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Abstract: A stringent DNA probe to profile microRNA (miRNA) expression within a specific cell
remains a key challenge in biology. To address this issue, an intracellular ATP-activated Y-DNA probe
for accurate imaging of miRNA in living cells was designed. Y-DNA was based on the fabrication
of tripartite function modules, which consisted of a folate (FA)-modified targeting module, an ATP
aptamer-sealed driver, and a miRNA sensing module. The Y-DNA probe could be specifically
activated by ATP after it efficiently internalized into FA-receptor-overexpressed cells based on
caveolar-mediated endocytosis, leading to the activation of the miRNA sensing module. The activated
Y-DNA probe allowed for the imaging of miRNA in living cells with high sensitivity. The design of
the ATP-activated Y-DNA sensor opens the door for bioorthogonal miRNA imaging and promotes the
development of various responsive DNA molecular probes with enhanced anti-interference ability
for clinical diagnosis.

Keywords: fluorescence; microRNA; ATP; DNA probes; imaging

1. Introduction

MicroRNAs (miRNAs) are a kind of noncoding endogenous RNA molecule found in
eukaryotic cells and consist of 18–24 nucleotides [1]. MiRNAs regulate cellular physiological
processes, such as cell proliferation, differentiation, and apoptosis [2]. Notably, the aberrant
expression of miRNAs is associated with various diseases [3]. Therefore, miRNAs have
attracted increasing attention as biomarkers for potential diagnosis and therapeutics [4].
However, the unique properties of miRNAs, including their small size, degradability, high
sequence homology, and low abundance in total RNA samples, present a significant chal-
lenge for quantitative analysis [5]. In recent years, quantitative miRNA analysis techniques,
such as colorimetry [6], electrochemiluminescence [7,8], and electrochemistry [9,10], have
attracted considerable attention. Despite the desirable progress, most of these strategies are
confronted with challenges, especially for the precise imaging of live-cell miRNA, which
has encouraged researchers to construct living-cell sensing strategies.

Fluorescence molecular imaging technology has been widely used for the imaging of
intracellular molecules with the merits of high sensitivity and real-time capability [11,12].
In particular, DNA-based probes have high programmability and biocompatibility and easy
synthesis; thus, they have been widely used for the sensing and imaging of various targets
in live cells ranging from metal ions to small molecules and proteins [13–15]. Specifically,
DNA probes can be precisely designed based on the Watson–Crick base pairing principle;
thus, they have been developed for the monitoring and detection of specific miRNAs in
living cells [16,17]. However, accurate imaging of miRNAs in live cells based on DNA
probes remains challenging due to the following reasons: First, traditional DNA probes are
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continuously in an “always-active” state, which may easily cause unreliable readout for
complex biological environments and cannot reflect the real target concentration [18,19].
Second, internalized DNA probes can be subjected to degradation in complex biological
environments, which results in false positive signals [20,21]. Accordingly, the construction
of site-specific activated DNA probes with high stability for specific and reliable intracellular
miRNA imaging is still needed.

Exogenous regulation (especially photo-activation) is an excellent stimulus to control
the activation of DNA probes in a site-specific manner [22–24]. For example, Li and
coworkers demonstrated that the use of deep-tissue-penetrable NIR light as a trigger
allows for the spatially selective monitoring of APE1 in subcellular locales in vivo [23]. Lou
and coworkers proposed a novel NIR-activated CHA for controllable miRNA imaging
in living cells [24]. However, the application of photo-activation in living systems is
significantly constrained by several factors, including the cumbersome chemical synthesis
of photolabile groups on nucleobases, the limited penetration depth of light, and the
potential for phototoxicity. Noteworthily, adenosine triphosphate (ATP) is considered an
essential endogenous biomolecule for intracellular energy transfer, and it takes part in
cellular metabolism and signaling [25]. Considering the much higher concentration of
ATP in intracellular cytosol than that in the extracellular environments (1−10 mM vs 0.4
mM) [26], it is suitable to control DNA probes for biomarker detection with relatively
high precision and low interference in living cells. For example, Zhang and coworkers
constructed ATP self-powered strand displacement cascade amplification of DNA-structure-
modified mesoporous silica nanoparticles for high-sensitivity detection of low-abundance
miRNA in living cells [27]. Dong and coworkers reported a target-cell-specific DNA
nanosystem using endogenous ATP bioorthogonal activation of the hybridization chain
reaction signal amplification to image miRNA in living cells [25]. Herein, we design an
endogenously ATP-activated Y-shaped DNA probe for miRNA imaging. The miRNA
recognition sites in Y-DNA are sealed with ATP aptamer, and the Y-DNA probe can only
be activated by endogenous ATP. Folate (FA) is anchored on the one vertex of Y-DNA to
improve affinity for and targetability to cancer cells. As anticipated, the designed Y-DNA
probe is successfully applied for the sensitive and selective detection of miR-21 with a
detection limit corresponding to 0.12 nM. Furthermore, our ATP-activated Y-DNA probe
is extensively explored in MCF-7 cells for realizing reliable intracellular miRNA imaging.
Therefore, this Y-DNA probe extremely broadens intracellular miRNA imaging strategies
and holds great potential in miRNA-related biological research and early diagnosis.

2. Materials and Methods
2.1. Materials

The oligonucleotide strands were synthesized by Sanya Biotechnology Co., Ltd.
(Fuzhou, China). Adenosine triphosphate (ATP), oligomycin, and HEPES were bought
from Sigma-Aldrich (Shanghai, China). The 6 × loading buffer was obtained from Thermo
Fisher Scientific (San Jose, CA, USA). GelRed was bought from Life-iLab Biotech (Shanghai,
China). L02 (mouse endothelial cell line) and MCF-7 cell (human breast adenocarcinoma
cell line) lines were purchased from Shanghai Institutes for Biological Sciences (Shanghai,
China). Lipofectamine 3000 transfection reagent, miRNA-21 mimic (micrONhsa-miR-21-5p
mimic), and inhibitor (MicrOFFhsa-miR-21-5p inhibitor) were purchased from RiboBio Co.,
Ltd. (Guangzhou, China). All the chemicals were analytical-grade and used as received
without further purification. Ultrapure water was obtained through a Millipore Milli-Q
water purification system and had an electric resistance >18.25 MΩ. Table S1 exhibits the
detailed sequences of the oligonucleotides.

2.2. Instruments

Gel imaging was captured using a ChemiDoc Touch Imaging System from Bio-Rad
Laboratories. The fluorescence spectra were measured on a Cary Eclipse Fluorimeter
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(Varian Inc.). Confocal fluorescence imaging was obtained using Nikon A1 confocal laser
scanning microscopy (Tokyo, Japan).

2.3. Preparation of the Y-DNA

Y-DNA was constructed by annealing the mixtures of folate-modified Y1, Y2, and
Y3 with a concentration of 5 µM independently at 95 ◦C for 5 min. Then, the mixtures
were cooled to 20 ◦C at 0.2 ◦C/s. The as-prepared Y-DTN probe was stored at 4 ◦C for
subsequent experiments.

2.4. Gel Electrophoresis Experiments

The formation and response performance of Y-DNA probes was tested using 3%
agarose gel electrophoresis. In brief, 3% agarose gel electrophoresis was prepared by
dissolving agarose powder in 0.5 × TBE (Tris, borate, and EDTA) buffer, and then heating
in a microwave oven until the solution was transparent. Then, 10 µL samples and 2 µL 6 ×
loading buffer were subjected to 3% agarose gel electrophoresis. Afterward, the gel was
kept at 60 V in 1 × TBE buffer for 2 h. The gel was stained with GelRed and imaged using
a ChemiDoc Touch Imaging System under 365 nm photoirradiation.

The feasibility of the ATP-triggered Y-DNA probe was verified by 12% native poly-
acrylamide gel electrophoresis. In brief, 10 µL samples and 2 µL 6 × loading buffer were
subjected to 12% polyacrylamide gel electrophoresis. Afterward, the gel was kept at 80 V
in 1 ×TBE buffer for 1.5 h. The gel was imaged using a ChemiDoc Touch Imaging System.

2.5. Fluorescence Monitoring

The prepared Y-DNA probe (100 nM) was allowed to incubate with various concentra-
tions of miRNA-21 in 10 mM HEPES buffer (1 M NaCl, 50 mM MgCl2, pH 7.2) at 37 ◦C for
3 h with preincubation of ATP. Afterward, the fluorescence signal was recorded between
660 and 750 nm with excitation at 650 nm.

2.6. Biostability of Y-DNA

Serum Stability: The 100 nM Y-DNA was added into PBS buffer containing 10% fetal
bovine serum (FBS) and incubated at 37 ◦C for 0, 1, 2, 4, 8, 12, and 24 h. Then, the mixtures
were analyzed by PAGE.

2.7. Material Cell Culture and MTT Assays

L02 and MCF-7 cells were cultured with RPMI-1640 medium containing 10% FBS,
penicillin (100 U/mL), and streptomycin (100 µg/mL) in a 5% CO2 atmosphere at 37 ◦C.

The cytotoxicity of Y-DNA was determined using a classical MTT test. MCF-7 and
L02 cells were distributed into 96-well microplates at a density of 1 × 106 cells/well in a cell
incubator overnight. Then, the cells were incubated with different concentrations of Y-DNA
(0, 50, 100, and 200 nM) for 24 h. Then, the cell medium was discarded, and 100 µL of MTT
solution was added to each well for 4 h. Subsequently, the MTT solution was removed,
and 100 µL dimethyl sulfoxide (DMSO) was added to dissolve the formazan. Finally, the
absorbance at the wavelength of 490 nm was measured with a microplate reader.

2.8. In Vitro miRNA Imaging

MCF-7 and L02 cells were individually cultured in RPMI-1640 medium with 10% FBS
using 20 mm glass bottom cell culture dishes under a 5% CO2 atmosphere at 37 ◦C for 24 h.
For fluorescence imaging, 1 mL culture medium containing 100 nM Y-DNA probe was
added to each dish and incubated for 6 h. After three times washing with PBS, fluorescence
signals of cells were obtained. The fluorescence signals for miR-21 (Cy5) imaging in the
cells were observed with NIKON-A1 laser-scanning confocal microscopy.

For the regulation of ATP levels in living cells, MCF-7 cells were preprocessed with
oligomycin (10 µM) for 1 h to cut ATP concentration. Finally, the cells were washed with
PBS buffer three times and imaged with NIKON-A1 laser-scanning confocal microscopy.
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For exploring the ability of Y-DNA to monitor the undulate expression levels of miR-21,
miR-21 mimic (micrONhsa-miR-21-5p mimic) and miR-21 inhibitor (MicrOFFhsa-miR-21-
5p inhibitor) were transfected into MCF-7 cells by using a lipofectamine 3000 transfection
reagent. Briefly, 15 µL, 20 µM of miR-21 mimic or miR-21 inhibitor and 2 µL lipofectamine
3000 were introduced into 485 µL and 498 µL RPMI-1640 medium. After incubating at room
temperature for 5 min, the solution was mixed at room temperature for 20 min. Eventually,
the resulting solution (1 mL) was introduced into MCF-7 cells for 3 h. Subsequently, the
fluorescence imaging of the cells incubated with the nanoprobe was the same as the one
mentioned above.

3. Results
3.1. Principle of the Assay

As shown in Scheme 1, the Y-shaped DNA (Y-DNA) monomer was constructed by
the self-assembly of three single-stranded DNAs via hybridization (Y1, Y2, and Y3). Y-
DNA offers advantages such as ease of synthesis, minimal structural complexity, and
excellent chemical stability, which makes it an ideal component for the development of a
multifunctional DNA probe for miRNA imaging. The design of Y-DNA involves rationally
engineering the toehold of target miRNA recognition in Y3 with the ATP-aptamer seal
sequence (Y2), which prevents the hybridization between Y3 and miRNA in the absence
of ATP. The folate (FA)-modified on Y1 allows for efficient cellular internalization of Y-
DNA [28,29]. Once Y-DNA is internalized into the cell, endogenous ATP will bind with
the ATP aptamer and expose the toehold for the recognition of target miRNA, which will,
subsequently, hybridize with Y1 and lead to the dissociation of Y-DNA and produce a
remarkable fluorescence enhancement. As a result, the sensitive detection of intercellular
miRNA was achieved by using the ATP-activated Y-DNA probe.
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Scheme 1. Scheme of the ATP-activated Y-DNA probe for miRNA sensing in living cells. Once Y-
DNA is internalized into the cells based on caveolar-mediated endocytosis, ATP activates Y-DNA by
binding with ATP aptamer, exposing the toehold for the recognition of target miRNA. Subsequently,
target miR-21 hybridizes with Y1 and leads to the dissociation of Y-DNA, generating a fluorescence
enhancement for miRNA imaging.
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3.2. Preparation and Characterization of Y-DNA Probe

The self-assembly processes of the Y-DNA probe were validated using 3% agarose
gel electrophoresis (AGE) analysis. As displayed in Figure 1A, Lanes 1, 2, and 3 represent
Y1, Y2, and Y3 DNA single strands, respectively. Lanes 4, 5, and 6 were assigned to the
annealed products of the Y1/Y2, Y1/Y3, and Y2/Y3 complexes, respectively. The slowest
migrating band of Lane 7 represents the Y1/Y2/Y3 structure, which indicates that Y-DNA
was successfully synthesized. To test the feasibility of ATP-activated miRNA detection, flu-
orescence measurements were then performed. Figure 1B shows the fluorescence spectrum
of the Y-DNA probes under excitation at 650 nm. After incubating with individual miRNA
or individual ATP, the fluorescence only has a slight increase because the individual miRNA
or ATP cannot disrupt the structure of Y-DNA. Then, the co-incubation of Y-DNA with ATP
and miRNA drives the dissociation of Y-DNA, restoring FAM fluorescence. Fluorescence
analysis demonstrates that the sensing property of the Y-DNA probe was indeed activated
by ATP. Meanwhile, native polyacrylamide gel electrophoresis (PAGE) was further used to
verify ATP-triggered Y-DNA. As shown in Figure 1C, a significant miR-21/Y3 product was
observed when Y-DNA was activated by ATP followed by the additional miR-21 (Lane 7).
Conversely, no obvious miR-21/Y3 products were observed for mixtures of Y-DNA and
miR-21 (Lane 6) in the absence of ATP. Obviously, the miR-21 detection ability of Y-DNA
could only be triggered by ATP, which is consistent with the fluorescence results. The
results of PAGE and fluorescence clearly demonstrate that the proposed ATP-activated
Y-shaped DNA holds great potential for the sensitive detection of miR-21.
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Figure 1. (A) Verification of the formation of Y-DNA via 3% AGE test. Lane 1: Y1, Lane 2: Y2, Lane 3:
Y3, Lane 4: Y1 + Y2, Lane 5: Y1 + Y3, Lane 6: Y2 + Y3, Lane 7: Y1 + Y2 + Y3. (B) Dependence of the
Y-DNA-supported probe on ATP and miR-21. (C) The 12% PAGE test of the reaction in Scheme 1.
Lane 1: Y1/Y2, Lane 2: Y3 + miR-21, Lane 3: Y1/Y2 + ATP, Lane 4: Y2 + ATP + miR-21, Lane 5:
Y + ATP, Lane 6: Y + miR-21, Lane 7: Y + ATP + miR-21.

3.3. Optimization of Experimental Conditions

The reaction temperature was first optimized since it is an important factor that affects
the signal-to-noise ratio in miRNA analysis. Y-DNA with/without the addition of ATP
and miRNA was tested. As shown in Figure 2A, the reaction behaviors of Y-DNA at 25 ◦C,
30 ◦C, and 37 ◦C were evaluated. The fluorescence response of Y-DNA enhanced with an
increase in temperature from 25 ◦C to 37 ◦C. Therefore, 37 ◦C was selected as the optimal
condition for miRNA detection. The concentration of ATP was also investigated to obtain
the optimal analytical performance of the Y-DNA probe. As illustrated in Figure 2B, the
fluorescence signal surged with an increase in ATP concentration, and 5 mM ATP was
sufficient to ensure the complete reaction. Therefore, 5 mM was selected as the optimal
concentration of ATP for miRNA detection.
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Figure 2. Optimization of experimental conditions: (A) the reaction temperatures (with 5 mM ATP)
and (B) the concentrations of ATP (with 37 ◦C) for the detection of miR-21 (8 nM). The data error bars
indicate means ± SD (n = 3).

3.4. Analytical Performance of Y-DNA Probe

We further investigated the quantitative analysis performance of ATP-activated Y-
DNA for the detection of miR-21 under optimal experimental conditions. In the absence
of ATP, the fluorescence response of the Y-DNA probe was weak, and this barely changed
upon miR-21 treatment, demonstrating that Y-DNA was blocked efficiently, and there
was hardly signal leakage (Figure S1). In the presence of ATP, the fluorescence intensity
enhanced with increasing miR-21 concentration under the optimized condition (Figure 3A).
A linear relationship between F and the concentration of miR-21 in a range of 0.2−8 nM
was obtained. The regression equation is as follows: F = 13.41 CmiR-21 + 60.37 (R2 = 0.995).
The limit of detection (LOD) was estimated to be 0.12 nM (based on the 3 σ/k criterion).
The specific ATP-activated Y-DNA probe allows for the detection of miRNA with high
sensitivity. It is expected that the system can be applied to intracellular miRNA imaging,
considering that endogenous ATP could on-site activate the Y-DNA sensor in live cells.
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Figure 3. (A) Restoration of Cy5 fluorescence under the addition of different amounts of targets.
(B) Scatter diagram between the fluorescence intensity and miR-21 concentrations (from 0 to 100 nM).
Inset: linear relationship between the fluorescence intensity and miR-21 concentrations (from 0.2 nM
to 8 nM). The data error bars indicate means ± SD (n = 3).

Considering the accuracy of miRNA detection could be substantially improved in
an ATP-activated manner, the ATP-specific activatable Y-DNA probe was then testified
using a fluorescence assay. As shown in Figure S2, the fluorescence signal of ATP-activated
Y-DNA differs greatly from that of other analog (CTP, GTP, and UTP)-treated systems,
which is comparable with the background signal of the ATP-absent system. These results
demonstrate the remarkable specificity of ATP-activated Y-DNA. Furthermore, the selectiv-
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ity of the ATP-activated Y-DNA probe was also assessed by introducing miR-429, miR-144,
miR-155, and Let-7a as interfering agents. As depicted in Figure S3, compared with target
miR-21, miR-429, miR-144, miR-155, and Let-7a did not cause any obvious fluorescence
signal change, indicating the excellent selectivity of the proposed ATP-activated Y-DNA
probe for miRNA detection.

3.5. Biostability and Biocompatibility of Y-DNA

The toxicity of DNA probes can affect the viability of living cells, which can com-
promise accuracy in imaging and monitoring targets. As such, the cytotoxicity of Y-DNA
nanoprobes toward MCF-7 cells, HeLa cells, and L02 cells was investigated individually
using standard MTT assays. In this case, different concentrations of the Y-DNA probes
were incubated with these cells for 24 h. As shown in Figure S4, the Y-DNA probes exhib-
ited no obvious cytotoxicity in living cells. The results prove that the proposed Y-DNA
probes exerted minimal cytotoxicity for cells; thus, it was ideal for subsequent intracellular
experiments. Moreover, biological stability is also important since nucleic acid probes are
subject to degradation by nuclease in complex biological samples. In order to demonstrate
the biostability of the Y-DNA probes in complex biological systems, 10% fetal bovine
serum (FBS) was incubated with the Y-DNA probe. As shown in Figure S5, the strip of the
Y-DNA probe was still clearly visible even after 24 h of incubation with 10% FBS. These
results suggest that the Y-DNA probe is able to maintain stability in complex physiological
environments and ensures feasibility in cellular imaging.

3.6. Sensitivity of miRNA Imaging in Cancer Cells

To investigate the practical application of the Y-DNA probes for miR-21 imaging in
living cells, the cellular uptake of the Y-DNA probe was then observed using confocal laser
scanning microscopy (CLSM). MCF-7 cells with high expression of miR-21 were selected
as a model. As displayed in Figure S6, the real-time imaging of intracellular fluorescence
increased according to the incubation time, confirming the cellular uptake process of the
Y-DNA probe in live cells. The mean fluorescence intensity reached a maximum at 4 h,
indicating that this time point should be used in subsequent experiments.

After demonstrating the biosafety, biostability, and cellular uptake ability, the appli-
cability of the ATP-activated Y-DNA probe for miR-21 imaging in living cells was further
studied. MCF-7 cells were separately incubated with the medium, Y-DNA probe, and
Y-DNA probe without FA modification (nFA-Y) under identical conditions. As shown
in Figure 4, an obvious fluorescence signal was measured for the Y-DNA probe group,
suggesting that the Y-DNA probe has the potential for miRNA imaging in living cells.
For comparison, the group of nFA-Y exhibited a weaker fluorescence intensity, which
was attributed to the fact that FA enhanced the cellular delivery of the Y-DNA probe to
FA-receptor-overexpressed cells. Next, we validated ATP-activated Y-DNA in living cells
by utilizing oligomycin to downregulate ATP levels in MCF-7 cell lines. As expected,
oligomycin-treated groups did not exhibit significant fluorescence in the cytoplasm, con-
firming the importance of ATP regulation. Moreover, a control Y-DNA sensor without
an ATP recognition sequence (natp-Y) was also prepared to study the specificity of the
ATP-activated Y-DNA probe, with the result showing that almost no signal was observed
in MCF-7 cells with the incubation of natp-Y. These results suggest that the Y-DNA probe
could be activated in a highly specific manner and could supplement a robust analysis tool
for miRNA imaging in living cells.



Chemistry 2023, 5 1641
Chemistry 2023, 5, FOR PEER REVIEW 8 
 

 

 

Figure 4. Confocal microscopy of miR-21 in routine MCF-7 cells using 100 nM Y-DNA probe with-

out FA modification (nFA-Y DNA), routine MCF-7 cells using 100 nM Y-DNA, routine MCF-7 cells 

using 100 nM Y-DNA sensor without ATP recognition sequence (natp-Y DNA), and oligomycin-

pretreated MCF-7 cells using 100 nM Y-DNA. The fluorescence channel of Cy5 was collected by 

using an excitation of 650 nm. The scale bar is 50 μm. 

Subsequently, the ability of the ATP-activated Y-DNA probe to image the expression 

level changes in miR-21 in cancer cells was tested. To change the expression pattern of 

miR-21, an miR-21 inhibitor (downregulation of miR-21) and an miR-21 analog (upregu-

lation of miR-21) were selected to treat MCF-7 cells. As shown in Figure 5, minimal fluo-

rescence was detected in anti-miR-21-inhibitor-pretreated MCF-7 cells compared with 

non-treated MCF-7 cells. For comparison, miR-21-analogue-pretreated MCF-7 cells dis-

played more significant fluorescent signals than non-treated MCF-7 cells. These results 

clearly confirm that the ATP-activated Y-DNA probe can accurately reflect the expression 

levels of target miRNAs inside living cells. 

Figure 4. Confocal microscopy of miR-21 in routine MCF-7 cells using 100 nM Y-DNA probe without
FA modification (nFA-Y DNA), routine MCF-7 cells using 100 nM Y-DNA, routine MCF-7 cells using
100 nM Y-DNA sensor without ATP recognition sequence (natp-Y DNA), and oligomycin-pretreated
MCF-7 cells using 100 nM Y-DNA. The fluorescence channel of Cy5 was collected by using an
excitation of 650 nm. The scale bar is 50 µm.

Subsequently, the ability of the ATP-activated Y-DNA probe to image the expression
level changes in miR-21 in cancer cells was tested. To change the expression pattern of miR-
21, an miR-21 inhibitor (downregulation of miR-21) and an miR-21 analog (upregulation of
miR-21) were selected to treat MCF-7 cells. As shown in Figure 5, minimal fluorescence
was detected in anti-miR-21-inhibitor-pretreated MCF-7 cells compared with non-treated
MCF-7 cells. For comparison, miR-21-analogue-pretreated MCF-7 cells displayed more
significant fluorescent signals than non-treated MCF-7 cells. These results clearly confirm
that the ATP-activated Y-DNA probe can accurately reflect the expression levels of target
miRNAs inside living cells.
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Figure 5. Confocal microscopic imaging of MCF-7 cells upregulated (miRNA-21 mimics) or downreg-
ulated (antisense miRNA-21) and detected by Y-DNA probe. The scale bar is 50 µm.

It is significant to differentiate cancer cells from normal cells in the early diagnosis of
cancer. MCF-7 and L02 cell lines were incubated with Y-DNA to analyze the expression
levels of miR-21 in order to distinguish normal cells and cancer cells. As a result, a strong
Cy5 signal was observed in MCF-7 cells, whereas a negligible fluorescent signal was
generated in L02 cells (Figure S7), which is consistent with previous reports that miR-21 is
overexpressed in MCF-7 cells and underexpressed in L02 cells [30]. These results further
demonstrate that the ATP-controlled strategy allowed for distinguishing cancer cells from
normal cells.

4. Conclusions

In summary, we have developed an endogenously activated Y-DNA sensor for intra-
cellular miRNA imaging through an intracellular ATP-modulated methodology. Y-DNA
can be easily constructed by the self-assembly of three DNA sequences and allows for
in vitro imaging of miRNA with excellent specificity. The Y-DNA sensor is activated by
ATP and instantly lights up the fluorescence signal by reacting with the target miRNA. The
quantitative assessment of miRNA level fluctuations in living cells upon inhibitor/mimic
treatments suggests its feasibility in intracellular sensing of low-abundance targets. Com-
pared with conventional nucleic acid probes, the ATP-activated Y-DNA sensor enables
site-specific probe activation in specific live cells with high efficiency and avoids off-site sig-
nal leakage. Hence, this intracellular ATP regulation strategy provides a good opportunity
to facilitate the application of DNA nanoprobes in selective live-cell imaging. This Y-DNA
probe can also be customized for disease diagnostics by incorporating other endogenously
specific molecule aptamers. Therefore, this work provides an impressive avenue for the
accurate recognition of cancer cells and could contribute to the acquirement of deep insight
into the molecular mechanisms of miRNA-related life processes.
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