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This work reports the construction of a miniaturized Ag/AgCl
nanoelectrode on a nanopipette, which is capable of dual-functions
of single-cell drug infusion and chloride detection and is envisioned to
promote the study of chloride-correlated therapeutic effects.

The homeostatic regulation of inorganic cations and anions is a
characteristic of healthy cells. Steady-state maintenance of this
ionic homeostasis across the entire intracellular fluid is critical
for normal cellular functions and life processes." Among var-
ious physiological ions, chloride is the predominant and one of
the most important anions in our body. Regulated by the
transmembrane ion channel and cotransporters, the normal
cytosolic chloride concentration is approximately 5-40 mM
versus the high extracellular value of ca. 120 mM.>™* Increasing
evidence demonstrates that chloride serves many fundamental
biological roles in e.g. cell cycle progression and proliferation,
regulation of gene expression, water secretion, etc.>” In parti-
cular, the disturbances of cytosolic chloride have been corre-
lated closely with cellular apoptosis and many pathological
alterations.®

Small molecular drugs capable of regulating cytosolic chlor-
ide concentrations have attracted substantial efforts.*® However,
in traditional studies, only results with population averaging
were obtained. To elucidate the accurate therapeutic-action and
decipher the associated fundamental cellular physiology,’ the
precise knowledge of how a specific therapeutic reagent and its
dosage affect the cytosolic chloride within single cells is highly
demanded. This highlights the significance of single-cell tech-
niques capable of sensitive cytosolic modulation and chloride
detection. So far, researchers still lack such a bifunctional
nanotool that is highly accessible, stable and durable.

To this end, solid nanoprobes that are able to intrude
single live cells and perform electrochemical detection in a
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biocompatible and biorthogonal manner is of particular
interest.'®"* Although many endogenous species have been
addressed using carbonic or metallic nanoelectrodes,'*'*
potential-resolved electrochemistry towards chloride remains
a major challenge. Extra major challenges are their impotence
for simultaneous drug delivery and chloride detection in an
in situ manner.

Remarkably, nanopipettes have been increasingly explored
for single-cell electroanalysis (Table S1, ESIf).">™'® Various
“metallic redox indicators” were initially derived for faradaic
detection of redox-active species,””**"?* while the lumens of
the nanopipettes were utilized for custom functionalization
and accommodation’”*® and on-demand collection and
injection.?®>*2¢ Also based on faradaic reactions, photoelec-
trochemistry and electrochemiluminescence®” techniques were
grafted to nanopipettes for single-cell analysis.*®*° Meanwhile,
iontronic single-cell nanotools have also been developed for
addressing non-electrogenic species.**?> Considering the
importance of physiological chloride, we reason that properly
engineered nanopipette ‘“electrodes of the second kind”, e.g.
silver/silver-chloride (Ag/AgCl) nanopipettes, might open the
possibility for single-cell chloride detection.

Herein, a hollow Ag/AgCl nanopipette capable of cytosolic
chloride detection and drug injection was devised (see ESIt for
experimental details). Specifically, as illustrated in Fig. 1a,
sequential Ti and Ag deposition via magnetron sputtering
and chemical oxidation were conducted to in situ form a
AgCl/Ag film as the chloride-sensitive and metal contact layers.
The as-formed nanotool was subsequently protected by a
selected polymeric anti-interference layer of polyacrylonitrile
(PAN), succeeded by wax sealing to fix a specific exposure.
In such a nanoarchitecture, the innermost glass lumen could
be used for drug delivery, the underlying metal contact layer for
wiring to the external circuit and the nanoscale Ag/AgCl with
excellent electrochemical stability for single-cell chloride detec-
tion; while the outermost PAN was selected as the protecting
layer due to its good capability against various biological inter-
ferents while retaining good ion permeability. Upon exposure to
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Fig.1 (a) Preparation of the hollow Ag/AgCl nanoelectrode. (b) The
detailed perspective of the nanotool with cytosolic injection and detection
circuits. (c) Scheme of cytomembrane penetration and injection of specific
therapeutic agents and chloride detection within a single cell. (d) The side-
view SEM images of the as-pulled (upper) and as-devised (bottom)
nanotool. Scale bar = 1 um. (e) The corresponding elemental mapping
images. Scale bar = 1 um. (f) The top-view SEM images of the as-devised
nanotool. Scale bar = 100 nm.
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chloride, the altered chloride concentrations will result in dif-
ferent electrode potentials based on the Nernst equation.?

For cellular application, as depicted in Fig. 1b and c, by the
alternate connection of the delivery and detection switch, this
nanotool could perform chloride-oriented drug administration
and precise study of the corresponding therapeutic-action. Note
that a Hg/Hg,SO, electrode was used as the reference electrode
because it is not sensitive to the ambient chloride. Besides, as
the intracellular drug delivery was enabled by electroosmosis
and chloride detection followed the principle of the Nernst
equation, there were no faradaic currents throughout the
experiments, ensuring the minimized perturbation to the target
cells. Fig. 1d shows the scanning electron microscope (SEM)
images of the pristine as-pulled nanopipette (upper) and the as-
fabricated Ag/AgCl nanoelectrode (bottom), respectively. As
shown, the pristine nanopipette possessed a near-cylindrical
shape with a rather smooth surface, whereas the Ag/AgCl nanoe-
lectrode exhibited a rough surface consisting of numerous AgCl
nanoparticles. Incidentally, upon identical preparation upon a
plane surface, the nanoscale AgCl was also characterized by an
atomic force microscope (Fig. S1, ESIT). Note that the coverage of
PAN film could not be recorded by SEM due to the strong
contrast, which was then confirmed by elemental mapping
showing the stepwise appearance of Ag, Cl, and C elements, as
recorded in Fig. 1le. For better clarity, it was further verified by
electrochemical impedance spectroscopy (EIS), as discussed with
Fig. S2 (ESIt). Fig. 1f shows the quasi-circular aperture of ca.
350 nm for following cytosolic delivery.

The feasibility of this nanotool for practical usage was then
in vitro investigated. According to its basic working principle,
the potential of the Ag/AgCl nanoelectrode is controlled by the
chloridion concentration in the electrolyte. The responses of
the nanotool were initially recorded within the HEPES milieu of
variable chloride concentrations. As shown in Fig. 2a, distinct
and stable open-circuit-potential curves were obtained, with the
respective values of ca. —350 mV, —320 mV, —285 mV, —267 mV
and —235 mV corresponding to chloridion concentrations of
100 mM (pCl = 1), 50.11 mM (pCl = 1.3), 10 mM (pCl = 2),
5.01 mM (pCl = 2.3) and 1 mM (pCl = 3), respectively. Fig. 2b
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Fig. 2 (a) Potential responses in HEPES milieus with different chloride
concentrations within the range from 1-100 mV. (b) The corresponding
derived linearity of log pCl vs. potential (vs. Hg/Hg,SO4) (mV). (c) Selectivity
tests towards various interfering species and the mixed sample. (d) Recy-
cling potential responses of the nanotool measured in the HEPES milieu
without and with 100 mM chloridion. Error bars represent standard
deviations from 3 independent detections.

shows the derived linear relationship between the potentials
and the corresponding chloridion concentration, with the
regression equation of E = —405.98 + 58.3 pCl (R* = 98.6).
Significantly, the range of linearity would be ideal for cellular
applications given the cytosolic chloridion of ca. 5-40 mM.?
Considering the interference, halide ions are generally less than
10~® M*** in normal cytosols, and the anti-interference cap-
ability of the nanotool was then studied by detecting 10 mM
chloridion against the interferents of halide ions, some common
anions**° and intracellular species,””*° including 10™® M F~,
10 M Br, 107 *M1I, 100 mM NO, ", 100 mM NO;~, 100 mM
SO,>7, 10 ® M H,S, 1 mM H,0,, 1 mM GSH and 1 mM cysteine
as well as their mixture. As shown in Fig. 2c, only chloridions
and the mixture could induce obvious and similar potential
changes of ca. —283 mV, indicating its good selectivity for
potential cytosolic probing. Next, recycling potential measure-
ments of the nanotool were performed in the HEPES milieu in
the absence and presence of 100 mM chloridion. As shown in
Fig. 2d, the highly recyclable potential responses validated the
good operational stability and precision for repeated usage.
Incidentally, as shown in Fig. S3 (ESIt), the long-term durability
of this nanotool was also demonstrated by 1000s detection
within the HEPES milieu with 100 mM chloridion. Besides, the
effect of possible pH fluctuation was studied using HEPES
milieu containing 10 mM chloridion with pH of 6.4, 7.4, and
8.0. Fig. S4 (ESIf) indicates the negligible pH effect on the
nanotool. In addition, the possible adsorption effect was further
studied by dipping the nanotool into cell lysate for 15 min before
testing. As shown in Fig. S5 (ESIt), the quite stable signals
disclosed the minimal adsorption effect of the nanotool.

The nanotool was then implemented for in situ intracellular
drug delivery and chloridion detection within a single MCF-7 cell.

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Signalling routes of (a) resveratrol and (b) BzZATP-induced apopto-
sis. The evolution of recorded potential and corresponding intracellular
chloride level MCF-7 cells treated by electroosmotic delivery of 100 uM
resveratrol and BzATP under +1 V for 3 min, with extracellular chloridion
set as (c) ~140 mM and (d) 10 mM. Error bars represent standard
deviations from 10 independent detections.

Resveratrol and 2'-3’-O-(4-benzoylbenzoyl)-ATP (BzATP) were
selected as a representative apoptosis drug and chloride influx
drug, respectively. As illustrated in Fig. 3a, resveratrol could
upgrade the expression and kinase activities of positive G1/S
and G2/M regulators, which in the presence of high levels of
p27 and p53 could lead to cell cycle blockade at the S-phase and
induction of early stage apoptosis with a corresponding change of
membrane permeability for chloridion influx.*' By contrast, as
shown in Fig. 3b, BzATP as a P2X7 receptor agonist could lead to
activation of P2X7, inducing depolarization of the membrane
potential and direct chloridion influx towards apoptosis.*” The
biocompatible electroosmotic intracellular delivery had previously
been verified by the delivery of fluorescein isothiocyanate
(FITC),"**° and the same function of the present nanodevice
was also validated as shown in Figure S6-S9 (ESIY).

Within the normal 1x PBS containing ca. 140 mM chlor-
idion as the extracellular environment®’ and upon electro-
osmotic delivery of 100 pM resveratrol and BzATP for 1 min
under +1 V, the evolution of intracellular chloridion levels was
recorded based on 10 MCF-7 cells per group. As shown in
Fig. S10 (ESIt) for the case of resveratrol, the potential gradually
declined from ca. —285 mV to —340 mV over a duration of
90 min and then tended to an equilibrium, corresponding to
chloridion levels from ca. 8 mM to 74 mM. However, for
the case of BzATP, the potential declined from ca. —287 mV
to —341 mV within 30 min, corresponding to the chloridion
levels from ca. 9 mM to 77 mM. Such results indicated that
BzATP enabled a more rapid onset of action in chloridion
influx. To further reveal its potential in yielding precise knowl-
edge of how does a specific drug with specific therapeutic
dosages affect the cytosolic chloride, electroosmotic infusion
of 100 UM resveratrol and BzATP under +1 V was then respec-
tively conducted for 2 min and 3 min. As shown in Fig. S10
(ESIT) and Fig. 3c, with the increase of the delivery time, the
rate of potential decline increased and the potential
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approached its equilibrium faster. As shown, upon 3 min
infusion of resveratrol, the potential declined from ca. —285 mV
to —340 mV rapidly within ca. 60 min. For the case of BzATP, the
potential declined from ca. —285 mV to —341 mV and even
reduced to ca. 10 min.

Subsequently, the extracellular chloridion was set as 10 mM"°
and the electroosmotic delivery was conducted for 3 min with
other conditions unchanged, the evolution of intracellular chlor-
idion levels was then recorded. As shown in Fig. 3d, resveratrol
could hardly induce alternation of the intracellular chloridion
level, whereas BzATP could still cause obvious chloridion influx,
indicating the different roles of the two drugs in the signal
transduction pathways of the treated cells. These results demon-
strated the feasibility of this nanodevice for bifunctional
chloride-oriented therapeutics at a single-cell level, i.e. not only
direct intracellular drug administration with high precision but
also in situ evaluation of the therapeutic-action with high sensi-
tivity. Incidentally, the corresponding cellular status of the above
experiments was simultaneously monitored using the fluores-
cent dye of Hoechest 33342, as discussed in Fig. S11-520 (ESIY).

In summary, a nanopipette-derived hollow Ag/AgCl nano-
electrode was devised. The as-fabricated nanodevice was vali-
dated to be dual-functional, capable of cytosolic drug infusion
and chloride detection within a single cell. We also show
that this nanodevice possesses proper sensitivity, selectivity,
and stability for probing cytosolic chloride in a time-resolved
manner. It was further used to evaluate the therapeutic-action
of a specific chloride-targeted drug and its dosage down to the
single-cell level, which differed from the methodologies nor-
mally performed at a population level (Tables S2 and S3, ESIf).
This work is envisaged to deepen our understanding of how the
chloride fluxes are physiologically regulated by different cells
upon the application of external chemotherapies.
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