscope (Leica,
Germany).

2.3. Preparation of localized substrates (LH1 and LH2)

Before use, H1 and H2 were annealed respectively in the hybridi-
zation buffer (20 mM Tris, 140 mM NaCl and 5 mM KCl, pH 7.5) at 95 °C
for 5 min and slowly cooled to room temperature over 2 h. Then, 10 pL
of the annealed H1 and H2 (20 pM) were separately incubated with 2 pL
of L strand (20 pM) at 37 °C for 35 min to assemble LH1 and LH2.

2.4. Electrophoresis analysis

2% Agarose gel electrophoresis was performed using 1 x TBE buffer,
and the loaded samples contained 10 pL of reaction sample and 2 pL of 6
x loading buffer. The gel electrophoresis was run at 110 V for 30 min
and imaged via the ChemiDoc XRS system.

2.5. In vitro detection of miR-21

To perform the DL-CHA reaction in vitro, equal volumes of LH1 and
LH2 (25 pL) were mixed with varying concentrations of target miRNA in
the hybridization buffer to give a total volume of 100 pL, and the final
concentrations of LH1 and LH2 were 250 nM. After the mixture was
incubated at 37 °C for 30 min, the produced fluorescence signal was
measured between 500 and 600 nm with the excitation wavelength of
488 nm. For real-time fluorescence experiment, 100 pL of the mixture
containing 25 nM miR-21, 250 nM H1, and 250 nM H2 was added in
cuvette immediately for fluorescence recording. Fluorescence spectra
were recorded with excitation at 488 nm and emission at 520 nm. The
slit width was set to be 5 nm for both excitation and emission. The
collection time interval was set to 0.1 min.

2.6. Serum stability assay of DNA substrates

LH1 and H1 were spiked with FBS respectively to a final concen-
tration of 250 nM in 10% FBS. The two solutions were incubated at 37 °C
for 8 h, and the degradation of LH1 and H1 was evaluated by recording
fluorescence signal and performing 2% agarose gel electrophoresis every
2 h.
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2.7. Cell culture and cytotoxicity assay

In addition to the special culture medium for MCF-10A, the others
were cultured in DMEM containing 10% FBS and supplemented with
100 pg/mL streptomycin and 100 U/mL penicillin at 37 °C in a hu-
midified incubator containing 5% CO,. For cytotoxicity assay, 1 x 10°
MCEF-7 cells were seeded in 96-well plates in a total volume of 100 pL/
well. After incubation for 24 h, the medium was removed, and serial
concentrations of the probes were added for 4 h incubation. Cells
incubated with only the medium served as control. Then, 10 pL of Cell
Counting Kit-8 (CCK-8) solution and 90 pL of serum-free medium were
added to each well with incubation at 37 °C for 4 h. Then, the cell
viability was determined by measuring the absorbance at 490 nm by a
multi-detection microplate reader.

2.8. Confocal fluorescence imaging and flow cytometry assay

Cells of interest were seeded on cell slides in 24-well microplate for
24 h at 37 °C, then incubated with 200 pL of culture medium containing
250 nM LH1 and LH2 for 4 h at 37 °C. After washing twice with phos-
phate buffer saline (PBS), Hoechst 33,342 was added for cell nucleus
staining. Then, the fluorescence of the cells was visualized by TCSSP8
confocal scanning system from 510 to 550 nm with the excitation
wavelength of 488 nm for FAM. For flow cytometric analysis, the sus-
pended cell solution was centrifuged at 2000 rpm for 5 min and washed
with PBS three times. Afterwards, the cells were resuspended in PBS for
flow cytometric analysis.

2.9. (linical sample analysis

Whole blood samples of breast cancer patients or healthy individuals
were gained from The Second Affiliated Hospital of Chongqing Medical
University with ethical approval. Referring to the manufacturer’s in-
structions, the samples were firstly treated with 6 times the volume of
red cell lysis buffer and mixed sufficiently for 5 min. Next, the mixture
was centrifuged at 4000 rpm for 3 min. Then, the supernatant was gently
discarded to remove lysate and other impurities, and resuspended by
PBS. The process was repeat twice until the supernatant was clear and
precipitate was faint pink. After that, the collected cells were incubated
with 250 nM LH1 and LH2 for 4 h at 37 °C and further stained with
Hoechst for 5 min. Ultimately, the fluorescence of the cells was visual-
ized by TCSSP8 confocal scanning system from 510 to 550 nm with the
excitation wavelength of 488 nm for FAM.

3. Results and discussion
3.1. Characterization of DL-CHA

The substrate preassembly of DL-CHA was first verified by recording
the change of fluorescence signal with the hybridization of L strand
labeled with BHQ1 at different sites and H1 tagged with FAM. As shown
in Fig. 1A, the signal significantly decreased with the extension of hy-
bridization time and reached to the lowest value at 35 min, indicating
the full binding of L and H1. Compared to the localized DNA circuits
reported recently that needed several hours and multiple link steps to
assemble substrates (Ren et al., 2018; Wei et al., 2018b; Zhu et al.,
2020), DL-CHA achieved substrate assembly in a single step with tens of
minutes. Then, agarose gel electrophoresis was used to characterize the
reaction process of DL-CHA. As shown in Fig. 1B, lanes from 1 to 4 were
miR-21, L, H1, and H2, respectively. After hybridization of L. and H1 or
H2, the original bands disappeared and new bands with lower mobility
were observed (lane 5 and 6), further indicating the successful formation
of LH1 and LH2. When mixing LH1 and LH2, no extra bands emerged,
suggesting that weak leakage reaction happened in the dispersion of LH1
and LH2 (lane 7). By contrast, new bands with a much slower gel
mobility appeared after adding target miR-21 to the mixture, confirming
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Fig. 1. Characterization of DL-CHA. (A) Evaluation of the assembly of L. and H1 by monitoring the change of fluorescence signal with the increase of hybridization
time at 37 °C. The concentration of H1 is 250 nM. (B) Agarose gel electrophoresis (2%) characterization of the reaction process of DL-CHA. The concentrations of
DNA substrates are constant (1 pM). (C) AFM images of different samples: (I) LH1 + LH2 and (II) DNA ladder formed by DL-CHA. Scale bar is 400 nm.

that the localization of LH1 and LH2 formed the DNA architecture with
higher molecular weight (lane 8). Furthermore, the architecture was
characterized by AFM, and the results were showed in Fig. 1C.
Compared to the dispersed LH1 and LH2 (I), larger size complex could
be noticed as the conformation of DNA ladder (II). These results verified
that the substrates realized the transformation from dispersion to
localization under the response of miR-21 and DL-CHA was successfully
constructed.

3.2. Thermodynamics and kinetic analysis for DL-CHA

To evaluate the operation of DL-CHA, the corresponding thermody-
namics and kinetic parameters were analyzed. The entire process was
conducted in an isothermal and isobaric environment, which was
expressed in Fig. 2A. According to the van’t Hoff equation, the Gibbs free
energy change is given by

AG =AGpNA 1adder — AGLur —AGLwe +RT In Q @

where R is the gas constant (8.314 J/mol«K), T is the temperature in
kelvin unit (K), and Q is the reaction quotient. AGpyA 1adders AGry1, and
AGyy are the standard free energies, which can be worked out using
NUPACK software as below. The software parameter settings were
depicted in supplementary material.

AG -RT In Q:AGDNA ladder 7AGLH] 7AGLH2 = —73.65 kcal/mol (2)

When the reaction is at equilibrium, AG = 0, Giving
RT In Q=73.65 kcal/mol 3)

According to equation (3), we can calculate Q = 8.31 x 10°L. Also, Q
can be expressed as below.

__ [DNA ladder]

~ [LHI][LH2] “)

Q

Herein, the initial concentrations of LH1 and LH2 are 250 nM, and
supposing that the final concentration of DNA ladder is X nM. Then, the
following equation is gained based on equation (4):

(107x) / [(10(250 - X)]* =8.31 x 10"

Therefore, X is estimated to be between 249.9999 and 250 nM using
the bisection method, suggesting a potential systemic fractional con-
version of more than 99.99% without regard to the reaction time.

To prove the enhanced reaction kinetics of DL-CHA, several physi-
cochemical parameters were first evaluated based on the collision the-
ory (V=1/CN) in which Vis local sphere volume, C is the concentration
of reactants, and N is the Avogadro constant. If the solution only con-
tains 250 nM H1, the volume of the sphere would be V=6.64 x 1078 L,
and the radius of this sphere would be r = 3V/4m)'/? = (3/CN4TC)1/ S
117 nm. In view of the hybridization of L strand with multiple H1, the
distance between H1 is reduced to about 5.1 nm (15 bp). Hence, the
local concentration of H1 in LH1 is calculated to 2.99 mM, which is
12,000-fold higher than that of free H1 (the upper part of Fig. 2B).
Similarly, supposing that the solution contains 250 nM LH1 and LH2, the
distance between LH1 and LH2 is cut down from 117 to 15.64 nm (46 bp
length of H1-H2 duplex) once the dispersive LH1 and LH2 are converted
into colocalization (the lower part of Fig. 2B). As a result, the local
concentrations of the linked LH1-LH2 in DL-CHA are calculated to 100
pM, which is 400-fold as high as that of the free reactants. Owing to the
direct proportion of the collision frequency to the concentrations of
reactants, the increased local concentration could enhance the reaction
rate of DL-CHA in theory.

Furthermore, real-time fluorescence experiments of DL-CHA and
conventional CHA were carried out to verify the theoretical analysis.
The fluorescence intensity was recorded within 60 min in response to 25
nM miR-21. As depicted in Fig. 2C, the faint fluorescence signal was
detected from both systems in the absence of miR-21. In the presence of
miR-21, the fluorescence intensity of DL-CHA increased rapidly and was
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Fig. 2. (A) Reaction equation of DL-CHA with thermodynamic parameters. (B) Comparison of the reaction area and local concentration of H1 and LH1 (the upper
part) and LH1 and LH2 for DL-CHA (the lower part). (C) Time-dependent fluorescence spectra of DL-CHA and CHA containing 250 nM H1 and H2 in response to 25
nM miR-21. (D) Schematic illustration of the reaction substrates of CHA, DL-CHA, and LCHA. (E) Comparison of the S/B ratio of CHA, DL-CHA, and LCHA containing
250 nM H1 and H2 in response to 250 nM miR-21 upon 30 min reaction time. The data error bars indicate mean + SD (n = 3).

closed to summit at around 30 min, while CHA produced a much slower
fluorescence enhancement and the highest signal still not be gained at
60 min. The theoretical and experiment results got the coincident
conclusion that DL-CHA possessed fast reaction rate.

3.3. High S/B ratio of DL-CHA

The S/B ratio of DL-CHA was investigated and compared with that of
conventional LCHA and CHA. LCHA contained a long DNA strand hy-
bridized with H1 and H2 simultaneously (Fig. 2D). As shown in Fig. 2E,
the signal leakage of DL-CHA was slightly below that of CHA, which was
consistent with the results of real-time fluorescence experiments
(Fig. 2C). This might be because the improved size and molecular weight
of LH1 and LH2 relative to free hairpins (H1 and H2) mitigated their
Brownian movement, resulting in the reduction of nonspecific reaction
in the dispersive CHA. Although the signal of LCHA responded to 250
nM target miR-21 just higher than that of DL-CHA upon 30 min reaction
time, the leakage reaction of LCHA increased with the increase of the
number of hairpins, which was severer than that of DL-CHA. This was
ascribed to the fact that different hairpins (H1 and H2) of LCHA tended
to happen more nonspecific reaction. In general, the S/B ratio of DL-

CHA reached to about 37.8, which were 2.6-3.4 times to those of CHA
and LCHA. In addition, the versatility of DL-CHA in the reduction of
background signal was investigated by detecting miR-155. As expected,
the DL-CHA also exhibited higher signal output with almost half of
leakage than that of CHA (Fig. S1). These results demonstrated the
considerable advantages of DL-CHA in minimal leakage reaction and
high signal gain due to the conversion from dispersion to localization.

3.4. Sensing miR-21 in vitro

Given the noteworthy advantages of DL-CHA, analytic capability of
this sensing strategy was further evaluated in vitro. To demonstrate the
high sensitivity of DL-CHA, the fluorescence signals of DL-CHA (Fig. 3A),
CHA (Fig. 3D), and H1 (Fig. 3G) in response to target miRNA were
respectively monitored and compared. The signals of DL-CHA (Fig. 3B)
enhanced rapidly with the increase of miR-21 concentration compared
to those of CHA (Fig. 3E) and H1 (Fig. 3H). DL-CHA responded to miR-
21 in a broad linear range from 100 pM to 100 nM with the lowest
detectable concentration (LDC) of 100 pM (Fig. 3C), which was com-
parable to and even lower than those of the localized DNA circuits re-
ported recently (Li et al., 2021; Liu et al., 2019; Yang et al., 2019; Zhu
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et al., 2020). The linear ranges were 1-50 nM for CHA with LDC of 1 nM
(Figure 3F) and 5-100 nM for H1 with LDC at 5 nM (Fig. 3I), respec-
tively. By contrast, the LDC for DL-CHA was about 10-fold lower than
that of CHA and 50-fold lower than that of H1. These results demon-
strated the enhanced sensitivity of DL-CHA.

Aside from high sensitivity, good specificity is another crucial
parameter for miRNAs sensing owing to their high sequence similarity.
To evaluate the specificity of DL-CHA toward miR-21, contrastive sub-
stances including a series of targets with various base mutation and
family members of miRNAs were analyzed by DL-CHA. As shown in
Fig. S2, only miR-21 triggered significantly enhanced fluorescence
signal. In contrast, all other miRNAs exhibited ignorable fluorescence
intensities. The signals of miR-21 in DL-CHA were 27.7-39.1 times to
those of contrastive substances at the same concentration. These results
demonstrated the excellent specificity of DL-CHA to recognize target
miRNA among family members.

Before the application of DL-CHA in the intracellular fluid, the
structural stability of LH1 needs to be evaluated to determine that
fluorescence signal is from DNA ladder rather than fluorescent dyes
released by nuclease degradation. Thus, the LH1 incubated in 10% FBS
for different lengths of time was analyzed by fluorescence and gel
electrophoresis, respectively. As depicted in Fig. S3A, free self-quenched
H1 in 10% FBS showed gradually enhanced fluorescence signals with the

increase of incubation time. In contrast, the fluorescence signals of LH1
had minimal change, even long-term incubation (over 6 h) in 10% FBS.
Furthermore, the electrophoretic analysis also showed that LH1 could
sustain their structure at least 6 h, which was much less degradation
than free H1 (Fig. S3B). This might be because the localized DNA
structure of LH1 produced the steric hindrance stopping nuclease from
accessing H1.

3.5. Intracellular imaging of miRNAs via DL-CHA

Benefiting from the superior performance of DL-CHA in vitro, the
function of this strategy in living cells was further studied. First, the
cytotoxicity of the localized substrates was evaluated through a standard
colorimetric CCK-8 assay on MCF-7 cells. As shown in Fig. 54, after MCF-
7 cells were treated with different concentrations of LH1 and LH2 from
10 to 500 nM for 4 h, the cells remained 86% viability even at the
highest substrate concentration. These results demonstrated the good
biocompatibility of DL-CHA. Then, the optimal incubation time between
cells and the localized substrates was investigated by monitoring fluo-
rescence intensity of DL-CHA in response to intracellular miR-21, and
the results showed that the brightest fluorescence could be obtained at 4
h (Fig. S5). The long incubation time was attributed to the transfection
process.
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To demonstrate the signal amplification ability of DL-CHA for
intracellular miR-21 sensing, MCF-7 cells were treated with different
DNA reaction substrates, and the results were depicted in Fig. 4A.
Compared to these control groups (MCF-7 cells with CHA and H1), MCF-
7 cells with DL-CHA revealed bright green fluorescence owing to the
robust signal amplification of target-induced localized DNA circuits. As
shown in Fig. 4B, the fluorescence intensity from DL-CHA was 10.9
times than that of imaging with H1 and 2.48 times than that of imaging
with CHA amplification. The difference was statistically significant (P <
0.001). Flow cytometry analysis was also used to record the fluorescence
intensity of MCF-7 cells incubated with DL-CHA and CHA (Fig. S6), and
the results were in accordance with confocal fluorescence images. These
results demonstrated that the high signal amplification ability of DL-
CHA for intracellular miR-21 imaging.

Owing to the vary of miRNA expression levels in same cancer cells
with tumor progression, the ability of the DL-CHA to sense the changes
of intracellular miR-21 needs to be confirmed. To perform this study,
MCEF-7 cells were divided into three groups in parallel: group I was
transfected with the miR-21 mimics that could improve miR-21
expression, group II was an untreated group as a control, and group III
was transfected with anti-miR-21 sequence that was applied to inhibit
miR-21 expression. As shown in Fig. 5A, compared to group III that
displayed negligible fluorescence signal, group I yielded obvious fluo-
rescence signal, and the fluorescence signal of group II was situated
between the previous two groups. The corresponding fluorescence in-
tensity was evaluated in Fig. 5B. These results demonstrated that DL-
CHA was capable of perceiving fluctuations of miRNA level in living
cells.

Considering that the expression levels of miRNA in diverse cell lines
are different, it is essential to evaluate whether the DL-CHA sensing
system could be used to image miR-21 in other cells. Apart from MCF-7
cells, different cancerous cell lines (SK-BR3 and HepG2) and normal
MCF-10A cells were employed. As shown in Fig. 5C, obvious green
fluorescence appeared in SK-BR3 and HepG2 cells, while there was
almost no fluorescence in MCF-10A cells. The mean fluorescence in-
tensity of the MCF-10A was 316.5 and 315.0 times lower than that of SK-
BR3 and HepG2 respectively as shown in Fig. 5D, the difference was
statistically significant (P < 0.001). These results indicated the robust
ability of DL-CHA to sense target miRNA in different kinds of tumor
cells.

The few kinds of DNA strands and simple sequence design of DL-CHA
motivated us to further evaluate its versatility. Thus, sensing and

Hoechst FAM

Merge

N
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imaging of multiple miRNAs (miR-21 and miR-155) simultaneously in
single living cell was implemented by simple changing target-specific
sequence. As shown in Fig. S7, MCF-7 cells revealed high fluorescence
signals of FAM for miR-21 and Cy5 for miR-155, because miR-155 was
also over-expression in the cells, while very little fluorescence was
observed in MCF-10A cells. These results demonstrated the high versa-
tility of DL-CHA.

3.6. Clinical application of DL-CHA

Encouraged by the excellent performance of DL-CHA in living cells,
its application in clinical samples was studied. These samples were ob-
tained from three healthy individuals and three breast cancer patients.
As shown in Fig. S8A, the collected cells (I-III) from healthy individuals
generated hardly fluorescence, while obviously enhanced fluorescence
signals were observed in these cells (IV-VI) acquired from patients with
breast cancer. By comparison to fluorescence intensity in different
samples using our developed DL-CHA strategy, tumor cells could be
distinguished easily, which was contribute to the diagnosis of breast
cancer. Moreover, the results were consistent with enzyme-linked
immunosorbent assay that distinguished breast cancer patients by
detecting the expression level of HER2 (Fig. S8B). These results
demonstrated that DL-CHA was capable of sensing and imaging miRNA
in cells from the whole blood samples, holding good potential in clinical
application. Despite the good clinical applicability, this strategy cannot
achieve the absolute quantification of intracellular miRNA, which
should be further explored.

4. Conclusions

In summary, we have developed a simple sensing strategy for sen-
sitive detection and imaging miRNAs in cells from whole blood based on
DNA ladder formed by DL-CHA for the first time. Apart from having the
unique features of accelerate response and improved sensitivity, DL-
CHA exhibits several major merits as follows. Profiting from the novel
notion that target induces the substrate transduction from dispersion
into colocalization, DL-CHA possesses minimal leakage and greatly
enhanced S/B ratio. Furthermore, the requirement of few kinds of DNA
strands enables this strategy to simultaneously image multiple miRNAs
by simply changing target-specific sequence. What’s more, the practical
application of DL-CHA has been demonstrated by sensing miRNA in cells
from clinical blood samples. It is in principle possible to expand the
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Fig. 5. (A) Confocal fluorescence images of MCF-7 cells treated with miR-21 mimics (top) or anti-miR-21 (bottom). (B) The mean fluorescence intensity of the cells
with corresponding treatments. (C) Confocal fluorescence images of DL-CHA for detection of miR-21 in three kinds of cells (SK-BR3, HepG2, and MCF-10A cells). (D)
The mean fluorescence intensity of corresponding cells. Scale bar is 25 pm. The data error bars indicate mean + SD (n = 3). *P < 0.05, ***P < 0.001.

design concept into different nonenzymatic DNA circuits, such as HCR
and EDC. Therefore, this work not only provides a powerful sensing tool
for sensitive intracellular molecules detection, but opens up a much
broader design space for the development of high-performance DNA
circuits.
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