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ABSTRACT: Emerging nanopipette tools have demonstrated substantial potential
for advanced single-cell analysis, which plays vital roles from fundamental cellular
biology to biomedical diagnostics. Highly recyclable nanopipettes with easy and
quick regeneration are of special interest for precise and multiple measurements.
However, existing recycle strategies are generally plagued by operational complexity
and limited efficiency. Light, acting in a noncontact way, should be the ideal
external stimulus to address this issue. Herein, we present the photocontrolled
nanopipette capable of probing cellular adenosine triphosphate (ATP) gradient at
single-cell level with good sensitivity, selectivity, and reversibility, which stems from
the use of ATP-specific azobenzene (Azo)-incorporated DNA aptamer strands
(AIDAS) and thereby the sensible transduction of variable nanopore size by the
ionic currents passing through the aperture. Photoisomerized conformational
change of the AIDAS by alternative UV/vis light stimulation ensures its noninvasive regeneration and repeated detection.
Inducement and inhibition of the cellular ATP could also be probed by this nanosensor.
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Nanoelectrochemistry has been demonstrated as a power-
ful technology for deeper understanding of cell

metabolism and cell heterogeneity.1−10 Glass nanopipette
represents a state-of-the-art approach for single-cell analysis.
Its unique features in terms of fast fabrication, tunable orifice,
and large cavity for customized filling/functionalization, as well
as on-demand injection and aspiration, make possible intra-
cellular manipulations and measurements with high temporal
and spatial resolutions under different physicochemical
principles.11−25 Recently, for example, a double-barrel nano-
pipette served as minimally invasive nanotweezers for
dielectrophoretic single-cell biopsies;26 the plasmonic gold
nanostars functionalized the nanopipette for Raman quantifi-
cation of O2 levels in hypoxic single cells;27 the G-quadruplex
(G4) DNA sequence was confined in an ultrasmall nanopipette
with K+-dependent conformational transformation for tracking
stimulus-induced K+

fluctuation under physiological conditions
via resistive pulse;28 and porous Pt was chemically deposited in
a nanopipette for bipolar electrochemiluminescent detection of
intracellular H2O2 and glucose.29

Nature has optimized biochannels capable of exquisite
operation in response to external stimuli such as light, voltage,
ions, and biomolecules, which has stimulated extensive efforts
to develop artificial nanosystems mimicking biological
activities.30−36 Among various stimuli, light is especially
attractive because it is noninvasive and permits bioorthogonal
control of high spatiotemporal precision, and its noncontact

operation would not cause any contamination into the
nanosystems.37−41 To correlate with light, light-responsive
ion transport has been reported, on the basis of the
photocontrolled change of surface charge and pore size within
the nanochannels. For example, a light and pH dual-response
ionic gate was constructed with the switch controlled by the
surface charge42 and a sulfonated spiropyran integrated metal−
organic framework for photoswitchable proton transport based
on effective pore size.43 On the other hand, azobenzene (Azo),
with interconvertable nonplanar cis- and planar trans-states
upon UV/visible light irradiation, has often been employed as
the essential photoswitch.44−47 For instance, Azo-DNA
integrated with graphene oxide mobilized a porous anodic
alumina membrane for the rhodopsin-like photocontrolled gate
of ion transport,46 and Azo moieties attached fragaceatoxin C
toxin for remote light control of the nanopore assembly.47

However, the development of a light-responsive nanopipette
has remained out of reach.
Motivated by the above arguments, this work described a

photocontrolled nanopipette biosensor for single-cell electro-
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analysis. Adenosine triphosphate (ATP), as the molecular unit
of currency in all forms of life, not only provides energy to
many cellular processes, e.g., nerve impulse propagation and
muscle contraction, but also functions as signaling molecules
for regulating, e.g., neurotransmission and ion channels.48,49 Its
detection has been actively pursued with various techni-
ques.50−58 Herein, by using the ATP-specific Azo-incorporated
DNA aptamer strands (AIDAS),44,45 the photocontrolled
nanopipette was developed with high recyclability to ensure
the cellular ATP gradient probing on the basis of ionic current.
Specifically, a laser-pulled glass nanopipette was coated with
gold (Au) layers on its interior walls and then modified with
thiol-capped AIDAS photoswitch (Figure S1), which exhibited
ATP/vis-dependent conformational transformation and UV-
enabled recyclability (Figure S2) (see the Supporting
Information for experimental details).

■ RESULTS AND DISCUSSION
Materials Characterization. As characterized by scanning

electron microscopy (SEM), the glass nanopipette was laser-
pulled with a small circular orifice of ca. 60 nm (Figure S3),
which reduced to ca. 50 nm after sputtering the Au coating
(Figure 1a), which was recognized with minimal invasiveness
to a living single cell.59 The interior Au coating was confirmed
by focused ion beam (FIB) sculpture and elemental mapping.

A rough Au layer composed of small Au particles could be
clearly observed within sculptured Au-coated nanopipette
(Figure 1b top and Figure S4), and the even distribution of Si,
O, and Au elements indicated the continuous deposition of
interior Au layer (Figure 1b bottom and Figure S5). The ionic
measurements at −1.0 V also validated the Au deposition
(Figure S6). On the other hand, the photoisomerization
process of AIDAS was investigated by the absorbance spectra.
Compared to the spectrum of pristine DNA (black curve), a
new peak appeared in the AIDAS (blue and green curves)
(Figure 1c), and the spectrum difference between trans- and
cis-AIDAS was caused by the two benzenes of the former being
coplanar with the NN double bond. Circular dichroism
(CD) spectra of the ATP-contained trans-AIDAS (blue curve)
was different from that of ATP-free cis one (green curve); the
obvious positive (at ca. 275 nm) and negative (at ca. 245 nm)
bands appeared in that of ATP-contained trans-AIDAS (Figure
1d), because the planar trans-Azo in the DNA backbone could
stabilize the DNA duplex by base stacking to form a hairpin
structure, which could be further stabilized by capturing ATP
molecules (Figure 1e).44

Feasibility Study. The open-circuit potential (OCP) was
performed to compare the Au-coated nanopipette and AIDAS
functionalized one (denoted as AIDAS-NP) using the
illustrated setup (Figure 2a inset). The dramatic OCP change
confirmed the successful functionalization of the AIDAS within
the nanopipette (Figure 2a). With UV/vis light irradiation as
external stimuli, ATP capture was performed by immersing the
cis-AIDAS-NP into ATP-containing solution for 10 s under
visible light (450 nm) illumination for 2 min to complete the
conformational transformation, and then the ionic measure-
ments were conducted in 20 mM ATP-free Tris-HCl solution
containing 40 mM KCl, and the regeneration from the trans-
AIDAS-NP was made by UV light (365 nm) treatment for 2
min, while keeping the bias at +3.0 V to eject the released ATP
out of the nanotip.15 The ionic current rectification (ICR) was
then studied. As shown, the Au-coated nanopipette exhibited
relatively strong rectification characteristics due to adsorption
of numerous anions (Cl−) (Figure 2b, red curve). Here, the
AIDAS-induced increase of the negative surface charge yet
caused a decrease in the rectification degree, probably due to
the large physical size of AIDAS. Besides, the ATP-free cis-
AIDAS induced a smaller rectification ratio (Figure 2b, green
curve) than that of ATP-contained trans-AIDAS (Figure 2b,
blue curve). This revealed that the AIDAS conformational
change, rather than surface charge on the interior wall,
dominated the ion transport through the orifice. The overall
rectification ratios of the corresponding change were calculated
(Figure 2b inset). The resistance-pulse measurement (i−t
curve) could directly reflect the nanopipette state via the
magnitude of ionic currents.60−62 In the present case, the ATP-
free cis-AIDAS and ATP-binding trans-AIDAS generated
distinct ionic responses at the voltage of −1.0 V (Figure 2c),
which confirmed the dominance of AIDAS conformation in
this phenomenon, i.e., the single-stranded configuration of cis-
AIDAS could increase the blockade of the nanopipette
(decrease the effective pore size) that inhibited the ion
transport, whereas the stable hairpin structure of trans-AIDAS
could increase the effective pore size allowing larger ionic
current (Figure 2c inset). Moreover, the control experiment of
AIDAS-NP irradiated with UV/vis light under no ATP
treatment further validated the feasibility of the biosensor
(Figure S7).

Figure 1. (a) Top-view SEM image of an Au-coated nanopipette with
an orifice of ca. 50 nm. (b) SEM of a FIB-sculpted nanopipette (top)
and corresponding Au mapping (bottom). (c) Absorbance spectra of
DNA and AIDAS under different isomeric states. (d) CD spectra of
AIDAS at ATP-free cis-states and ATP-binding trans-states. (e)
Conformational change of AIDAS under cis (left) and trans (right)
states. Structure-switch of AIDAS led to alternative capture and
release of the ATP molecules.
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Biosensor Performance. The amount of cis-AIDAS was in
advance optimized to achieve the maximal blockade effect and
protect the nanodevice from the interference of thiols (Figure
S8). Furthermore, since the wireless Au-coated electrode may
be polarized under the external electrical field, common redox
mediators in the cytoplasm may impact the ionic signals.63,64

Hence, Fe(CN)6
3−/4− were used as an example for the

corresponding investigation. As shown in the obtained I−V
curves (Figure S9), no distinct redox peaks and offset of ionic
signals were observed due to the good blockade effect of
AIDAS, indicating elimination of any possible effect of Au
polarization. Incidentally, sampling time of ATP for 10 s was
determined to be sufficient for ATP binding (Figure S10). For
repeated ATP release and capture, stable signal recovery was
observed, suggesting the excellent photocontrolled reversibility
of the nanodevice (Figure 2d). Parallel signals from 12
nanopipettes in the same batch demonstrated high precision
and reproducibility (Figure S11). The effect of ATP

concentrations on differential ionic responses of AIDAS-NP
were also studied. As shown, the signals increased with the
enhanced ATP concentrations, indicating formation of more
ATP-binding trans-AIDAS within the nanopipette, which
displayed a good linear relationship between ΔI and the
logarithm of ATP concentration approximately from 10 nM to
10 mM (Figure 2e). This phenomenon coincided with
multiple gating states in a single conical nanochannel.65

Then, selectivity was studied by using glutathione (GSH) and
ATP analogues of uridine triphosphate (UTP), guanidine
triphosphate (GTP), as well as cytosine triphosphate (CTP) as
the interfering substances with equivalent concentration of
ATP. Ionic current responses from these species were similar
to the blank solution and much lower than that of ATP and
mixture, demonstrating its high specificity toward ATP (Figure
2f). Besides, according to previous studies,58 adenosine
diphosphate sodium salt (ADP), adenosine monophosphate
(AMP), and adenosine could cross react with the ATP
aptamers (Figure S12, red bars). Nevertheless, the mixed
solution including 5 mM ATP and interferents (0.15 mM
ADP, 0.1 mM AMP, 0.5 μM adenosine), whose concentrations
were set according to the actual intracellular content,66

generated similar ionic signals at −1.0 V to those of bare 5
mM ATP, indicating the minimal effect on cellular ATP
detection (Figure S12, blue bar).

Cellular ATP Gradient Detection. The AIDAS-NP was
then applied for probing local cellular ATP concentration and
its gradient of the individual H9C2 cardiac myoblasts, with the
assistance of a three-dimensional (3D) micromanipulator to
approach and penetrate the myoblasts at different heights in z
dimension. Notably, ultrasporadic cells were cultured for
avoiding interference from adjacent cells during measurement
(Figure S13). Presumably, the myoblasts could generate a
gradient from the intracellular cytoplasm to the nearby
medium. Four positions, i.e., ca. 1500 μm, ca. 750 μm, ca.
10 μm, and −2 μm relative to the cell membrane, were selected
for cellular ATP gradient electrochemical measurements
(Figure 3a). The contact between the nanotip and the cell
membrane could be sensitively reflected through the ion
current signals; i.e., the baseline current of the nanopipette
would instantaneously drop with the bias of +0.3 V (Figure
S14). In addition, the dimple of the cell membrane could be
observed at the contact point by a microscope field (40×)
(Figure S15). Then, by adjusting the relative altitude of
AIDAS-NP, the vertical probing process (from far to near) of
the four positions was performed with the focus of the
microscope on the nanotip (Figure 3b). Incidentally, the
insertion into the target cell was also confirmed by the change
of ionic signals (Figure S16). At different positions, variable
ionic current magnitudes were observed, and recording of ionic
signals was sequentially repeated 8 times (Figure 3c).
Generally, the ionic current intensity increased with smaller
distance, and the intracellular values exhibited a large
enhancement as compared to the extracellular results,
indicating high ATP concentration in the cytoplasm. No
cellular morphology change was observed after the repeated
detection, suggesting that the nanodevice had no effect against
the cell viability.20 Under the same conditions, detection of 12
individual cells was also performed with minor signal variation
(Figure 3d). Together, these results evidenced that the ionic
current magnitudes of AIDAS-NP associated intimately with
ATP-provoked gating states and its feasibility for probing
cellular ATP gradient. Incidentally, the nanosensor was

Figure 2. (a) OCP measurements. Inset: the setup using an as-
evaporated nanopipette with Au layers on both interior and exterior
walls; an Ag/AgCl wire electrode inserted in the capillary that
connected to the Au layer on the exterior wall. With backfilled
solution, the nanopipette was held in air, thereby generating a reaction
chamber at the nanopit tip for studying the interior surface. (b)
Obtained I−V curves of the AIDAS at cis and trans states. Inset:
corresponding ICR ratio. (c) Obtained I−V curves of cis-AIDAS with
UV light and trans-AIDAS with ATP and visible light. Inset:
schematic of the conformational change of photocontrolled AIDAS
in the nanopipette. (d) Photocontrolled recyclability of the AIDAS-
NP. (e) Increased ionic currents as the enhanced ATP concentration.
(f) Selectivity test. Note: ΔI represents the difference of ionic signals
at −1.0 V between before (cis-AIDAS) and after (trans-AIDAS) ATP
capture.
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recovered before each measurement to guarantee its identical
initial response.
External Stimuli. Due to the serious biochemical

consequences of deficiency or excess of important endogenous
species, research on drug effects on cellular status is important.
The potential of AIDAS-NP for probing such effects was
exemplified by Ca2+-provoked ATP inducement and oligomy-
cin-inhibited ATP depletion,67 with the use of JC-1, a cationic
lipophilic dye reflecting the mitochondrial membrane potential
(ΔΨm),68 to indicate the intracellular ATP production (Figure
4a). For normal cells, high ΔΨm facilitates the accumulation of
JC-1 monomers (J-monomers) in the mitochondrion to form
corresponding complexes (J-aggregates) emitting strong red
fluorescence. However, lower ΔΨm would go against the

accumulation of J-monomers, and most of them in the
cytoplasm would emit shorter green wavelength florescence.
Compared to the normal cardiac myoblasts, as shown, Ca2+-
treated myoblasts exhibited stronger red fluorescence from J-
aggregates and weaker green fluorescence from the J-
monomers. By contrast, a converse phenomenon was observed
in the oligomycin-treated myoblasts. Then, measurements on
single normal/Ca2+-provoked/oligomycin-inhibited myoblasts
were repeated 8 times (Figure S17), and measurements on 12
individual myoblasts were also performed (Figure 4b).
Comparatively, the corresponding ionic currents collected at
the four positions of Ca2+-treated myoblasts exhibited a
distinct increment compared to those from untreated H9C2
cardiac myoblasts, whereas obvious lower ionic currents were
observed for oligomycin-treated myoblasts. Via the Ca2+-
provoked ATP inducement and oligomycin-inhibited ATP
depletion effects, these results revealed the potency of AIDAS-
NP to probe ATP fluctuation from respective drug therapies.

■ CONCLUSIONS
In this work, a photocontrolled recyclable nanopipette tool was
demonstrated for sensitive probing of cellular ATP gradient.
Light assisted ATP-dependent gating status at the confined
nanotip could be sensibly transduced by the ionic response,
and the on-demand conformational change of AIDAS
photoswitched by alternate UV/vis light allowed the short
regeneration time of the nanodevice. By comparing with all
existing studies using the confined nanopores (Table S1), we
believe this work timely complemented other efforts in the
nanopipette community for single-cell analysis. Light, with
many other potential photoswitches (e.g., includediaryle-
thenes,69 spiropyrans,70 triphenylmethane leuco derivatives,71

fulgide,72 and alkenes73), is highly expected to further advance
the development of photocontrolled nanopipettes capable of
versatile applications.
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Figure 3. (a) Probing cellular ATP gradient by approaching AIDAS-
NP to a target cell in z dimension. The nanosized tip allowed easy and
multiple insertion into the cytosol, and the orange dots distributed
across the cell membrane represent the ATP molecules. (b) AIDAS-
NP at the four distances with the focal plane of the microscopy
focused on the nanotip. Note: black arrow points to the liquid level.
The scale bars represent 50 μm. (c) Repeated ionic current
magnitudes at different positions. (d) Corresponding statistical
studies with 12 individual cells.

Figure 4. (a) Fluorescent images of JC-1 stained H9C2 cardiac
myoblasts with calcium, oligomycin, and no treatment for the
characterization of mitochondrial function. The scale bars represent
50 μm, and the exposure time was set as 0.5 s. (b) Ionic current
responses collected at −1.0 V from 12 individual cells with normal,
calcium, and oligomycin treatment, respectively.
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