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High sensitivity and specificity imaging of miRNA in living cells plays an important role in understanding
miRNA-related regulation and pathological research. Localized DNA circuits have shown good
performance in reaction rate and sensitivity and have been proposed for sensitive imaging of miRNA in
living cells. However, most reported localized DNA circuits have a high risk of derailment or a limited
loading rate capacity, which hinder their further application. To solve these issues, we herein developed
a domino-like localized cascade toehold assembly (LCTA) amplification-based DNA nanowire to achieve
highly sensitive and highly specific imaging of miRNAs in living cells by using DNA nanowires as reactant
delivery vehicles and confining both reactant probes in a compact space. The LCTA is constructed by
interval hybridization of DNA double-stranded probe pairs to a DNA nanowire with multiplex footholds
generated by alternating chain hybridization. Due to the localized effect, the LCTA showed high reaction
kinetics and sensitivity, and the method could detect miRNAs as low as 51 pM. The LCTA was proven to
be able to accurately distinguish the miRNA expression difference between normal cells and cancer
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image the total amount of multiple miRNAs in living cells. We believe that the developed LCTA can be an

DO 10.1039/d25c05890a effective intracellular nucleic acid imaging tool and can promote the development of nucleic acid-
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Introduction

MicroRNAs (miRNAs) are short non-coding RNA molecules
(approximately 19-24 nucleotides) that play an important role
in cell proliferation, migration, and apoptosis.® A large
number of studies have shown that the abnormal expression of
specific miRNA is closely related to the occurrence and devel-
opment of different cancers or many other pathological
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related clinical disease diagnosis and DNA logical sensors.

conditions.*® Therefore, miRNA is considered to be an effective
biomarker for disease diagnosis, treatment and prognosis, and
the development of highly sensitive miRNA detection strategies
is of great significance, particularly in situ imaging to analyze it
in living cells. RT-qPCR is the gold standard method for miRNA
detection, but the method involves complex sample pretreat-
ment and can only obtain the average expression level of
miRNA.*® In situ detection of miRNA in living cells can obtain
information on the dynamic expression and distribution of
miRNAs, which has attracted widespread attention.>'® Thus,
imaging miRNAs in live cells would be highly desirable.
However, it is arduous to accurately image intracellular miRNAs
owing to their low abundance and heterogeneous expression at
different times and locations.

Recently, a large number of nucleic acid signal amplification
methods have been developed for miRNA imaging." These
amplification methods can be divided into protein-based
amplification and enzyme-free amplification.">"> Although
protein-based amplification strategies, such as exponential
amplification reaction (EXPAR),” rolling circle amplification
(RCA)" and strand displacement assay (SDA),"* have been used
for intracellular miRNA imaging in fixed cells with high sensi-
tivity, they are not suitable for miRNA imaging in living cell
because exogenous protein enzymes are difficult to transfect
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into live cells and may change the expression of intracellular
miRNA."*"” Robust enzyme-free amplification methods,
including hybridization chain reaction (HCR),'®' DNAzyme
based strategy,”® entropy-driven catalysis,"”” and catalyzed
hairpin assembly (CHA),”*** have been developed for amplifi-
cation detection of targets of interest and also imaging of
miRNA in living cells. Despite remarkable successes, at least
two issues still need to be solved. First, those strategies have low
reaction efficiencies and slow reaction kinetics in live cells
because of the random collision of free diffusible reactants.>**
Second, dissociative DNA probes need to be efficiently trans-
fected into cells. Dissociative DNA probes are updated into cells
by transfection or nanocarriers, and the complex biological
environment (especially the presence of nuclease) inside the cell
would degrade dissociative DNA probes and their reaction
products, resulting in signal instability and even false positives.

Recently, some enzyme-free localized DNA circuits where
successive reactants are confined in a compact space represent
a potential tool to address the above issues.”»***” The spatial
localization of reactants, resulting in a high local reagent
concentration, enables amplification circuits with faster reac-
tion kinetics and higher sensitivity, which is a valuable strategy
in the field of biosensor and biological imaging. These recent
studies have achieved improved reaction kinetics and sensitivity
for miRNA imaging in living cells by confining hairpin reactant
probes on DNA nanomaterials such as DNA nanowires, cubes
and tetrahedrons.?®?® Nevertheless, these localized DNA circuits
still cover at least one of the following limitations that need to
be solved. First, limited loading capacity, some DNA nano-
materials such as cubes and tetrahedrons have limited binding
sites available to reactant probes, which limits further
improvement of the reaction performance. Second, a high
chance of derailment, almost all reported localized DNA circuits
are based on CHA and here the target analyte is used as a cata-
lyst. In such a reaction, the target must span a hurdle of the
amplification product to react with the next hairpin probe,
which can easily lead to derailment of the target.>*" Once the
target is detached from DNA nanomaterials, the signal ampli-
fication stops, which makes the localized DNA circuits not as
sensitive and fast as expected. A localized DNA circuit with high
loading capacity and sequential triggering without hindrance
represents an ideal candidate for amplified biosensing, yet it is
rarely proposed for intracellular miRNA imaging.

The domino effect is that a small initial energy can set off
a series of chain reactions in an interconnected system.
Inspired by the domino effect, we developed a domino-like
localized cascade toehold assembly (LCTA) amplification
circuit based on a linear DNA nanowire for highly sensitive
imaging of miRNA in living cells. As shown in Scheme 1, the
system is composed of three double stranded H;S,, H,S, and L.
The double stranded L, a large DNA nanowire with multiple
bonding sites, is obtained by alternating hybridization between
two linear DNA of L; and L,. Hairpin H; was designed to
recognize S, and labeled with BHQ1 at its appropriate region.
Hairpin H, was designed to recognize S; and S; was labeled with
FAM. Double stranded H;S; is generated by the hybridization
between the loop part of hairpin H; and linear DNA of S;, and
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Scheme 1 The scheme of the domino-like localized cascade toehold
assembly amplification (LCTA)-based DNA nanowire for intracellular
microRNA imaging. The LCTA system is composed of L, H;S; and H,S,.

fluorescence recovery of FAM is achieved once H; is detached
from H;S;. H,S, is generated by the hybridization between
hairpin H, and linear DNA of S,. H;S; and H,S, hybridize to the
nanowire L alternately through the sticky ends of S; and S,,
respectively. In the absence of target miRNA, H;S; and H,S, on
the nanowire L remain intact and the fluorescence of FAM on S;
is very low due to the close proximity of the quenching group
BHQ1 on H;. Upon target miRNA stimulation, H; is competi-
tively displaced from H;S; by the target miRNA via toehold
strand displacement and self-assembly to form a stable hairpin
structure that draw the 3’ and 5’ fragments closer. Fluorescence
recovery of FAM is achieved due to the displacement of H, from
H;S;. Then the released H; further rapidly recognizes S, of
adjacent H,S,. Thus, H, could be released from H,S, via
a toehold strand displacement reaction and folded into a stable
hairpin structure, which in turn recognizes new S; of adjacent
H;S; and induces the release of new H; via a strand displace-
ment reaction, achieving further enhancement of FAM fluo-
rescence. It is evident that the target miRNA triggers the cascade
circuit reaction between H;S; and H,S,, realizing signal
amplification. Herein, the nanowires L have a dual role, one is
as a highly biocompatible carrier to deliver nucleic acid probes
into cells, and another is to confine H;S; and H,S, in a confined
space, which can increase the local concentration of the probe
to achieve high reaction kinetics. In addition, the target is only
used as the initial stimulus to induce the cascade reaction
between H;S; and H,S, for the developed LCTA cascade
amplification circuit, which is the same as the domino effect
and could greatly reduce the risk of derailment compared to
previously reported confined amplification reactions in theory.
Therefore, this developed LCTA strategy for intracellular miRNA
imaging has the advantages of simple design, high sensitivity
and reaction kinetics, which is expected to be a promising tool
for application in disease diagnosis.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion
Assembly and characterization of LCTA nanostructures

LCTA nanostructures were synthesized by linear assembly of H;S;,
H,S, and L. Subsequently, the prepared LCTA nanoprobes were
first characterized by 12% native polyacrylamide gel electropho-
resis analysis. As shown in Fig. S1A, S1B and S1C,} double-
stranded H;S,, H,S,, and L chains are well formed. When H;S;,
H,S, and L were mixed, a new band with a higher molecular
weight appeared and the old band disappeared (Fig. 1A), indi-
cating that the expected LCTA nanostructure could be synthesized
and the double-stranded probes of H;S; and H,S, could be
immobilized on the nanowires. The formed LCTA nanostructures
were also characterized by atomic force microscopy (Fig. S21).
Compared to the dispersed L without H;S; and H,S, (Fig. S2AT),
a larger size complex could be observed for LCTA nanostructures
(Fig. S2Bt), which is consistent with previous reports.>

Feasibility verification of the LCTA

After the synthesis of LCTA nanostructures, we investigated the
feasibility of the LCTA for miRNA detection by thermodynamic
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Fig. 1 (A) Electrophoresis characterization of the construction of the

LCTA nanostructure. Lane 1: 100 nM H;S;, Lane 2: 100 nM H5S,, Lane
3:100 nM L, Lane 4: 100 nM H;S; + 100 nM L, Lane 5: 100 nM H,S, +
100 nM L, lane 6: 100 nM LCTA nanostructure. (B) Fluorescence
spectra of H;S;, CTA and LCTA nanosystems in the presence or
absence of target miR-221. Data error bars represent mean + SD (n =
3). The concentration of the probe was 100 nM, and the concentration
of the target miR-221 was 50 nM. (C) Real-time fluorescence curves of
different systems were monitored by qPCR. The AF is the relative
fluorescence intensity (AF=F — Fp), in which F represents the real-time
fluorescence intensity, and Fq represents the initial fluorescence (t =
0). (@) 100 nM H;S; + 50 nM miR-221, (b) 100 nM H;S; without target,
(c) free-CTA system containing 100 nM H;S;, 100 nM H,S; and 50 nM
miR-221, (d) 100 nM H;S; + 100 nM H,S,, () 100 nM LCTA nano-
systems + 50 nM miR-221, (f) 100 nM LCTA nanosystems without
adding miR-221. (D) Schematic illustration of improved kinetics of the
LCTA system based on the collision model.
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studies, PAGE electrophoresis and fluorescence spectroscopy.
Many previous studies have demonstrated that miR-221 is
a potential disease marker and is upregulated in many
cancers,>* so miR-221 was used as the target model. The
thermodynamic calculation results indicated that the CTA
strategy was thermodynamic feasible (the thermodynamic
prediction part of ESI and Fig. S371). To further verify the results
of calculation, we verified the feasibility of CTA reaction by
PAGE electrophoresis. As shown in Fig. S4,7 no new bands in
lane 3 could be observed when only H;S, (lane 1) and H,S, (lane
2) were mixed. Upon comparison, a new band appeared and the
old band disappeared in lane 4 when miR-221, H;S; and H,S,
were mixed, suggesting that the CTA had taken place. A diffuse
high molecular weight band in lane 7 was observed when the
target miR-221 was added to the LCTA nanostructure (lane 6),
indicating that the LCTA had occurred. Fluorescence spectra
were also further used to verify the feasibility of the reaction.
The H;S,-target without amplification and free-CTA (H;S; and
H,S, are not bonded to nanowire L and freely diffusing) systems
were selected as the control groups. As depicted in Fig. 1B,
similar and very low background fluorescence signals were
observed from the H;S; reaction, the free-CTA system and the
LCTA system in the absence of miR-221, indicating that probe
H;S; or probe H,S, is metastable in the absence of target miR-
221. When miR-221 was incubated with H;S;, an enhanced
fluorescence was observed with a signal-to-noise ratio of 2.13,
indicating that miR-221 was able to displace the H; probe from
probe H;S,. Comparing the mixture of H;S; and miR-221 in the
H;S; reaction, an increased fluorescence signal with a signal-to-
noise ratio of 2.57 was detected in the mixed solution of H;S;,
probe H,S, and miR-221 for the free-CTA system, which should
originate from the target miR-221 triggering the self-assembly
reaction between probe H;S; and probe H,S,, achieving signal
amplification. When the target miR-221 was added to the LCTA
nanostructure solution in the LCTA system, a highest fluores-
cence signal with a signal-to-noise ratio of 3.77 was observed,
indicating that probe H;S; and probe H,S, were immobilized on
the nanowire to further enhance the detected signal. These
observations clearly indicate that the developed LCTA strategy
enables detection of miR-221 with higher sensitivity than the
H,S;-target system and the free-CTA system.

The kinetic characteristics of the LCTA system, free-CTA
system and H;S;-target system without amplification were
also investigated by monitoring real-time fluorescence changes
with a PCR instrument in a homogeneous solution. As shown in
Fig. 1C, compared with H;S; and free-CTA, the LCTA had
a faster fluorescence enhancement rate under the same
concentration of target miR-221. But in the absence of target
miR-221, no fluorescence increase was observed in the LCTA,
free-CTA and H;S;-target systems. These results indicate that
the LCTA system has faster reaction kinetics and higher sensi-
tivity than the free-CTA system.

The enhanced reaction kinetics of LCTA can be explained by
the collision theory (V = 1/cR),**>* where V is the local sphere
volume, ¢ represents the concentration of the probe, and R is the
Avogadro constant (R = 6.02 x 10>*). When the concentrations
of H;S; and H,S, are both 100 nM in the free-CTA system, the
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volume of a local sphere formed by the closest distance between
H,S; and H,S, is 1.7 x 10~” L with a radius of 54 nm. For the
LCTA system, the distance between H;S; and H,S, in the DNA
nanowires L is reduced to about 11 nm (33 bp). Hence, the
minimum reaction sphere volume is calculated to be 5.6 x
107%! L and the local concentration of H,S; and H,S, in nano-
wires is calculated to be 297 puM, which is about 2970-fold
higher than that of free-CTA (Fig. 1D). Since the collision
frequency is positively related to the local concentration of the
reactants, the increased local concentration could exhibit
higher reaction efficiency and sensitivity for the LCTA system in
theory.

Sensing performance of the LCTA

In order to study the sensing performance of the LCTA system in
vitro, free-CTA and H;S;-target systems were selected as
controls. The fluorescence spectra of the LCTA, free-CTA and
H,S;-target systems were monitored in the presence of different
concentrations of target miRNA. The fluorescence intensities of
the LCTA, free-CTA and H;S;-target systems increased with the
increase of the target concentration (Fig. 2A, C-E), respectively.
For the LCTA strategy (Fig. 2A and B), a standard curve of F =
26680Cmir0221 T 362 025 with a coefficient of 0.991 was fitted at
miR-221 concentrations from 0.1 nM to 20 nM. The limit of
detection (LOD) was calculated to be 51 pM based on the 3¢
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Fig. 2 The fluorescence spectra and the corresponding calibration
curves of LCTA (A and B), CTA (C and D) and H;S; (E and F) responses to
miR-221 at different concentrations. Data error bars indicate average
values + SD (n = 3).
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method. For free-CTA (Fig. 2C and 2D), a standard curve of F =
15895Cmir201 + 301 886 was obtained in response to miR-221
concentration from 2 nM to 20 nM and the detection limit
was 1.1 nM. For the H;S;-target system (Fig. 2E and F), the linear
range is obtained from 4 nM to 20 nM and the standard curve
equation is F = 10217¢pir-221 T 234 629, with a detection limit of
2.86 nM. In contrast, the LOD of the LCTA was about 21.6 times
lower than that of CTA and 56.1 times lower than that of the
H,S;-target system. These results demonstrate that the devel-
oped LCTA method enables highly sensitive analysis of miRNA
in vitro and has the potential to sense intracellular molecules.

In addition to high sensitivity, good specificity is another
important parameter for miRNA analysis due to its high
sequence similarity. To evaluate the specificity of the LCTA for
miR-221, different nucleic acid sequences, including single
base difference mis-1 and mis-2, and other related miRNAs of
miR-1246, miR-222, and miR-373, were used for comparison. As
shown in Fig. S5A,f only the target miR-222 can induce an
obvious fluorescence enhancement signal, and the signal
intensity close to the background signal was observed for other
nonspecific sequences with the same concentration. The F,/
Fuir-221 value corresponding to 100 nM miR-221 was about 8.5
times that of mis-1 and mis-2 at the same concentration, and
about 196.4 times that of other miRNAs (Fig. S5Bt), where Fp,ir-
221 1S the fluorescence intensity in response to 100 nM miR-221
and F, represents the fluorescence intensity in response to the
same concentration of the other sequences. The Tukey test also
showed that P = 0.000 < 0.001 (***) between miR-221 and other
interferents, which was statistically different. These results
suggest that the LCTA strategy has high specificity and can even
distinguish single base mismatched miRNAs.

Intracellular miRNA imaging using the LCTA

It is known that exogenous nucleic acid probes are easily
degraded by nucleases in cells. DNA nanowires have been
revealed to protect themselves from nuclease degradation. Prior
to the miRNA imaging in living cells, we evaluated the anti-
degradation performance of LCTA nanostructure probes. The
stability of LCTA nanostructures was evaluated by measuring
the fluorescence recovery ability of H;S;, H;S; + L, CTA (H;S,
H,S,) and LCTA upon treatment with 0.5 U per mL DNase I and
cell lysates (about 1 x 10 cells per 1 uL cell lysate), respectively.
As shown in Fig. S6,f only a slight fluorescence enhancement
was observed over 6 h for H;S; + L and LCTA treated with DNase
I (Fig. S6AT) and cell lysates (Fig. S6Bt), whereas a significant
fluorescence increase signal was detected for free H;S; and CTA.
These results demonstrated that the DNA nanowire nano-
structure had the ability to protect the probe from degradation
by intracellular nucleases during intracellular miRNA imaging.
We also evaluated the cell cytotoxicity of LCTA nanostructures
by standard MTT. After incubation with different concentra-
tions of LCTA nanostructures for 24 h, both breast cancer cells
MCF-7, MDA-MB-231 and breast epithelial cell MCF-10A
exhibited over 90% viability (Fig. S77), indicating that LCTA
nanostructures had good biocompatibility and were suitable for
subsequent intracellular experiments.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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To demonstrate the ability of the proposed LCTA strategy to
sensitively image intracellular miRNA, the H;S;-target, free-CTA
and L + H;S; (without H,S, in LCTA nanostructures) systems
were used as control groups. As shown in Fig. 3 and S8, no
fluorescence signal was observed in MCF-7 and MDA-MB-231
cells treated with H;S; and CTA (Fig. 3A and B, S8A and
S8BT), which is attributed to the inability of DNA probes to enter
cells without effective vectors. Weak FAM signals were found in
cells incubated with L + H;S; (Fig. 3C and S8Cf). This result
indicates that the probe can be efficiently transfected into cells
via DNA nanowires, however, only weak fluorescence can be
observed due to the absence of signal amplification. A bright
FAM signal was clearly observed when the cells were incubated
with LCTA (Fig. 3D and S8D). The MCF-7 cells were also treated
with H;S;, free-CTA, L + H;S; and LCTA systems, respectively,
and further analyzed by flow cytometry. The results showed that
the fluorescence signal of MCF-7 cells treated with the LCTA was
higher than those of the other groups (Fig. 3E). These results
indicate that the developed LCTA system with high amplifica-
tion capacity enables highly sensitive imaging of intracellular
miRNAs.

To validate the ability of the LCTA strategy to image the
change of miR-221 in living cells, we used antisense miR-221
oligonucleotides to down-regulate the expression level of miR-
221 in MDA-MB-231 cells and miR-221 mimics to increase the
expression level of miR-221 in MDA-MB-231 cells. As shown in
Fig. 4, compared with untreated MDA-MB-231 cells, the fluo-
rescence signal of the cells pretreated with anti-sense miR-221

Hoechst
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Merge
(A)

H,S,

(B)
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Fl. intensif
E‘Y

H,S,
free-CTA

Fig.3 CLSMimages of MCF-7 cells treated under different conditions,
from top to bottom: (A) H;S; system, (B) CTA system, (C) L + H;S;
nanosystem and (D) LCTA nanosystem. Right, the corresponding mean
fluorescence intensity of the cells in the FAM channel. Scale bar is 20
um. The data error bars indicate mean £ SD (n = 3). (E) Flow cytometric
analyses of MCF-7 cells treated with H,S,, free-CTA, L + H;S; and LCTA
systems, respectively.
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was lower, while that of the cells treated with miR-221 mimics
was significantly enhanced. Those results showed that LCTA
can visualize changes of miRNA in expression levels with high
specificity.

To further verify that the developed LCTA can effectively
distinguish differences in intracellular miRNA expression levels,
we verified the imaging ability of drug-induced intracellular
miRNA expression. It has been reported that dexamethasone can
down-regulate miR-221 in MDA-MB-231 cells.***®* We compared
the expression of miR-221 in MDA-MB-231 cells after adding 10
uM dexamethasone. As shown in Fig. S9, compared with
untreated MDA-MB-231 cells, the fluorescence intensity of MDA-
MB-231 cells treated with 10 uM dexamethasone was weaker,
which is also consistent with previous studies.***® These results
confirm that the developed LCTA is capable of visualizing changes
of intracellular miRNA in expression levels and can be used to
monitor the effects of drugs on intracellular miRNA expression
levels.

Based on the above results, we then studied the miRNA
imaging ability of the LCTA in different cells including MCF-7,
MDA-MB-231 and MCF-10A cells by using the CLSM technique.
MCF-7 and MDA-MB-231 were reported to have high expression
levels of miR-221 and were selected as the positive groups. MCF-
10A cells with low expression of miR-221 were selected as a nega-
tive control. As shown in Fig. 5, almost no fluorescence was
observed in MCF-104, and brighter fluorescence was observed in
MCF-7 and MDA-MB-231. These results were consistent with
previously reported results and also consistent with the results
obtained by the gold standard method RT-qPCR (Fig. S11%).
Moreover, the results further suggest that this LCTA strategy has
the ability to discriminate differences in gene expression levels in
cancer cells and normal cells.

In the LCTA reaction mechanism, the formation of either H; or
H, in this reaction can trigger the subsequent strand displacement
reaction between H,;S; and H,S, and there is no sequence
dependence between the loop sequences of H; and H,. So the
LCTA method can be used to construct an OR gate logic sensor by
using two types of miRNAs as input to further realize the simul-
taneous determination of the total content of two types of miRNAs

FAM Bright

Anti-miR-221
pre-treated
MDA-MB-231

Untreated
MDA-MB-231

miR-221
pre-treated
MDA-MB-231

Fig. 4 CLSM images of anti-miR-221 pre-treated (top) MCF-7 cells,
untreated MCF-7 cells (middle) and miR-221 pre-treated MCF-7 cells
(bottom). Right, the mean fluorescence intensity of the cells in the FAM
channel. Scale bar is 20 um. The data error bars indicate mean £ SD (n
= 3).
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Fig.5 CLSM images of the LCTA for imaging of miR-221 in MCF-10A,
MCEF-7 cells and MDA-MB-231 cells. Right, the mean fluorescence

intensity of the cells in the FAM channel. Scale bar is 20 um. The data
error bars indicate mean £ SD (n = 3).

in cells. Here, miR-221 and miR-155 were selected as research
objects and the corresponding LCTA system probes were designed
(Fig. 6A and S10t). Hy, is designed to be able to be displaced from
H;.S1, upon import of miR-221 and H,, is designed to be able to be
displaced from H,,S,, upon miR-155 input. The released H,, or
H,, can initiate subsequent self-assembly amplification reactions
between H;,S;, and H,,S,,. We first verified the feasibility of
simultaneous detection of the two miRNAs by fluorescence spec-
troscopy in vitro. In the absence of either miRNA, only weak

miR-221
miR-155

output
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Fig. 6 (A) Schematic illustration of the OR gate logic sensor based
LCTA system for miR-221 and miR-155 analysis. (B) Fluorescence
spectra of the OR gate logic sensor-based LCTA system containing
100 nM LCTA nanostructures with miR-221 and miR-155 as input. (a)
LCTA-Blank; (b) LCTA + miR-221; (c) LCTA + miR-155; (d) LCTA + miR-
221 + miR-155. Inset: Truth table of the OR logic gate. (C) OR gate
logic sensor-based LCTA system for CLSM imaging intracellular miR-
221 and miR-155 in MDA-MB-231, MCF-7 cells, A549 and MRC-5 cells.
Right, the mean fluorescence intensity of the cells in the FAM channel.
Scale bar is 20 pm. The data error bars indicate mean + SD (n = 3).
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fluorescence was observed (Fig. 6B). A significant fluorescence
enhancement was observed in the presence of either one or both of
the miR-221 and miR-155 in the LCTA system, which is in good
accord with the characteristic OR logic operation (Fig. 6B, inset).
We further explored this OR logic operation-based LCTA for
imaging the total content of miR-221 and miR-155 in cells. MDA-
MB-231, MCF-7 cells and A549 cells were selected as the positive
model systems to validate the logical operation. It is reported that
both miR-221 and miR-155 are highly expressed in MDA-MB-231
cells, MCF-7 cells display high expression levels of miR-222 but
low expression levels of miR-155, and A549 cells shows low
expression of miR-221 but high expression of miR-155.5** MRC-5
cells express low levels of both miR-221 and miR-155 and were
therefore selected as a negative control system. As shown in
Fig. 6C, a tiny fluorescence signal was observed in MRC-5 cells,
indicating that both miR-221 and miR-155 are low expressed in
this cell. As expected, a significant fluorescence signal was
observed in MDA-MB-231, MCF-7 cells and A549 cells, demon-
strating that this OR logic operation-based LCTA can successfully
achieve multiple miRNA imaging in live cells. In these cells, these
cellular imaging results are consistent with those shown for
miRNA expression levels measured by standard RT-qPCR (Fig. S11
and S127). These results indicate that the developed LCTA can not
only achieve accurate and sensitive imaging of miRNA, but also be
used to construct OR gate logic sensor circuits and realize simul-
taneous detection of multiple miRNAs in cells.

Conclusions

In conclusion, we have successfully developed a domino-like
localized cascade toehold assembly (LCTA) amplification-based
DNA nanowire for highly sensitive imaging of intracellular miR-
NAs. The following characteristics have been proven in the LCTA
system. (1) By confining reactants in a confined space with DNA
nanowires, improved reaction kinetics and sensitivity have been
achieved compared to the diffusion of reactants in solution. (2)
LCTA nanostructures have good biocompatibility and exhibit good
stability against degradation by intracellular nucleases. (3) The
LCTA system could enter cells by self-delivery without any exotic
transfection reagents and nanocarriers, avoiding side reactions. (4)
The cascade toehold assembly of reactant probes triggered by the
target resembled a domino effect, reducing the risk of derailment.
(5) The LCTA system could be used to construct OR gate logic
sensor systems to achieve simultaneous imaging of multiple
miRNA in cells without adding additional probes just by simply
changing the recognition sequences of reaction probes. This
system could also be used to monitor the effect of drugs on cells
and to effectively distinguish the difference of miRNA expression
levels in normal cells and cancer cells. It should also be noted that
the cell imaging performance can be further improved by
enhancing the transfection efficiency of DNA nanowires with
transfection reagents, such as aptamers and liposomes (Fig. S137).
We anticipate that the developed LCTA system not only can
become an effective tool for molecule imaging in living cells, but
also facilitate the development of high-performance nucleic acid
amplification circuits and DNA logical sensors.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Experimental
Materials and apparatus

All oligonucleotides were obtained from Sangon Biotechnology
Co., Ltd (Shanghai, China). All oligonucleotides and miRNAs
were purified with HPLC. The sequence of oligos used is
detailed in Table S1.t

DEPC treated deionized water, 40% acrylamide, 6 x loading
buffer and 4S GelRed dye were purchased from Sangon
Biotechnology Co., Ltd (Shanghai, China). Penicillin-
streptomycin, 4-(2-hydroxyethyl) piperazine-1-ethylate sodium
salt (HEPES), magnesium chloride, and 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazole bromide (MTT) were purchased from
Sigma-Aldrich (MO, USA), and all were analytically pure
reagents. Dulbecco's modified Eagle Culture medium (DMEM),
fetal bovine serum (FBS) and trypsin were purchased from
Thermo Fisher Scientific (USA). MCF-7 cells, MDA-MB-231 cells,
A549 cells, MCF-10A cells and MRC-5 cells were purchased from
Shanghai Institute for Biological Sciences (SIBS).

Gel electrophoresis was performed using a DyCZ-24DN
electrophoresis cell (LIUYI, Beijing, China) and DigiGenius gel
system (Syngene, UK). Fluorescence spectra were measured
using a WATERS Prep 150 fluorescence spectrophotometer
(WATERS, USA). Confocal fluorescence images of cells were
obtained using a LSM 880 confocal laser scanning fluorescence
microscope (Carl Zeiss, Germany). Cell viability was determined
using a M1000PRO Multifunctional Microplate Reader (TECAN,
Austria).

Preparation of LCTA nanoprobes

First, Ly, H;, and H, were incubated with L,, S;, and S, in Tris-
HCI buffer containing Mg®" at 95 °C for 5 min and cooled to
room temperature within 3 hours to form the complexes of L, L,
(DNA nanowire L), H;S; and H,S,, respectively. Then, 50 uL of
10 pM L, 50 pL of 10 pM H;S; and 50 pL of 10 uM H,S, were
added into Tris-HCI buffer containing Mg>* and mixed at 37 °C
for 5 hours to assemble LCTA nanoprobes.

Gel electrophoresis analysis

The formation of double-stranded H;S;, H,S,, L and LCTA
nanoprobes was verified by 12% polypropylene gel electropho-
resis. The electrophoresis was run in 1x TBE buffer at
a constant voltage of 220 V for 30 min and then the probes were
dyed with 4S GelRed dye for 30 min. The final images were
analyzed on a DigiGenius gel system (Syngene, UK).

Detection of miR-221 in vitro

MiR-221 with different concentrations (0-100 nM) was incu-
bated with 100 nM LCTA nanoprobes in Tris-HCI buffer con-
taining Mg”* at 37 °C for 3 h. Fluorescence spectra between 505
and 600 nm were recorded using a fluorescence spectrometer
with an excitation wavelength of 492 nm. Both excitation and
emission slit widths are 5 nm. The fluorescence intensity at
520 nm was recorded to evaluate the performance.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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In vitro kinetic analysis

Based on the developed strategy, 50 nM miR-221 and 100 nM
LCTA nanoprobes were incubated at 37 °C, while fluorescence
intensity changes were measured using a StepOne real-time
PCR system (Applied Bio-Systems, USA). In order to compare
the amplification effects, the CTA system and H;S; system were
separately incubated with miR-221 under the same conditions.

Stability determination of DNA nanoprobes

1 U per mL DNase I was added to DNA LCTA nanoprobes to
make the final concentration of the LCTA nanoprobe at 100 nM.
The solutions were incubated at 37 °C and then the fluorescence
change was measured using a StepOne real-time PCR system
(Applied Bio-Systems, USA).

Cell culture

MCF-7, A549, MDA-MB-231 and MCF-10A cells were cultured
with DMEM containing 10% fetal bovine serum (FBS) and 1%
streptomycin/penicillin antibiotic solution. MRC-5 cells were
cultured with «-MEM containing 10% fetal bovine serum (FBS)
and 1% streptomycin/penicillin antibiotic solution. All cells
were cultured in an ESCO CCL-170B-8 cell culture chamber
containing 5% CO, at 37 °C.

Preparation of cell lysate

The re-suspended MCF-7 cells were rapidly quick-frozen in liquid
nitrogen and thawed in a 37 °C water bath 3 times. After that, the
lysates were added to 0.4 M NaCl, and collected by centrifugation
for 20 min at 12 000 rpm (or max.) at 4 °C. Then 5 nmol anti-miR-
221 was added to the cell lysate to form a stable double chain
with probe miR-221 and were stored at —20 °C until use.

Toxicity assessment

MCF-7 cells were cultured overnight in 96-well plates at 37 °C
containing 5% CO,. The old medium was then removed. LCTA
nanoprobes (1 uM) were diluted in fresh medium to different
concentrations (0, 10, 20, 50, 100, and 200 nM) and added to
MCEF-7 cells, and then further incubated for 24 h. Then the old
medium was discarded, and 100 pL 0.5 mg mL " MTT solution
was added to each well, and incubated at 37 °C for 4 h. Finally,
cell viability was determined by measuring the absorbance of
the sample at 490 nm with a multimode microplate reader. All
experiments were repeated three times simultaneously.

Confocal fluorescence imaging experiment

To explore the feasibility of the system for imaging miR-221 in
living cells, MCF-7 cells and MDA-MB-231 cells were inoculated
on a 35 mm confocal laser dish overnight. After washing with
PBS 3 times, MCF-7 cells and MDA-MB-231 cells were incubated
with H;S;, H;S; + L, CTA and LCTA groups for 3 h, respectively.
The concentration of each probe was 100 nM.

For the miR-221 regulation experiment, 1 uM miR-221
mimics and 1 pM anti-miR-221 were separately pre-
transfected into MDA-MB-231 cells via liposome 3000 and
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incubated for 2 h at 37 °C. After treatment, the cells were
incubated with 100 nM LCTA nanoprobes at 37 °C for 3 h.

To verify the regulatory effect of dexamethasone on miR-221,
10 uM dexamethasone cells were pre-incubated with MDA-MB-
231 cells for 24 h. After treatment, the cells and the LCTA
nanosystem containing 100 nM LCTA probes were incubated at
37 °C for 3 h, respectively.

To image different intracellular miR-221, the LCTA nanosystem
containing 100 nM LCTA probes was incubated with MCF-7, MDA-
MB-231 cells and MCF-10a cells at 37 °C for 3 h, respectively.

To investigate the ability of LCTA to simultaneously image
miR-221 and miR-155 in various cell lines, such as MCF-7, MDA-
MB-231, A549 and MRC-5 cells, these cells were incubated with
the LCTA nanosystem containing 100 nM LCTA probes at 37 °C
for 3 h, respectively.

Then, the cells were washed with PBS 3 times and incubated
with Hoechst solution for 20 min. The washed cells were
washed with PBS again 3 times and then added into 1 mL
complete medium for confocal imaging under a confocal laser
microscope. All cell fluorescence images were collected using an
LSM 880 confocal laser scanning fluorescence microscope (Carl
Zeiss, Germany) containing the following filter set: excitation
wavelength of FAM fluorescent dye was 480 nm and the emis-
sion wavelength was 520 nm. A 60 x oil target was applied in one
set of experiments. The fluorescence images were processed by
standard software LSM880 and presented.

RT-qPCR

First, the cells were treated with 1 mL Trizol reagent to extract
total intracellular RNA according to the operation instructions,
and stored at —80 °C for further use. cDNA samples were
prepared using the reverse transcription (RT) reaction with an
AMV First Strand cDNA Synthesis Kit. According to the
instructions protocol on a LightCycler480 software setup, qPCR
analysis of miRNA was performed using SG Fast qPCR Master
Mix. The relative expression levels of miR-221 and miR-155 were
calculated by the 274" method.

Data availability

Data are available in the ESIT online.
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