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ABSTRACT: The subcellular distribution of adenosine 5′-
triphosphate (ATP) and the concentration of ATP in living cells
dynamically fluctuate with time during different cell cycles. The
dictated activation of the biosensing process in living cells enables
the spatiotemporal target detection in single living cells. Herein, a
kind of o-nitrobenzylphosphate ester hairpin nucleic acid was
introduced as a photoresponsive DNA probe for light-activated
ATP detection in single living cells. Two methods to
spatiotemporally activate the probe in single living cells were
discussed. One method was the usage of the micrometer-sized
optical fiber (about 5 μm) to guide the UV light (λ = 365 nm) to
selectively activate the photoresponsive DNA probe in single living cells. The second method involved a two-photon laser confocal
scanning microscope to selectively irradiate the photoresponsive DNA probes confined in single living cells via two-photon
irradiation (λ = 740 nm). ATP aptamer integrated in the activated DNA probes selectively interacted with the target ATP, resulting
in dictated signal generation. Furthermore, the photoactivated biosensing process enables dictated dual-model ATP detection in
single living cells with “Signal-ON” fluorescence signal and “Signal-OFF” electrochemical signal outputs. The developed
photoactivated biosensor for dictated ATP detection with high spatiotemporal resolution in single living cells at a desired time and
desired place suggests the possibility to monitor biomarkers during different cell cycles.

Over the past decades, biosensing techniques have been
widely used in biomedicine, clinical diagnostics, environ-

mental monitoring, and food safety.1,2 Various biosensors have
been developed for the detection of different types of analytes
(such as small molecules, enzymes, and protein), including
fluorescence,3 electrochemistry,4 colorimetric,5 and chemilumi-
nescence.6 In particular, the biosensing process in single living
cells allows the detection of cellular contents in single living cells
and the monitoring of contents fluctuating with time in different
cell cycles, thus providing important information for the course
of the disease.7 There are two types of biosensors: biosensors
with a target recognition unit (target probe) and biosensors
without a target recognition unit. Biosensors with a target
recognition unit, which can selectively interact with the target,
are desirable for the specific detection of target molecules.
However, most of the current biosensors with a target
recognition unit are “passive-type”, which means that the target
probes are “always active” and the target could interact with the
probes directly.8,9 This biosensing process is hard to control and
may result in undesired signal generation and the target probe
consumption during the process of probes reaching the dictated
detection position. In principle, an “activable-type” biosensor
would avoid this defect. In the biosensing process of the
“activable-type” biosensor, the probe was kept inert until it was
selectively activated at a desired time point and position. Thus,
in the “activable-type” biosensing process, the dictated

activation of the probes is possible, which enables the
spatiotemporal detection of the target in single living cells.
To selectively activate the probes, remote and benign light

control is a promising stimulus. Particularly, photoresponsive
nucleic acids that include the o-nitrobenzylphosphate ester
group as photocleavable protecting groups (PC-linker) were
reported.10 Upon irradiation, the photocleavable linker was
cleaved to form an exposing toehold, which is used as an initiator
to induce the strand displacement reaction.11 Moreover, the
activity of the photoresponsive system can be adjusted by the
parameters including wavelength, exposure time, and light
power.12 Therefore, it is easy to achieve the dictated activation of
the sensors and determine where and when to execute their
activity in living systems with light irradiation.13−15 Photo-
responsive nucleic acids are widely used in biosensing,16−18

photolithography,19−22 DNA logical gate,23 and other as-
pects.24,25
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Adenosine 5′-triphosphate (ATP) plays an important role in
many biological processes.26 ATP is the energy storage molecule
and plays an important role in the metabolism and signaling
process. In addition, the abnormal concentration of ATP is
associated with many diseases.27,28 For example, the excessive
production of ATP is related with malignant tumor,
cardiovascular diseases, Alzheimer’s, and Parkinson’s.29 Also,
ATP is used as an indicator for cellular viability and injury.30

Therefore, the detection of ATP at the subcellular level is very
important for the study of energy metabolism. A variety of
strategies have been put up for ATP detection in cells.31 For
example, Tian et al.32 developed a single two-photon
fluorescence-lifetime-based probe, which provided a method
for ATP andH2O2 imaging and detection in the mitochondria in
two separated channels without crosstalk. Lu et al.33 reported a
photocleavable linker with DQAsomes to monitor ATP in the
mitochondria in living cells. Nowadays, the analysis of ATP in
single cells was brought up. Qi et al.34 fabricated an
electrochemical nanoelectrode to monitor ATP fluctuation in
the mitochondria at the subcellular level. Jin et al.35 used a
functional glass nanopipette assembled with ATP-responsive
gold nanoparticles to analyze the ATP concentration change in
single normal cells and cancer cells during apoptosis.
Herein, we constructed a photoactivated biosensor by using a

photoresponsive hairpin DNA modified with the PC-linker as
probes for dictated ATP detection in single living cells with high
spatiotemporal resolution. The photoactivatable DNA probe
complex was modified with aptamer AS1411, which facilitated
the probe to internalize into MCF-7 cancer cells via ligand-
induced endocytosis.36,37 The ATP aptamer in the DNA probe
complex was activated in single living cells via UV irradiation (λ
= 365 nm, guided by a micrometer-sized optical fiber) or two-
photon irradiation (λ = 740 nm) controlled by confocal laser
microscopy. The activated ATP aptamer could bindwith ATP to
generate a “Signal-ON” fluorescence signal in the cytoplasm,
while the electrochemical signal was generated by a nano-
electrode inserting into the cell without a visible morphological
change. The electrochemical photoactivatable hairpin DNA
probe was immobilized on a nanoelectrode by the Au−S bond.
At the initiation of the system, a significant electrochemical
signal was obtained because of the redox-active groups MB
approaching the surface of Au. Upon the irradiation of 365 nm
UV light by the optical fiber, the electrochemical photo-
activatable hairpin probe was cleaved, binding with ATP and
releasing the strand modified with MB to generate a “Signal-
OFF” electrochemical signal in the certain position of the cell.
Thus, the photocontrollable biosensor for ATP detection can
get a dual-signal fluorescence signal and electrochemical signal
with high spatiotemporal resolution at a desired place and
desired time.

■ EXPERIMENTAL SECTION
Materials. Ultrapure water with 18.2 mΩ cm was used in all

experiments. All DNA oligonucleotide sequences used were
purchased from Sangon Biotechnology Co., Ltd. (Shanghai,
China) and purified by HPLC, and the detailed DNA sequences
are shown in Supporting Information, Table S1. Tris(2-
carboxyethyl)phosphine hydrochloride (TCEP), 6-mercapto-
1-hexanol, Hochest 33258, and CaCl2 were purchased from
Sigma-Aldrich. Oligomycin was purchased from Sangon
Biotechnology Co., Ltd. (Shanghai, China). Calcein-AM and
propidium iodide (PI) were supplied by Yeasen Biotech Co.,
Ltd. (Shanghai, China). The buffer used in the experiment

includes 20 mM Tris-HCl, 150 mM NaCl, and 5 mM MgCl2
(pH = 7.5). A nanoelectrode with about 200 nm tip diameter
was purchased from Jiangsu Rayme Biotechnology Co., Ltd.
(Jiangsu, China). The outside of the nanoelectrode tip is coated
with an Au layer.

Electrophoresis Experiment. The PF-Alex488/CPF-
Dabcyl complex was heated to 95 °C for 5 min and then cooled
to room temperature for 3 h before use. Then, the samples were
treated under different conditions: in the presence of ATP (5
mM), under UV irradiation, and both in the presence of ATP
and UV irradiation. The gel was run in 12% PAGE gel with 1×
TBE buffer at 100 V constant voltage and 25 °C for 1.5 h. The
gel was stained with GelRed (Biotium) for 20 min to image the
DNA position by using the Tanon imaging system (Tanon 5200
Multi).

Fluorescence Measurements in a Buffer Solution. The
fluorescence intensity in the buffer solution was measured by an
FS5 spectrofluorometer (Edinburgh Instruments). The emis-
sion spectra were recorded from 500 to 650 nm with an
excitation wavelength of 495 nm. The performance of the
strategy was evaluated by the intensity at 535 nm. 50 μL of
solution containing a 100 nMPF-Alex488/CPF-Dabcyl complex
was used in the experiment. Also, 365 nm UV light was used to
irradiate the reaction in the presence of 5 mM ATP, and the PF-
Alex488/CPF-Dabcyl complex was hybridized in a ratio of 1:1.5
in the fluorescence measurement. For fluorescence in droplet, 5
μL of Tris-buffer, consisting of a 500 nM PF-Alex488/CPF-
Dabcyl probe complex and 5mMATP, was exposed to UV light,
and fluorescence was collected by using a single-cell analyzer
(Jiangsu Rayme Biotechnology Co., Ltd., China) with a
photomultiplier tube (PMT) after every 30 s of UV irradiation.

Electrochemistry Measurements in a Buffer Solution.
The gold electrode surface was polished and cleaned according
to the previously published protocol. The freshly washed gold
electrode was modified with a 5 μL solution containing a 1 μM
PE-MB/CPE complex and 100 μM TCEP and incubated
overnight at 4 °C. Then, the gold electrode was blocked by 2
mM 6-mercapto-1-hexanol. Then, the modified electrode was
irradiated by UV light to initiate the reaction by adding 5 mM
ATP. Electrochemical tests were performed including square
wave voltammetry (SWV) and cyclic voltammetry (CV) to
measure the electrochemical changes on the electrode surface.
The frequency was set as 80 Hz.

Cell Culture. MCF-7 cell was grown in the Dulbecco’s
modified Eagle’s medium with 10% fetal bovine serum (Gibco)
and 0.5 mg/mL penicillin−streptomycin at 37 °C in 5% CO2.
The cells were incubated with different probes (CPF-TAMRA,
PF-Alex488, PF-Alex488/CPF-Dabcyl, and PF-Alex488/CPF-
TAMRA-Dabcyl, 500 nM) at 37 °C in 5% CO2 for 6 h. The
confocal images were taken on a Zeiss LSM 880 with a 63× oil-
immersion objective. CaCl2 (5 μM, Sigma) and oligomycin (10
mM, Sigma) were used to upregulate or downregulate the
concentration of ATP, respectively, in the MCF-7 cell.

Fluorescence Measurements in Single Living Cells.
MCF-7 cells were incubated with the 500 nM PF-Alex488/CPF-
Dabcyl probe complex for 6 h at 37 °C in 5% CO2. An optical
fiber was used to guide the 365 nm UV light or two-photon
irradiation with 740 nm light to a certain cell to photoactivate
the PC linker, and the fluorescence intensity of the cell was
collected by a single-cell analyzer (Jiangsu Rayme Biotechnology
Co., Ltd., China) with PMT. The confocal images were taken by
a Zeiss LSM 880 with a 63× oil-immersion objective. Selective
two-photon irradiation of single living cells with 740 nm light
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was achieved by using Zeiss LSM 880 confocal laser microscopy
equipped femtosecond laser.
Electrochemical Measurements in Single Living Cells.

A nanoelectrode was used to measure the electrochemical signal
in single living cells. The nanoelectrode tip surface was modified
with a DNA probe via the Au−S bond. The nanoelectrode tip
was dipped into a 200 μL solution containing 1 μMPE-MB/CPE
and 100 μM TCEP and incubated overnight at 4 °C.
Subsequently, the modified nanoelectrode tip surface was
blocked by 2 mM 6-mercapto-1-hexanol. Modified nano-
electrodes were tested via SWV in a blank solution before
electrochemical measurements in single living cells, and
nanoelectrodes were chosen from the same current signal level
to control the effective surface area of the nanoelectrode. The
working principle and setup of the single living cell detection
system are shown in our previous work, Scheme S1.13 Then, the
nanoelectrode penetrated the single MCF-7 cell, irradiated by
the UV light guided by the optical fiber. Electrochemical tests
were performed including SWV and CV to measure the
electrochemical changes on the electrode surface. The frequency
was set as 500 Hz.
Upregulation and Downregulation of ATP in MCF-7

Cells. The upregulation of ATP in MCF-7 cells was stimulated
by 10 mM oligomycin for 4 h and incubated with the probe PF-
Alex488/CPF-TAMRA-Dabcyl for 6 h. Also, the downregulation
of ATP inMCF-7 cells was stimulated by 5 μMCaCl2 for 4 h and
incubated with the probe PF-Alex488/CPF-TAMRA-Dabcyl for
6 h.
MCF-7 Cells Incubated with Nuclear Dye Hochest

33258. MCF-7 was incubated with probe PF-Alex488/CPF-
TAMRA for 6 h, followed by the incubation with 10 μM
Hochest 33258 for 30 min.
MCF-7 Cells Incubated with Calcein-AM and PI.MCF-7

was incubated with 4 μM Calcein-AM (a commercially living

cell probe) and 4 μM PI (a commercially dead cell probe) to
verify the viability of the cell for 20 min. The cells with a yellow
rectangle were the cells inserted by the nanoelectrode.

■ RESULTS AND DISCUSSION
Principle of the Photoactivated Biosensing Process for

Dictated ATP Detection in Single Living Cells. As
illustrated in Scheme 1, the photoresponsive DNA probe
complex is composed of two parts: the carrier probe (CPF-
Dabcyl) and the photoresponsive target identification unit (PF-
Alex488). The carrier probe is modified with a fluorescence
quencher (Dabcyl) at its 3′ end and features an aptamer
(AS1411) with a single-strand tail, which can specifically interact
with nucleolin and be internalized into the cytoplasm. The
photoresponsive target identification unit is modified with a
fluorophore (Alex488) at its 5′ end and is linked by an o-
nitrobenzyl photocleavable linker (PC-linker). It is a photo-
activatable hairpin DNA with a protected ATP aptamer
sequence and a single-strand tail (detailed sequences are
shown in Table S1). The single-strand tail of CPF-Dabcyl can
hybridize with the single-strand tail of PF-Alex488, forming a
PF-Alex488/CPF-Dabcyl probe complex with quenched fluo-
rescence. This probe complex can be internalized into the
cytoplasm, and the protected ATP aptamer in the probe
complex will remain in the quiescent state until activated by UV
irradiation, which, in turn, interacted with ATP in living cells,
finally releasing the “Signal-ON” Alex488 fluorescence signal.
Still another photoactivatable DNA probe was designed for

dictated ATP detection with electrochemical signal generation.
In this system, a thiol-modified DNA capture probe (CPE) is
immobilized on the surface of a nanoelectrode tip through the
Au−S bond. The methylene blue (MB)-modified photo-
activatable target identification unit (PE-MB) then hybridizes
with the preimmobilized CPE (detailed sequences are shown in

Scheme 1. (a) Principle of Photoactivated Probes for the “Signal-ON” Fluorescent Signal and “Signal-OFF” Electrochemical
Signal of ATP Detection in a Single Cell, Activated by 365 nm UV Light Guided by the Optical Fiber
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Table S2). Hybridization causes the MB to be close to the
surface of the nanoelectrode tip, allowing the modified
nanoelectrode to be inserted into a single living cell at desired
positions using a three-axis micromanipulation system to deliver
PE-MB/CPE. A polyT (10 T bases) sequence is designed at the
5′-end of the PE-MB to bring theMB close to the nanoelectrode
surface for the generation of theMB signal. Upon UV irradiation
in single living cells, the protected ATP aptamer in PE-MB is
activated to initiate the specific binding with ATP in living cells.
After binding with ATP, the MB-modified DNA strand is
released from the tip surface, resulting in a decrease in the
electrochemical signal. Therefore, a photoactivated biosensor
with the functioned PE-MB/CPE electrochemical probe
complex has been put forward for dictated ATP detection
with the “Signal-OFF” electrochemical signal in single living
cells.
Dictated ATP Detection Performance in Aqueous

Solution. Photoactivated biosensor for dictated ATP detection
was first verified in an aqueous solution. To verify the principle
of the photoactivated biosensing process (Figure S1A), the
whole process was verified under different conditions by
fluorescence spectra (Figure S1B) and native PAGE gel
electrophoresis (Figure S1D). The fluorescence intensity
increased with the extension of the UV irradiation time, and
the fluorescence intensity was saturated nearly after 5 min
(Figure S1C). It can be seen that the fluorescence intensity
increased with the increase of ATP concentration from 0 to 7

mM (Figure S1E). It had a good linear relationship between the
fluorescence and ATP concentration in the range of 0−1 mM, as
shown in Figure S1F, which could match the ATP concentration
in living cells.38 Moreover, the system had a good specificity for
ATP detection (Figure S1H).
In addition to obtaining the fluorescence signal, a photo-

activated electrochemical DNA probe complex was designed
(Figure S2A) to get the “Signal-OFF” electrochemical signal.
The performance of the photoactivatable DNA probe for
electrochemical signal generation was tested using a disk
electrode. It can be seen that the signal of SWV and CV did
not change or changed slightly with UV light or in the presence
of ATP compared with the electrochemical signal decreased a lot
when irradiated by UV light in the presence of ATP (Figure
S2B). The electrochemical signal of SWV E/E0 was used to
evaluate the performance of the PE-MB/CPE complex. The
electrochemical signal E/E0 decreased with the concentration of
ATP from 0 to 10 mM (Figure S2C). A good linear relationship
between the electrochemical signal and the concentration of
ATP from 0 to 1 mM is observed in Figure S2D.
Next, the performance of the fluorescence collection system

and nanoelectrode in the single living cells analysis system was
investigated by using these photocontrollable fluorescence and
electrochemical DNA probe complex. The optical fiber/
nanofiber coupled with 495 nm external excitation light was
inserted into a 5 μL droplet containing the photoactivatable PF-
Alex488/CPF-Dabcyl probe complex and 5 mM ATP at a

Figure 1. Signal of ATP detection in the aqueous solution with a single-cell analyzer. (A) Photograph of the droplet with the guidance of the optical
fiber, and the scale bar is 50 μm. (B) Fluorescence data of the droplet collected by PMT. (C) Principle of electrochemical signal with the
nanoelectrode. (D) SWV signal with the nanoelectrode under different conditions: (I) under the irradiation of UV light, (II) in the presence of ATP,
and (III) both in the presence of UV light and ATP. The test condition was as follows: init E (V) =−0.5, final E (V) = 0, incr E (V) =−0.001, amplitude
(V) = 0.05, frequency (Hz) = 500, quiet time (s) = 2, and sensitivity (A/V) = 1 × 10−6.
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desired position (Figure 1A). As shown in Figure 1B, the droplet
was exposed to UV light, and after 30 s of UV irradiation,
fluorescence increased immediately and significantly. The
fluorescence intensity reached a plateau after UV irradiation
10 times (30 s each irradiation for a total of 5 min of UV
irradiation), representing a 4.5-fold increase in the fluorescence
intensity over the initial value after 5 min of UV irradiation.
These data indicated the efficient collection of the desired
fluorescence signal by the fluorescence detection system. For the
testing of the nanoelectrode performance, the surface of the
nanoelectrode tip was modified with the PE-MB/CPE probe
complex and blocked by 6-mercapto-1-hexanol (Figure 1C).
The ATP aptamer in the DNA probe complex was activated by
UV irradiation, which initiated the binding of the activated ATP
aptamer with the target ATP and resulted in a significant
decrease of the electrochemical signal (panel III, Figure 1D)
compared with that in the absence of ATP (panel I, Figure 1D)
or without UV irradiation (panel II, Figure 1D).
Dictated ATP Detection with the “Signal-ON” Fluo-

rescence Signal in Single Living Cells. Both photoactivated
DNA probe complex and signal collection systems were shown
to work as expected. Therefore, we next tested the ability of the
photoactivated DNA probe complex PF-Alex488/CPF-Dabcyl
together with the integrated fluorescent signal collection system
to detect ATP in a single MCF-7 cancer cell with a “Signal-ON”
fluorescent signal output. First, it was necessary to confirm that
the probe complex could be internalized by the MCF-7 cancer
cell and be photocontrollably activated, as expected. To make
this determination, PF labeled with Alex488 (PF-Alex488) and
CPF labeled with TAMRA (CPF-TAMRA) were used to assess
the internalization ability of aptamer AS1411 (Figure S3). Then,
we used PF-Alex488/CPF-TAMRA-Dabcyl to evaluate the
photoactivated process in living cells. Once the probe complex
was internalized into the cytoplasm of MCF-7 cells, the probe’s
photoactivation process was initiated by UV irradiation to, in

turn, trigger the displacement reaction in the MCF-7 cytoplasm.
Without UV irradiation, the probe complex PF-Alex488/CPF-
TAMRA-Dabcyl remained inert, and no reaction could proceed
(Figure S4A,B). Oligomycin and calcium ions were used to
downregulate and upregulate the expression level of ATP in the
cytoplasm of MCF-7 cells (Figure S4C,D), which corresponded
to the references.39,40 The corresponding average optical density
(AOD) under different conditions was obtained by NIH Image
software in Figure S5. These results demonstrated that the probe
complex PF-Alex488/CPF-TAMRA-Dabcyl worked as we
expected. DNA probe PF-Alex488/CPF-TAMRA was incubated
with cells for 6 h to make the DNA probes go inside the
cytoplasm, which was verified by using the Hoechst 33258 dye
to stain the cell nucleus, as shown in Figure S6.
After performing these preliminary experiments, ATP sensing

in single MCF-7 cells was further performed using the optical
fiber/nanofiber to selectively activate the probe in a singleMCF-
7 cell. In the experiment, the probe complex PF-Alex488/CPF-
Dabcyl was incubated with MCF-7 cells for 6 h, and then, the
optical fiber approached the certain cell’s cytomembrane under
the guidance of 365 nm UV light and the excitation wavelength
of 495 nm with a three-axis micromanipulation system (Figure
2A,B). Upon the irradiation of 365 nm UV light, the complex
PF-Alex488/CPF-Dabcyl was activated and binded with ATP
inside the cell to release to the cytoplasm. External light of 495
nm was used as the excitation light to obtain the PF-Alex488
fluorescence signal collected by PMT. After the probe complex
PF-Alex488/CPF-Dabcyl reacted for 30 min in the cells, the
fluorescence intensity was nearly not changed without UV light
irradiation. On the contrary, the fluorescence intensity with UV
light irradiation increased nearly 3.6-fold higher than the
fluorescence intensity without UV irradiation during the
reaction time (Figure 2C). The 365 nm UV light did not affect
the viability of the cells (Figure S7). These results showed that
our designed DNA probe could be used for photoactivated ATP

Figure 2. Fluorescence signal of a single cell irradiated by 365 nm UV light with the optical fiber. (A) Scheme of the photoactivated displacement
reaction in a single cell for ATP detection. (B) Photograph of the optical fiber under the guidance of 365 and 495 nm light to the cell, and the scale bar is
5 μm. (C) Fluorescence signal of a single cell with UV light irradiation and without UV light irradiation by the optical fiber with 365 nm UV light.
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sensing in a single cell. Moreover, the probes could be used to
discriminate among cells with different levels of ATP expression
via the fluorescent method.
Two-photon is a good choice for efficiently cleaving the

photolabile groups.41−43 Themaximum absorption of the caging
group is 365 nm, which can be excited by light at around twice of
the maximum absorption of 730 nm. Two-photon absorption
only occurs at the focus of a laser. Thus, we chose two-photon as
another irradiated way to photoactivate the certain single cell,
precisely. Confocal microscopy was used to more intuitively
observe the single living cell selectively, irradiated by two-
photon light. MCF-7 cells were incubated with the PF-Alex488/
CPF-TAMRA-Dabcyl probe complex. After 6 h of incubation,
the single living cell was marked and selectively irradiated by
two-photon light and imaged with confocal microscopy.

Resulting images showed that the TAMRA signal could be
observed in all cells, indicating that the PF-Alex488/CPF-
TAMRA-Dabcyl probe complex had been internalized in all cells
(Figure 3A). In contrast, the PF-Alex488 signal could only be
observed in the activated single cell circled by a yellow ellipse,
while no signal was emitted from the surrounding cells. Because
the probe in cells which had not undergone UV irradiation
remained quiescent, it could not initiate the displacement
reaction, even in the presence of ATP (Figure 3B). Five different
cells were studied in parallel to explore the reproducibility of the
two-photon irradiation method. Evaluated by AOD of the PF-
Alex488 signal, the cells had a low PF-Alex488 signal value
without irradiation, while the cells with two-photon irradiation
had a higher PF-Alex488 signal value (Figure 3C). These results

Figure 3. Fluorescence signal of a single cell irradiated by two-photon. (A) Confocal microscopy images of MCF-7 cells treated with the PF-Alex488/
CPF-Dabcyl-TAMRA complex with the irradiation of two-photon in the TAMRA channel; the cell circled in yellow ellipse is irradiated by two-photon.
(B)MCF-7 cells irradiated by two-photon in the Alex488 channel; the cell circled in yellow ellipse is irradiated by two-photon. (C) AODof a single cell
with irradiation and without irradiation by two-photon irradiation with 740 nm light in five different cells. The scale bar is 20 μm in the above
experiments.

Figure 4. Electrochemical signal in a single cell with a nanoelectrode for ATP detection. (A) Illustration of ATP detection with a nanoelectrode in a
single cell. Electrochemical signal of ATP detection in different positions of the cell: (B) extracellular, (C)membrane, and (D) cytoplasm; the scale bar
is 10 μm in the above experiments. The test condition was as follows: init E (V) = −0.5, final E (V) = 0, incr E (V) = 0.001, amplitude (V) = 0.05,
frequency (Hz) = 800, quiet time (s) = 2, and sensitivity (A/V) = 1 × 10−6.
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proved that the probes could be precisely activated at the single-
cell level without affecting the surrounding cells.
Dictated ATPDetectionwith the “Signal-OFF” Electro-

chemical Signal in Single Living Cells. As previously

described, the photoactivated DNA probe, together with the
integrated electrochemical signal collection system, can also
work as expected in the buffer solution. Here, we further used
the photoactivated DNA probe to detect ATP in single living

Figure 5.Dual-modal ATP detection in single living cells. (A) Photograph of ATP detection with a nanoelectrode inserted into the single cell under the
guidance of the optical fiber with 365 and 495 nm light, and the scale bar is 5 μm. (B) Fluorescence signal of ATP detection in a single cell. (C)
Electrochemical signal of ATP detection in a single cell. The test condition was as follows: init E (V) = −0.5, final E (V) = 0, incr E (V) = 0.001,
amplitude (V) = 0.05, frequency (Hz) = 800, quiet time (s) = 2, and sensitivity (A/V) = 1 × 10−6.

Figure 6. Signal of ATP detection under different situations and in different cell lines. (A) Fluorescence signal of MCF-7 cells without UV, with UV,
treatment with 5 μMCaCl2, and treatment with 10mMoligomycin. (B) Electrochemical signal of MCF-7 cells without UV, with UV, treatment with 5
μM CaCl2, and treatment with 10 mM oligomycin. (C) Photograph of the nanoelectrode inserted into three different cell lines: MCF-7 cells, HeLa
cells, and HEK293T cells. (D) Fluorescence signal for six cells from single-cell ATP detection for the three tested cell lines. (E) Comparison of the
fluorescence signal for ATP detection in single MCF-7, HeLa, and HEK293T cells. (F) Electrochemical signal for six cells from single-cell ATP
detection for the three tested cell lines. (G) Comparison of the electrochemical signal for ATP detection in single MCF-7, HeLa, and HEK293T cells.
The scale bar is 5 μm.
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MCF-7 cells. The photoactivated DNA probe PE-MB/CPE was
immobilized on the tip of the nanoelectrode by the Au−S bond.
The tip diameter of the nanoelectrode was 230 nm, and a
scanning electron microscopy (SEM) image is shown in Figure
S8. The nanoelectrode was sharp enough to insert the cell with
minimal invasiveness, which was verified by confocal micros-
copy after staining with Calcein-AM and PI. Confocal images
showed that MCF-7 cells exhibited green fluorescence, even the
marked with yellow rectangular cells were inserted by the
nanoelectrode (Figure S9). The nanoelectrode was inserted into
a single living MCF-7 cell, and the optical fiber was used as the
guide of 365 nmUV light, approaching the cytomembrane of the
certain single MCF-7 cell (Figure 4A) (Video S1). The
nanopipette was inserted into three different positions of the
cell: extracellular, membrane, and cytoplasm. The SWV signal
changed slightly in the extracellular cell (Figure 4B) and
membrane (Figure 4C) with or without UV irradiation,
indicating the low concentration level of ATP in the extracellular
and membrane, while it had a significant drop inside the
cytoplasm of the cell, indicating a high concentration level of
ATP in the cytoplasm (Figure 4D). These results showed that
our designed photoactivated electrochemical probe could be
used to detect the concentration of ATP in different subcellular
regions of a single MCF-7 cell.
Dual-Modal Signal Outputs for Dictated ATP Detec-

tion in Single Living Cells. For the practical use of ATP
sensing, one target that presented different kinds of signal
outputs could provide more faithful results than that with only
one kind of signal output. Therefore, as a proof-of-concept, ATP
sensing in a MCF-7 single cell with both “Signal-ON”
fluorescence signal and “Signal-OFF” electrochemical signal
outputs was demonstrated with the photoactivated DNA probe
equipped with a dual signal. First, MCF-7 cells were incubated
with the PF-Alex488/CPF-Dabcyl probe complex. After
incubation, the nanoelectrode immobilized with the photo-
activated electrochemical probe PE-MB/CPE was inserted into
the selected single MCF-7 cell. Also, the optical fiber was
approaching the cytomembrane of the selected single MCF-7
cell (Figure 5A). The optical fiber was around 5 μm, the
corresponding light spot diameter was around 12 μm, and the
diameter of the cell was around 10 μm. The diameter of the light
spot is consistent with the cell size, which enables the selective
irradiation in the single living cell level. With 365 nm UV light
irradiation for 5 min, photoactivated probes PF-Alex488/CPF-
Dabcyl and PE-MB/CPE were activated, which released the
hidden toehold and initiated the displacement reaction in the
presence of ATP of the single MCF-7 cell. After 30 min of
reaction time, excited by 495 nm light, a “Signal-ON”
fluorescence signal was obtained along with a “Signal-OFF”
electrochemical signal. The fluorescence intensity with UV
irradiation was 3-fold higher than the fluorescence intensity
without UV irradiation, which was lower than that with only a
fluorescence signal output (increased about 3.6-fold) (Figure
5B). At the same time, a decreased electrochemical signal by
49% was obtained, which was lower than that with only an
electrochemical signal output (decreased about 58%) (Figure
5C). In the dual model, ATP would react with both
photoactivated DNA probes in the cytoplasm of the single
cell, and the photoactivated DNA probes on the surface of the
nanoelectrode tip, in turn, generated both fluorescence and
electrochemical signals. Thus, the dual model would tend to
reduce the fluorescence/electrochemical signal to a lesser extent
than that with only fluorescence/electrochemical signal output.

Monitoring ATP Fluctuation at a Subcellular Level
under External Stimulus and Relative Concentration of
ATP in Different Cell Lines. It has been reported that Ca2+

promotes ATP production by activating mitochondrial dehy-
drogenases. Moreover, oligomycin decreased the ATP concen-
tration level by inhibiting oxidative phosphorylation. It can be
concluded that the fluorescence intensity F/F0 treated with Ca

2+

was around 4.17, higher than treated with UV light 3.07.
Inversely, the fluorescence intensity F/F0 treated with
oligomycin was about 1.75 lower than the sample treated with
UV light 3.07 (Figure 6A). The electrochemical signal was
250.37 nA without UV irradiation. With UV irradiation, the
electrochemical signal was 131.67 nA, higher than the
electrochemical signal treated with Ca2+ (38.93 nA) and lower
than the electrochemical signal treated with oligomycin (Figure
6B).
To prove the versatility of our method, we chose another cell

line, human cervical cancer cell (HeLa) and human embryonic
kidney 293T (HEK-293T), to obtain the fluorescence signal and
electrochemical signal (Figure 6C). From Figure 6D,E, the
fluorescence intensity F/F0 in the MCF-7 cell was 2.80, 3.12 in
the HeLa cell, and 1.84 in the HEK-293T cell. It can be seen that
the fluorescence intensity F/F0 from high to low was as follows:
HeLa > MCF-7 > HEK-293T. Owing to the fluorescence probe
was a “Signal-ON” sensor, which corresponded to the
concentration of ATP in different cells from high to low:
HeLa > MCF-7 > HEK-293T, while the electrochemical probe
was a “Signal-OFF” probe. It can be seen from Figure 6F,G that
the electrochemical signal in the MCF-7 cell was 121.77, 104.48
in the case of HeLa cell, and 241.79 nA in the HEK-293T cell.
The electrochemical signal from high to low was as follows:
HEK-293T > MCF-7 > HeLa. The result corresponded to the
concentration of ATP from high to low: HeLa >MCF-7 >HEK-
293T. The electrochemical result of the concentration of ATP in
different cells was the same with the fluorescent result.
Compared with cancerous MCF-7 cells and HeLa cells,
noncancerous HEK-293T cells showed a lowest fluorescent
signal and highest electrochemical signal, indicating a lowest
intracellular ATP level.We could use this method to quantify the
target in single cells to get more accurate results.

■ CONCLUSIONS
In summary, we have demonstrated a photoactivated biosensor
to detect ATP in single cells at a desired place and desired time
with the single living cell level spatiotemporal resolution.
Photoactivated DNA probes were sophisticatedly designed with
an o-nitrophenylphosphate ester modified with Alex488
fluorophore and redox-active groups MB to obtain the
fluorescence signal and electrochemical signal. The fluorescence
hairpin probe was inactivated at the quenched state, whereas the
electrochemical probe was immobilized on the nanoelectrode
tip. Irradiated by 365 nm UV light, the caged fluorescence
hairpin probe was cleaved to get the “Signal-ON” fluorescence
signal. Meanwhile, electrochemical probes were activated to
release the DNA strand modified with MB to get the “Signal-
OFF” electrochemical signal. Therefore, an ATP biosensor has
been constructed, which could be inactivated or caged before
reaching the cell and be activated or decaged upon the
irradiation of light to detect ATP in single living cells. It is
useful for monitoring the biomarkers during the biological
process in single living cells. The subcellular spatial control by
using our developed method could be achieved via designing a
DNA sequence to target different subcellular organelles25,44,45 in
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a future study. Based on the reported literature studies,45,46 our
proposed principle may provide a strategy to monitor the time-
dependent change of the intracellular molecular level. The
developed multimode detection platforms by coupling the
“Signal-ON” fluorescence signal and “Signal-OFF” electro-
chemical signal in single living cells are important to prevent
“false-positive” or “false-negative” results that are often
encountered in single “Signal-ON” or “Signal-OFF” trans-
duction means.47
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