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ABSTRACT: Specific and sensitive detection and imaging of cancer-
related miRNA in living cells are desirable for cancer diagnosis and
treatment. Because of the spatiotemporal variability of miRNA expression
level during different cell cycles, signal amplification strategies that can be
activated by external stimuli are required to image miRNAs on demand at
desired times and selected locations. Herein, we develop a signal
amplification strategy termed as the photoactivated DNA walker based
on DNA nanoflares, which enables photocontrollable signal amplification
imaging of cancer-related miRNA in single living cells. The developed method is achieved via combining photoactivated nucleic acid
displacement reaction with the traditional exonuclease III (EXO III)-assisted DNA walker based on DNA nanoflares. This method is
capable of on-demand activation of the DNA walker for dictated signal amplification imaging of cancer-related miRNA in single
living cells. The developed method was demonstrated as a proof of concept to achieve photoactivated signal amplification imaging of
miRNA-21 in single living HeLa cells via selective two-photon irradiation (λ = 740 nm) of single living HeLa cells by using confocal
microscopy equipped with a femtosecond laser.

■ INTRODUCTION
In recent years, due to the small size and low abundance of
miRNAs in cells,1 specific and sensitive imaging of cancer-
related miRNA has been promising because of the important
applications in risk prediction,2 drug discovery,3 diagnosis,4

and disease treatment.5 Strategies capable of signal amplifica-
tion are promising to achieve sensitive detection and imaging
of target miRNA.6−12 One of the signal amplification methods
is to reuse the target miRNA to continuously release signals.13

Exonuclease III (EXO III) could assist cascade signal
amplification by regenerating and recycling the target nucleic
acid.14 EXO III-assisted nucleic acid signal amplification is
wildly used for signal amplification biosensors and bioimag-
ing.15−20

For signal amplification during detection, a DNA walker
which could constantly move along a designed DNA track has
also been used to achieve sensitive target nucleic acid
detection.6,21−24 Particularly, a DNA walker based on DNA
nanoflares25−27 is widely used for signal amplification imaging
of target miRNA in living cells.28−31 Enzymes such as EXO III
or DNAzyme are generally used as an energy source that
complements and enhances the strand displacement strategy to
enhance the efficiency of DNA walker motion.22,32,33

DNAzyme has sequence dependence, which sometimes limits
its applications. EXO III, in contrast, is more versatile.
Signal amplification miRNA detection in biological systems

has been researched in previous research works.34−37 Since the
expression level and subcellular distribution of miRNAs vary
dynamically during different cell cycles,38 signal amplification
methods that can be activated by external stimuli are required

to achieve on-demand imaging of miRNAs at desired time
points and selected locations. However, the present EXO III-
assisted DNA walker based on DNA nanoflares for signal
amplification detection and imaging is difficult to precisely
control the localization at desired time points, and it remains a
challenge to precisely trigger the DNA walker on the DNA
nanoflare surface at desired times and positions to achieve
dictated target detection and imaging in living cancer cells.
Light is an effective trigger for the precise spatiotemporal

activation of photoresponsive functional DNA. With the
introduction of a photocleavable linker (PC-linker) into the
DNA strand, precise spatiotemporal activation of functional
DNA could be realized by controllable irradiation.39 Our group
has applied this photoresponsive functional DNA for DNA
photolithography and patterning,40−43 electrochemical bio-
sensing,44 drug delivery,45,46 and photoactivated biosensing in
single living cells.19,47,48

Inspired by the above arguments, we propose here a new
strategy named photoactivated DNA walker based on DNA
nanoflares for dictated signal amplification miRNA-21 imaging
in single living cells. The developed strategy combines the
previously developed photoactivated nucleic acid displacement
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reaction and the Exo III-assisted DNA walker based on DNA
nanoflares for controlled nucleic acid cascade recycling
amplification. The designed photocontrollable DNA walker
based on DNA nanoflares is capable of on-demand activation
of the biosensing process in living cells. We demonstrated this
process by using it to achieve photoactivated signal-amplified
imaging of miRNA in single living cancer cells.

■ EXPERIMENTAL SECTION

Chemicals and Reagents. Tris(2-carboxyethyl) phos-
phine hydrochloride (TCEP), chloroauric acid (HAuCl4·
4H2O), and 6-hydroxy-1-hexanethiol (MCH) were obtained
from Sigma-Aldrich. Phosphate-buffered saline (PBS, 0.1 M)
buffer and 10 × TBE were purchased from Sangon
Biotechnology Co., Ltd. (Shanghai, China). Fetal bovine
serum and Dulbecco’s modified Eagle’s medium (DMEM)
were purchased from Gibco. The HeLa cell was obtained from
the cell bank of the committee on type culture collection of the
Chinese Academy of Sciences (Shanghai, China). Other
chemicals were obtained from Sinopharm Chemical Reagents
Co., Ltd. (Shanghai, China) and used without further
purification. All solutions were dissolved with Milli-Q water
from a Millipore system. Oligonucleotides were purchased
from Hippo Biotechnology Co., Ltd. (Beijing, China), and the
detailed sequences are shown in Supporting Information,
Table S1.
Instruments. A UV lamp (LUYOR-365, China) was used

to activate the DNA walker at a power density of 7 mW/cm2.
A Shimadzu UV-2600 spectrophotometer (Shimadzu, Japan)
was used to record the UV−vis absorption spectra. A FS5
fluorescence spectrophotometer was used to measure
fluorescence spectra using excitation at 542 nm. Confocal
microscopy images were obtained using a Zeiss LSM 880
confocal microscope. The scanning electron microscopy
(SEM) images were obtained on a SU-8010 field emission
scanning electron microscope (Hitachi, Japan).
Preparation of DNA Nanoflares. The AuNPs were first

prepared by a classic sodium citrate reduction method. Briefly,
100 mL of 0.006 wt % HAuCl4 was heated to boil for 5 min on

a hot plate with vigorous stirring. Then, 3 mL of 1 wt %
sodium citrate solution was rapidly added after boiling. Boiling
was continued for another 30 min until the solution changed
into wine red. The reaction was terminated by removing the
heating source and cooling slowly to room temperature. The
prepared AuNP solution was stored at 4 °C for further use.
SEM images indicated that the particle size was 13 ± 2 nm.
The concentration of AuNPs was determined by measuring
their absorbance at 520 nm (ε = 5.502 × 108 L mol−1 cm−1).
After reduced by TCEP, thiolated DNA (F) and (L)

(detailed sequences are shown in Supporting Information,
Table S1) were mixed with AuNPs at a mole ratio of 400:20:1
for 16 h with shaking at 4 °C. Then, sodium phosphate buffer
(PBS, 5 M of NaCl, 200 mM of Na2HPO4 and NaH2PO4, pH
= 7.4) was added to the mixture (a total of five salting steps
with 2 h intervals between steps) to reach a final concentration
of 0.3 M of NaCl and 10 mM of Na2HPO4 and NaH2PO4.
This salting process was incubated for another 40 h under
shaking. After that, the DNA nanoflares were prepared and
washed with 0.1 M PBS three times to remove excess DNA
through centrifugation. Then, the DNA nanoflares were
resuspended in 0.1 M PBS. After that, excess DNA (Q) and
(H) were added into DNA nanoflares and incubated for 1 h to
hybridize with DNA (F) and (L) modified on the AuNP
surface. The incubated DNA nanoflares were then washed with
0.1 M PBS two times and resuspended in 0.1 M PBS.

Fluorescence Measurements. Fluorescence intensity was
measured under different conditions using excitation at 542
nm. Photoactivated toehold-mediated displacement reaction in
the buffer solution was followed by measuring the fluorescence
intensity in a 60 μL solution consisting of 300 nM double-
strand DNA (1) and 100 nM (H) probe complex detection for
0, 20, 40, 60, 80, and 100 nM target miRNA (with or without
UV irradiation). The photoactivated signal amplification was
performed in a 60 μL solution consisting of 300 nM (F) + (Q)
probe complex and 100 nM (H) probe or DNA nanoflares.
The mixture solutions were irradiated with UV light for 3 min;
then, target miRNA-21 or the target with base mutations and
0.5 U/μL EXO III were added into the solution, and the

Figure 1. Schematic overview of UV light-photoactivated DNA walker based on DNA nanoflares in HeLa cells for dictated signal amplification
miRNA imaging. The DNA hairpin on the AuNPs was activated via UV irradiation. The activated DNA hairpin triggered the displacement reaction
with target miRNA and the subsequent DNA walker signal amplification process with the assistance of EXO III.
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fluorescence intensity was measured after 90 min incubation at
37 °C under light shielding.
Cell Culture. HeLa cells were grown in DMEM with 10%

fetal bovine serum and 1% penicillin−streptomycin at 37 °C in
a humid atmosphere with 5% CO2.
Incubation of HeLa Cells with DNA Nanoflares. Cells

was seeded on a cell culture dish and further incubated to grow
to about 80% confluence. The cultured cells were washed using
1 × PBS three times. Then, 400 μL of Opti-MEM containing
0.67 nM DNA nanoflares was added into the washed cells. The
cells were further cultured for 4 h at 37 °C with 5% CO2. For
EXO III transfection, 400 μL of Opti-MEM containing
lipofectamine 2000 (1 mg/mL, 1 μL) and EXO III (2 U/μL,
10 μL) was added into the cells and incubated at 37 °C for 1 h.
Laser Scanning Confocal Microscopy Imaging. After

incubation, the excess DNA nanoflares were removed via cell
washing three times with 1 × PBS. Cells were then irradiated
for 5 min with UV light. The cells were imaged with a 63× oil
immersion objective on a laser scanning confocal microscope
(Zeiss LSM 880). For the photoactivation of DNA nanoflares
in single living cells, the cells were selectively irradiated by
using a laser scanning confocal microscope with a femtosecond
laser at λ = 740 nm.

Cytotoxicity Tests. The cytotoxicity of DNA nanoflares,
EXO III, and UV irradiation on HeLa cells was evaluated using
MTT assays. First, HeLa cells (5 × 103 cells/mL) were seeded
on 96-well plates and grown for 24 h. The cells were treated
with 0.67 nM DNA nanoflares and 2 U/μL EXO III for 24 h
and irradiated with UV light for 10 min (7 mW cm−2). After
irradiation, the cells were further incubated for different time
periods. After that, 20 μL of the MTT test solution (5 mg/mL)
was added into the treated cells to further incubate for 4 h at
37 °C. After 4 h incubation, the supernatant was removed and
DMSO (150 μL) was added to the cells. A microplate reader
was used to measure the absorbance values at 570 nm.

■ RESULTS AND DISCUSSION

Principle of the Photoactivated DNA Walker Based
on DNA Nanoflares for Signal-Amplified miRNA
Imaging in Living Cells. Figure 1 schematically shows the
whole process of the photoactivatable DNA walker based on
DNA nanoflares for signal amplification miRNA imaging in
living cancer cells. Photoactivatable hairpin DNA (H)
containing the DNA walker and DNA duplex track (1)
consisting of TAMRA-modified single strands and fluorophore
quencher-modified single strands were immobilized on the
AuNP surface. These fabricated DNA nanoflares can be easily

Figure 2. Photoactivated DNA walker signal amplification process in solution. (a) Schematic of the photocontrollable signal amplification. (b)
Fluorescence spectra of the (1) and (H) mixture solution under different conditions. (c) Fluorescence intensity of the mixture solutions without
and with UV irradiation in the presence of miRNA-21 with different concentrations. The concentration of photoresponsive DNA hairpin (H) is
100 nM, and the concentration of double-strand DNA (1) is 300 nM. (d) Fluorescence intensity of the UV-irradiated mixture solutions without
and with EXO III treatment in the presence of miRNA-21 with different concentrations. The concentration of photoresponsive DNA hairpin (H) is
100 nM, the concentration of double-strand DNA (1) is 300 nM, and the concentration of EXO III is 0.5 U/μL. Error bars derived from N = 3
experiments.
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endocytosed into living cancer cells. Light was used to activate
the photoresponsive hairpin DNA on the DNA nanoflares to
trigger the displacement reaction with target miRNA-21,
releasing the DNA walker strand in activated hairpin DNA.
The released DNA walker then hybridized with the
fluorophore quencher-modified DNA strand in the DNA
duplex track via the toehold-mediated displacement reaction to
release the TAMRA-modified DNA strand on the AuNP
surface with turn-on fluorescence. The fluorophore quencher-
modified DNA strand hybridized with the DNA walker could
then be hydrolyzed from its recessed 3-termini to regenerate
the DNA walker circularly. Thus, the signal amplification
miRNA imaging in living cells via the DNA walker on the
DNA nanoflare surface was successfully controlled via UV
irradiation.
Photoactivated DNA Walker System in Solution. First,

the photoactivated DNA walker system in solution was
characterized and evaluated using fluorescence spectra. Figure
2a shows the whole process of the light-activated DNA walker
system in solution. As can be seen, the photoresponsive DNA

hairpin (H) with 3′-protruding termini was activated by UV
irradiation to form the activated double-strand DNA structure
(H′) with 3′-protruding termini and the activated toehold. The
DNA walker strand was then released from the activated (H′)
via toehold-mediated displacement reaction in the presence of
target miRNA. The released DNA walker strand then
hybridized with the fluorophore quencher-labeled DNA strand
in double-strand DNA (1) through the toehold-mediated
displacement reaction, releasing TAMRA-modified single-
strand DNA and forming double-strand DNA (3) with
recessed 3′-termini. EXO III prefers to hydrolyze the substrates
with recessed or blunt 3′-termini, while 3′-protruding termini
are resistant to hydrolysis. Thus, the fluorophore quencher-
labeled single strand in newly formed double-strand DNA (3)
was hydrolyzed from 3′-protruding termini to regenerate the
DNA walker, and the regenerated DNA walker could trigger
new cycles to continuously release the fluorescence signal.
To confirm that the whole process was indeed processed as

described in Figure 2a, the fluorescence of the photoactivatable
DNA hairpin (H) and double-strand track DNA (1) mixture

Figure 3. Light-activated DNA walker cascade recycling amplification reaction based on DNA nanoflares in solution. (a) Principle of the
photoactivated DNA walker signal amplification process on the DNA nanoflare surface. (b) Fluorescence spectra of the photocontrollable DNA
nanoflares under different conditions. (c) Fluorescence intensity of the UV-irradiated DNA walker system under different miRNA-21
concentrations with EXO III treatment. (d) Plot of fluorescence intensity of the system at 585 nm vs target concentration (Error bars derived from
N = 3 experiments). The concentration of the DNA nanoflares used in these experiments was 1.44 nM.
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solutions was measured under different conditions (Figure 2b).
Curve a in Figure 2b shows that the fluorescence of (1) was
effectively quenched. Without irradiation, no detectable
fluorescence increment was observed in the presence of
miRNA and EXO III (curve b). With irradiation, miRNA
addition results in the significant fluorescence increment
(curve c). The sample fluorescence increased with the increase
of UV irradiation time, and the fluorescence intensity reached a
plateau after 3 min irradiation (Figure S1). In our subsequent
experiments, we used 3 min irradiation as the optimized UV
irradiation time parameter. EXO III can indeed promote the
DNA walker signal amplification, and the fluorescence
intensity further increased with the addition of EXO III
(curve d). With irradiation, the fluorescence intensity increased
with the increase of EXO III concentration and the intensity
reached a plateau when the concentration increased to 0.5 U/
μL (Figure S2). In our subsequent experiments, we used 0.5
U/μL as the optimized EXO III concentration. With UV
irradiation, the fluorescence intensity of the mixture solution
increased with the increase of miRNA concentration, while no
detectable fluorescence increment was observed without UV
irradiation (Figure 2c). The fluorescence intensities of the
mixture solutions treated with EXO III were much higher than
the cases without EXO III treatment (Figure 2d). Poly-
acrylamide gel electrophoresis results showed that the (F) +
(Q) line totally disappeared under the conditions of UV
irradiation and EXO III treatment (Supporting Information,
Figure S3). All these results proved that the light-activated
DNA walker signal amplification assisted by EXO III was
indeed proceeded, as shown in Figure 2a.
Photocontrollable DNA Walker System on the DNA

Nanoflare Surface. Next, the photocontrollable DNA walker
on the DNA nanoflare surface was demonstrated by
immobilizing photoresponsive hairpin DNA (H) and double-
strand DNA track (1) on the AuNP surface to fabricate the
DNA nanoflares. Figure 3a shows the whole process. UV light
was used to activate hairpin DNA (H) on the AuNP surface to

initiate the displacement reaction with miRNA-21, releasing
the DNA walker strand. The released DNA walker strand then
hybridized with the fluorophore quencher-labeled DNA strand
in surrounding DNA track (1), releasing the TAMRA-modified
DNA strand (2) with turn-on fluorescence and forming
double-strand DNA (3) with recessed 3′-termini. EXO III
could then hydrolyze the fluorophore quencher-labeled DNA
strand in newly formed double-strand DNA (3) from its 3′-
termini to regenerate the DNA walker and trigger the DNA
walker cascade recycling amplification process on the DNA
nanoflare surface. The zeta potentials of AuNPs before and
after DNA modification were −29.47 and −39.80 mV,
respectively (Supporting Information, Figure S4c). The
diameter of the AuNPs increased after (1) and (H)
modification (Supporting Information, Figure S4d), which
confirmed that the DNA was successfully modified on the
AuNP surface. The UV irradiation-activated DNA walker on
the DNA nanoflare surface was followed by measuring the
DNA nanoflare fluorescence under different conditions. Curve
a in Figure 3b shows that the fluorescence of the (1) probe
immobilized on the AuNP surface was effectively quenched.
Without UV irradiation, little fluorescence was detectable with
the addition of miRNA and EXO III (Figure 3b, curve b). In
turn, with UV irradiation and the addition of target miRNA-21,
the TAMRA fluorescence of the system increased significantly
(Figure 3b, curve c). The subsequent EXO III-assisted DNA
walker signal amplification was proved by further fluorescence
increment with EXO III addition (Figure 3b, curve d). With
EXO III addition and UV irradiation, the fluorescence intensity
increased with the increase of target concentrations from 0 to
100 pM and the fluorescence intensity achieved a platform at
200 pM (Figure 3c,d).
The specificity and photocontrollability of the DNA walker

system were further demonstrated. As can be seen from Figure
S5, in the cases of targets with one base insert, one base
deletion, one base mismatch, and two bases’ mismatch, the
fluorescence intensity was significantly lower compared with

Figure 4. Laser scanning confocal microscopy imaging of HeLa cells treated with different probes. (a) HeLa cells treated with TAMRA-modified
single-strand DNA; (b) HeLa cells incubated with AuNPs modified with (H) and TAMRA-modified single-strand DNA (without the quencher);
(c) HeLa cells incubated with AuNPs modified with (H) and fluorescence-quenched double-strand DNA (1). Scale bars are 20 μm.
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the case of perfectly matched target miRNA. This result
demonstrated that our developed DNA walker system could
effectively distinguish single base mutations. The photo-
controllability and efficiency of the DNA walker system were
tested by using DNA nanoflares without a PC-linker (normal
hairpin structure), with a PC-linker (photoresponsive hairpin
structure), and with the exposed toehold to perform the
experiment (Supporting Information, Figure S6). The DNA
nanoflare with a normal hairpin structure remained intact, and
no fluorescence increase was observed even with 5 min UV
irradiation (Supporting Information, Figure S6a). UV irradi-
ation could activate the photoresponsive hairpin DNA (H) on
DNA nanoflares and trigger the DNA walker system, resulting
in the increase of the fluorescence with the increase of UV
irradiation time (Supporting Information, Figure S6b). Figure
S6c shows the fluorescence spectrum of the DNA walker

system with the exposed toehold (the same situation as shown
in Figure S6b after irradiation). The photoactivation efficiency
was obtained by calculating the ratio of the fluorescence
intensity at 585 nm in Figure S6b,c, and the calculated
photoactivation efficiency is ca. 97% after 3 min UV irradiation.

Cell Endocytosis of DNA Nanoflares. After proving that
our developed light-controllable DNA walker signal amplifica-
tion system based on DNA nanoflares proceeded as designed,
this DNA walker system was then used to achieve photo-
activated signal amplification imaging of miRNA-21. As we
need to follow the whole process in HeLa cells for miRNA
imaging, the clear evidence for the internalization of photo-
responsive functional DNA nanoflares into cells and the
stability of the quenched fluorescence of the DNA nanoflares
in the HeLa cells was essential. Thus, AuNPs decorated with
photoresponsive DNA hairpin (H) and TAMRA-labeled

Figure 5. HeLa cell confocal microscopy imaging under different conditions. (a) HeLa cells treated with AuNPs modified with (H) and (1),
without UV irradiation and EXO III treatment; (b) HeLa cells incubated with (H) and (1)-modified AuNPs and with EXO III treatment; (c)
HeLa cells incubated with (H) and (1)-modified AuNPs and with UV irradiation; (d) HeLa cells incubated with (H) and (1)-modified AuNPs and
with UV irradiation and EXO III treatment. Scale bars are 20 μm.
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single-strand DNA or fluorescence-quenched double-strand
track DNA (1) were used to demonstrate the internalization of
DNA nanoflares and the stability of quenched fluorescence in
HeLa cells. Cell fluorescence imaging in Figure 4a shows that
the TAMRA-labeled single-strand DNA cannot go inside HeLa
cells, whereas the TAMRA-labeled single-strand DNA
immobilized on the AuNP surface could go inside into the
cytoplasm assisted by the AuNPs (Figure 4b). Furthermore, no
detectable fluorescence signal in HeLa cells was observed in
the case of AuNPs modified with (H) and double-strand track
DNA (1) with quenched fluorescence (Figure 4c), which
means that the fluorescence quenching is effective and the
DNA on the surface of internalized DNA nanoflares keeps
intact in HeLa cells. The cell viability under different
conditions was tested, and it shows that HeLa cells keep
high vitality after incubating with DNA nanoflares, UV
irradiation, and EXO III treatment (Supporting Information,
Figure S7). The cells keep high viability after 10 min UV
irradiation and long-time incubation (Supporting Information,
Figure S8).
Photoactivated Signal-Amplified miRNA-21 Imaging

in Living Cells. The light-triggered DNA walker signal
amplification process in HeLa cells was followed by using a
laser scanning confocal microscope. HeLa cells were incubated
with AuNPs modified with (H) and (1). First, without UV
irradiation, the AuNPs modified with (H) and (1) kept intact
in HeLa cells and no detectable fluorescence signal was
observed (Figure 5a). Without UV irradiation, the addition of
EXO III could not result in significant fluorescence in HeLa
cells, which means that EXO III could not promote DNA
walker signal amplification without UV irradiation (Figure 3b).
With UV irradiation, the (H) immobilized on the AuNP
surface was photoactivated to initiate the displacement
reaction with miRNA-21 in living HeLa cells, releasing the
DNA walker strand. The released DNA walker then hybridized
with the quencher-labeled DNA strand in surrounding (1),
resulting in the slight fluorescence increment in living HeLa

cells (Figure 5c). With UV irradiation, EXO III could promote
the DNA walker signal amplification process. The fluorescence
intensity in the case of EXO III-assisted DNA walker signal
amplification is about 2-fold higher than the case without
signal amplification in living HeLa cells (Figure 5d).

Two-Photon Irradiation-Activated Signal Amplifica-
tion Imaging of miRNA-21 in Single Living HeLa Cells.
Finally, to demonstrate the spatial controllability of our
developed method, two-photon irradiation was used to
spatially activate the photoresponsive (H) and trigger DNA
walker signal amplification in irradiated single living HeLa
cells. Laser scanning confocal microscopy with a femtosecond
laser was used to selectively irradiate the single living HeLa
cells. The irradiated cells were stained with 4 μM Calcein-AM
(a commercial living cell probe) and 4 μM propidium iodide
(PI, a commercial dead cell probe), and it shows that the cells
keep high vitality (no PI signal was observed in irradiated cells)
even after 60 min irradiation (Supporting Information, Figure
S9). The photoresponsive (H) with a photocleavable o-
nitrobenzylphosphate ester linker unit (PC-linker) could be
activated via one-photon excitation (1PE, λ ≈ 365 nm) or two-
photon excitation (2PE, λ = 740).40,43,47 Figure 6 shows that
the signal amplification imaging of miRNA was spatial-
controllably activated in circle-marked cells, resulting in the
significant fluorescence increase in single living cells. No
detectable fluorescence signal was observed in surrounding
HeLa cells because the signal amplification cannot proceed in
the cells without two-photon irradiation. These results
demonstrated that the signal amplification strategy could
achieve spatial-controllable activation in single living cells.

■ CONCLUSIONS

In conclusion, we introduce a signal amplification strategy
termed as photoactivated DNA walker signal amplification
based on DNA nanoflares, which enables spatiotemporally
photocontrollable signal amplification miRNA imaging in
single living cancer cells. The photoresponsive DNA hairpin-

Figure 6. Spatial-controllable activation of DNA walker signal amplification in single living HeLa cells via two-photon irradiation. Circle-marked
cells were spatial-controllably irradiated. The scale bars are 20 μm.
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containing DNA walker was immobilized on the AuNP surface.
Meanwhile, a double-strand DNA track with quenched
fluorescence was also immobilized on the AuNP surface to
fabricate the functional DNA nanoflares. The photoresponsive
DNA hairpin on the AuNP surface was activated via one-
photon irradiation (λ = 365 nm) or two-photon irradiation (λ
= 740 nm) to trigger the nucleic acid displacement reaction in
the presence of target miRNA-21, releasing the DNA walker
strand. The released DNA walker could walk around the
nearby fluorescence-quenched double-strand DNA track with
the help of EXO III to light on the fluorescence. This
photoactivated DNA walker system was further demonstrated
in living cancer cells to achieve photocontrollable signal
amplification imaging of miRNA-2 in HeLa cells. Furthermore,
the developed method shows good temporal and spatial
controllability and could control the time and position of the
signal amplification in single living cancer cells on demand.
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