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Abstract
Label-free biosensing has been the dream of scientists and biotechnologists as reported by Vollmer and Arnold (Nat Methods
5:591–596, 2008). The ability of examining living cells is crucial to cell biology as noted by Fang (Int J Electrochem
2011:460850, 2011). Chemical measurement with electrodes is label-free and has demonstrated capability of studying living
cells. In recent years, nanoelectrodes of different functionality have been developed. These nanometer-sized electrodes, coupled
with scanning electrochemical microscopy (SECM), have further enabled nanometer spatial resolution study in aqueous envi-
ronments. Developments in the field of nanoelectrochemistry have allowed measurement of signaling species at single cells,
contributing to better understanding of cell biology. Leading studies using nanoelectrochemistry of a variety of cellular signaling
molecules, including redox-active neurotransmitter (e.g., dopamine), non-redox-active neurotransmitter (e.g., acetylcholine),
reactive oxygen species (ROS), and reactive nitrogen species (RNS), are reviewed here.
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Introduction

Nanoelectrochemistry plays critical roles in a broad range of
interdisciplinary research, spanning biochemistry, neurosci-
ence, catalysis, molecular electronics, nanoscience (e.g.,
nanopores, nanobubbles, and nanoparticles), polymer science,
electrodeposition, and renewable technologies [1–12].
Conducting chemical measurements in solution with nanome-
ter spatial resolution, high temporal resolution, and ultra-high
sensitivity and selectivity has been achieved with the recent
advancements in nanoelectrochemistry. For example, nano-
resolved scanning electrochemical microscopy (SECM)
[13–15] has been successfully used in the high-resolution im-
aging of ion transport through single nanopores [16, 17],
where non-resolution imaging was achieved by scanning a
17-nm radius nanoelectrode at a distance as low as 1.3 nm
from a highly porous silicon membrane (Fig. 1a) [16].
Catalytic properties of the single individual nanoparticles

have also been studied using nano-resolved SECM and
nanoelectrodes with nanometer resolution (Fig. 1b, c)
[18–23]. Nanoelectrochemistry with single molecule sensitiv-
ity has also been demonstrated [24–42]. Single hydrogen
nanobubble nucleation has been studied on Pt nanoelectrodes
and the critical nucleus size of stable nanobubbles has been
analyzed [43–48]. Nanometric field-effect transistor devices
have been developed to detect pH change in the extracellular
microenvironment of living cells and have been employed
to detect the adenosine-5′-triphosphate (ATP) release
concentration based on stoichiometry [49]. The surface
ion conductance and surface charge on single cells
[50–53] have also been measured with nanoprobes
coupled with scanning ion conductance microscopy
[54]. Additionally, nanoelectrodes have been employed
in the study of single nanoparticle collisions [55–59].

In addition to the above-mentioned advancements, signal-
ing molecules/species secreted from the single living cells
have been studied with nanoelectroanalytical methods, dem-
onstrating the critical roles that nanoelectrochemistry plays in
biology and neuroscience. We present below recent develop-
ments in nanoelectrochemistry which have enabled measure-
ments of various signaling molecules including neurotrans-
mitters (redox active and non-redox active) and reactive
oxygen/nitrogen species at single living cells from a variety
of cell types. Measuring these biochemical parameters at sin-
gle cells is indispensable for understanding biology [60].
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Recent advancements in the study
of signaling molecules
with nanoelectrochemistry

Neurotransmitters (redox active and non-redox
active)

Neurotransmitters are the chemical messengers released
during brain communication. Chemical sensing with elec-
trodes offers chemical identity, quantification, and spatio-
temporal information about biological processes in vivo
[61]. Measuring transmitters using microelectrodes has
generated key information on neuronal communication,
contributing to our understanding of brain disorders, such
as depression and addict ion [62–80]. Recent ly,
nanometer-sized carbon fiber [81–87] and nano-interface
between two immiscible electrolyte solutions (ITIES)
electrodes [88] have been developed to study neurotrans-
mitter signaling in living neurons. We first review below
leading studies on using nanocarbon electrodes to study
redox-active transmitter signaling at the single living
cells. Then, we present our recent work on high spatio-
temporal study of acetylcholine (non-redox active) somat-
ic exocytosis using nano-ITIES electrodes.

Redox-active neurotransmitters: Catecholamine

Catecholamines are important redox-active neurotransmitters
in neuronal communication. Recent development of
nanometer-sized carbon fiber electrodes enables the study of
catecholamine release from single cells [81, 82, 84, 85] and
dopamine release from fruit fly Drosophila larvae [83].

Using pharmacology and voltammetry measurements,
Ewing’s group has confirmed that PC12 cells release catechol-
amine, most likely dopamine [89]. Recently, they used
nanotip conical carbon fiber microelectrodes for the intracel-
lular detection of redox-active catecholamine released in liv-
ing PC12 cells [81]. SEM images of the electrode are shown in
Fig. 2a, b, where a diameter of 50–100 nm at the nanotip and
total length of 30–100 μm were observed. When the nanotip
of the electrode was strongly pressed against the PC12 soma
membrane but without breaking into the cytosol, no ampero-
metric signal was observed when no chemical stimulation was
applied, showing that unstimulated exocytosis of catechol-
amine does not occur (Fig. 2d). However, when the electrode
was penetrated through the cell membrane as indicated in Fig.
2c, even without any chemical stimulation, well-defined am-
perometric spikes were recorded (Fig. 2e). The same intracel-
lular recording experiments were carried out in Ca2+-free

Fig. 1 a Left: Scheme of the nano-resolution imaging experiment, where
a 17-nm nanoITIES electrode was positioned < 10 nm (as close as
1.3 nm) from the porous Si membrane (middle, transmission electron
microscope (TEM) image). Right: Nano-resolution image of a highly
porous Si membrane obtained with a nanoscale interface between two
immiscible electrolyte solutions (nanoITIES) electrode (radius = 17 nm)
and scanning electrochemical microscopy based on the ion flux across the
nanopores. Reproduced or modified from ref. [16] with permission;

copyright (2012) American Chemical Society. b SECM imaging of the
hydrogen evolution reaction at an Au nanoparticle on a HOPG/
polyphenylene substrate obtained with a 15-nm-radius Pt tip, reproduced
or modified from ref. [18] with permission; copyright (2014) Wiley-
VCH. c SECM image of H+/H electron transfer reaction at Pt nanoparti-
cles in 2 mMHClO4 and 10mMNaClO4 measured by a Pt nanoelectrode
with ~ 100-nm radius, reproduced or modified from ref. [19] with per-
mission; copyright (2016) American Chemical Society
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physiological saline, and no significant difference in the shape
or the amount of catecholamine detected was observed. The
authors suggested that the amperometric transients in Fig. 2e
are from the adsorption, subsequent rupture, and expelling of
the vesicle contents (mainly catecholamines, such as norepi-
nephrine, epinephrine, and dopamine) at the electrode surface
inside the cell.

Non-redox active: Acetylcholine (ACh)

Besides measuring redox-active neurotransmitters using
nanocarbon fiber electrodes as presented above, further devel-
opment on nanoelectrochemistry has also beenmade to enable
the study of non-redox-active neurotransmitter, e.g., acetyl-
choline. While the redox-active transmitters, mainly dopa-
mine, can be detected using carbon fiber nanoelectrodes based
on electron transfer reaction, non-redox-active transmitters, on
the other hand, cannot be detected directly on the carbon elec-
trodes [69]. Although micrometer-sized enzyme-modified
electrodes have been reported, they have been mainly used
for the electrochemical detection of ACh in brain or brain slice

[71, 90–95]. Our work expands further the toolbox of electro-
chemistry for the study of ACh neurotransmission from single
neurons and single synapses with high spatiotemporal resolu-
tion and fast response time [61, 88]. We recently developed
nanometer-sized electrodes for the detection of non-redox-
active transmitters such as acetylcholine [96] and gamma-
aminobutyric acid (GABA) [97], where the detection is based
on the ion transfer across the interface between two immisci-
ble electrolyte solutions (ITIES) [16, 17, 98–106]. This inter-
face is formed between an organic electrolyte filling solution
contained inside a nanopipet and an outside aqueous medium.
The potential-driven transfer of ions across this interface gen-
erates a current [107]. The theory for chemical sensing with
ITIES electrodes (a very broad field) is well established and
the applied potential;Δw

oϕ, follows the Nernst equation:

Δw
oϕ ¼ Δw

oϕ
0
i þ

RT
Zi F

ln
aoi
awi

� �

where Δw
oϕ

0 is the standard ion transfer potential, R is the gas
constant, T is the temperature, zi is the charge of the ion (i), F
is the Faraday constant, and aoi and awi are the activity of the

Fig. 2 a The global view of a
nanotip conical carbon fiber
microelectrode by scanning
electron microscopy (SEM) (scale
bar, 5 μm). The total length of the
protruded carbon fiber was 30–
100 μm. b The amplified view of
the tip of a nanotip conical carbon
fiber microelectrode by SEM
(scale bar, 400 nm). The diameter
of the nanotip was 50–100 nm. c
Bright-field photomicrograph of a
nanotip conical carbon fiber mi-
croelectrode placed in the cyto-
plasm of a single PC12 cell. d
Amperometric trace of a nanotip
conical carbon fiber microelec-
trode pushed against the cell
membrane of a PC12 cell without
breaking into the cytoplasm. e
Amperometric trace of a nanotip
conical carbon fiber microelec-
trode inside a PC12 cell.
Rreproduced or modified from
ref. [81] with permission; copy-
right (2015) Wiley-VCH
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ionic analyte in the organic and aqueous phase, respectively.
The standard ion transfer potential is related to the Gibbs free
energy of transfer, which is a function of the structure and
hydrophilicity of each analyte; thus, analytes can be identified
using ITIES electrodes. The mass transfer limiting current
measured at nanoITIES electrodes is a function of the concen-
tration of the analyte, which can thus be used for the quanti-
fication of the neurotransmitters [107]. This quantitative de-
tection of ACh is demonstrated in Fig. 3a, where a linear
increase in the current was observed while we increased the
concentration of ACh from 0.25 to 6 mM [96]. The limit of
detection depends on the size of ITIES electrodes. For in-
stance, LOD of 26 μM was measured for ACh detection for
a nanoITIES electrode of ~ 210 nm in radius [88]. We have
also performed in vitro control experiments to verify the se-
lectivity of the nanoITIES electrode for ACh detection against
other substances that have been identified or suggested to be
released from the neuronal model, pedal ganglion neurons of
Aplysia californica (Fig. 3b) [61]. We further demonstrated
high spatiotemporal study of ACh signaling from single living
Aplysia neurons (somatic exocytosis [88] and synaptic cleft
chemical transmission [61]) using a nano-resolved scanning
electrochemical microscope (SECM) and nanoITIES electrode.

In our study of non-redox-active transmitter signaling from
single neuron cells, SECM with 0.3-nm step size was used to
enable the accurate positioning of the nanoITIES electrodes to
be ~ 140 nm away (determined from the SECM approach
curve) from the release sites on the soma. Once positioned at
nanometer distance from the soma with SECM, we employed
amperometry to study the release of ACh in response to high-
concentration K+ stimulation, to learn about its concentration
and dynamics with a time resolution on the order of millisec-
onds. In situ release of ACh (Fig. 4a) measured with a signal
to noise ratio of 6–19 was observed on the ITIES electrodes
with radii of 750 to 860 nm. Key information related to cellu-
lar communication was determined, including extracellular
concentration of acetylcholine during somatic exocytosis to
be 2.7 (± 1.0) μM calculated from peak current, the number
of molecules released to be 4.8 (± 1.3) × 107, the dynamics of
exocytosis, vesicle density (Fig. 4b), Ca2+ dependence on so-
matic exocytosis (Fig. 4c, d), and the effect of electrode-
release site distance on the measured signal (Fig. 4e, f).

Our study shows that nanometer resolution positioning of
the neurotransmitter sensing probe to be nanometer distance
away from neurons has advantages of high signal to noise
measurements. When the nanoelectrode is nanometer distance

Fig. 3 Characterization of nanoITIES electrodes for the selective
detection of acetylcholine (ACh). a Cyclic voltammograms of 0.25–
6 mM ACh using a nanoITIES electrode with a radius of ~7 nm.
Tetraethylammonium (TEA) was added to the aqueous phase and poten-
tial of ACh detection was reported with respect to the half wave transfer
potential of TEA, E1/2, TEA. Reproduced or modified from ref. [96] with
permission; copyright (2015) American Chemical Society. b In vitro test
of the selectivity for ACh detection against possible interfering species on
the nanoITIES electrodes. Possible transmitters known to be released
from the pedal ganglion neuron of Aplysia californica, the high concen-
tration of K+ used in the stimulation solution, and pH variance accompa-
nying exocytosis were tested for selectivity via flow injecting each of the
species while monitoring the current-time trace. Appearance of current

peaks indicates the electrode’s selectivity for acetylcholine detection.
Lack of signal for gamma-aminobutyric acid (GABA), glutamate, dopa-
mine, serotonin, and high-concentration K+ and H+ verifies that these
species do not generate an interfering current. Applied potential is the
diffusion limiting potential of ACh detection, EACh = − 0.48 V vs. E1/2,

TBA, which was used in the amperometric detection of ACh released from
living neuronal structures in real time. Reproduced or modified from ref.
[61] with permission; copyright (2019) American Chemical Society. c
High-resolution scanning electron microscope (SEM) picture of a
nanoITIES electrode with radius of ~ 15 nm from Shen lab.
Reproduced or modified from ref. [61] with permission; copyright
(2019) American Chemical Society
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from neuron surface, transmitter release dynamics were suc-
cessfully measured with high signal to noise ratio (Fig. 4f). In
contrast, without SECM nanopositioning, when the
nanoelectrode is several micrometers away from the cell sur-
face, a much lower signal to noise ratio was observed (Fig.
4e). Our results show that it is advantageous to use SECM to
position nanoelectrode to be nanometer away from cell sur-
face to interrogate the dynamics of signaling molecules.

Our work further demonstrated nanoITIES electrodes are
powerful to probe the mechanism of cellular signaling. It is
unknown how ACh is released from Aplysia californica. We
performed a Ca2+ dependence study using nanoITIES elec-
trodes, since Ca2+ is known to be involved in the vesicular
release of transmitters [108]. When Ca2+ was not present, no
exocytosis events were observed in response to high-
concentration K+ stimulation (Fig. 4c); in contrast, acetylcho-
line exocytosis events recovered once Ca2+ had been added
back (Fig. 4d). Our findings suggest the vesicular release path-
way of acetylcholine somatic exocytosis from Aplysia.

Finally, our work demonstrated unprecedentedly that
in vivo amperometry is a powerful versatile technique to mea-
sure number of vesicles per unit area, while collecting signal-
ing dynamics in real time. For instance, analysis of the half
peak width and number of molecules suggests the measure-
ment of multiple vesicular contents released from the single
neuron soma via nanoITIES electrodes with radii of 750–
860 nm during each peak event [88]. Using the content per
vesicle as suggested in our recent single synaptic study of
acetylcholine release from the same animal model [61], we
calculated the releasable vesicle density to be 25 ± 2 vesi-
cles/μm2 (Fig. 4b). This number is in similar order of magni-
tude to the value of 90 vesicles/μm2 observed in a recent study
using 3D reconstruction of synaptic boutons from serial trans-
mission electron microscopy sections [109].

In summary, our research has expanded the capability of
in vivo amperometry to measure in real time the signaling dy-
namics of non-redox-active transmitters besides redox-active
transmitters. Our work also demonstrated nanoelectrochemistry

Fig. 4 Nano-resolved study of somatic cholinergic transmitter signaling
of Aplysia neurons achieved with nanoITIES electrodes and scanning
electrochemical microscopy. a Amperometric recordings of ACh
release from single Aplysia neuron in response to high-concentration K+

stimulation, indicated by the arrows. b The optical image of the
nanoelectrode positioned at ~ 140 nm away from the neuron (left).
Number of vesicles per unit area was measured using in vivo
amperometry with the scheme of the vesicles under the nanoelectrode
shown on the right. The measured vesicle density is ~ 25 ± 2 vesicles/
μm2. cACh release in response to Ca2+-free high-concentrationK+ chem-
ical stimulation, measured at 50 min after replacing standard cellular
medium with Ca2+-free cellular medium. d ACh release from cell in

response to Ca2+-containing high-concentration K+ chemical stimulation,
10 min after adding 10mMCa2+ back to stimulation solution and cellular
medium. Amperometric i-t curve in (e) shows no significant response
detected upon stimulation prior to SECM approach curve where the elec-
trode was several micrometers away. In contrast, well-defined peak re-
sponse (f) was recorded upon stimulation after performing SECM ap-
proach. Insets are optical microscopic pictures of the nanoelectrodes
and neurons. Applied potential is the diffusion-limited potential for ace-
tylcholine detection. Nanoelectrode radii are 780–860 nm. Application of
chemical stimulation was indicated by black arrows. Reproduced or mod-
ified from ref. [88] with permission; copyright (2018) Royal Chemical
Society
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is an emerging method to measure number of vesicles/unit area
in living cell conditions, where quantitative information and
dynamics of signaling molecules can also be measured.

ROS/RNS

Reactive oxygen and nitrogen species (ROS and RNS), in-
cluding radicals, such as O2

·−, OH−, NO·, and NO2
−, and

non-radicals, such as ONO2
−, H2O2, and HOCl, are reported

to serve as molecular signals activating stress responses that
are beneficial to an organism; they also have been shown to
modulate numerous biochemical processes, including glucose
uptake, gene expression, and calcium signaling [110–116].
However, overproduction of ROS/RNS can overwhelm cellu-
lar radical-scavenging and repairing systems, causing tissue
dysfunction and oxidative stress [114, 117]. Oxidative stress
is further related to cardiovascular and neurodegenerative dis-
eases [118, 119]. ROS/RNS concentration in the cell is also an
important carcinogenic factor because tumor progression is
associated with high levels of ROS/RNS, and further concen-
tration increases in these species can overwhelm the antioxi-
dant capacity of the cell and cause the death of the cell [120].
Considering above, it is critical to detect ROS/RNS, and a lot
of study has been carried out using microelectrodes
[121–124], but very few using nanoelectrodes [122].
Recently, studying ROS/RNS using nanoelectrochemistry
has been a growing area of interest. We present below the
leading studies where nanoelectrodes were employed in the
measurements of ROS and RNS. Nanoelectrodes are especially
advantageous for the intracellular measurement of these species
due to their small sizes, which can minimize the damage during
penetration of the living cell.

Mirkin, Amatore et al. developed platinized carbon
nanoelectrodes with well-characterized geometry and used
them as scanning electrochemical microscopy (SECM) tips
to measure ROS/RNS inside non-cancerous and metastatic
human breast cells [125]. The oxidation of some ROS/RNS
(e.g., hydrogen peroxide) was difficult on carbon surfaces;
however, hydrogen peroxide could be easily and quantitative-
ly detected on platinum black or platinized electrodes [68,
123, 124, 126–128]. The carbon nanoelectrodes were pro-
duced by chemical vapor deposition (CVD) in pulled
nanopipettes, and the CVD conditions were adjusted so that
carbon completely blocked the pipette channel except for a
small cavity adjacent to the pipette orifice (Fig. 5a). The sur-
face of the nanocavity was first activated electrochemically by
sweeping the carbon electrode potential (between 200 and −
400 mV vs. Ag/AgCl) in a platinization solution (containing
0.15% H2PtCl6) followed by the deposition of Pt black elec-
trochemically to generate the platinized carbon nanoelectrode
(Fig. 5b).Then, the authors used SECM approach curves to
position the nanoelectrode inside the cell.

The authors further used the platinized carbon
nanoelectrode to detect intracellular ROS/RNS in living cells
(Fig. 5c), where voltammograms obtained inside the metasta-
tic breast cancer cells showed high oxidation current, while
the current measured from non-cancerous cells remains almost
indistinguishable from the background. To quantify the con-
centration of each species of ROS/RNS (including H2O2,
ONO2

−, NO·, and NO2
−), the authors measured the normal-

ized oxidation voltammograms of H2O2, ONO2
−, NO·, and

NO2
− (Fig. 5d), and the optimal detection potentials for each

species were selected (indicated by the dashed lines in Fig.
5d). For example, when the nanoelectrode is biased at
300 mV, the current only corresponded to the oxidation of
H2O2, and its concentration can be obtained. At 450 mV,
mainly the oxidation of both H2O2 and ONO2

− occurs.
Since H2O2 concentration has been obtained from the oxida-
tion current at 300 mV, the current corresponding to ONO2

−

oxidation can be further calculated from the current measured
at 450 mV minus the current contribution from H2O2. Similar
calculations are carried out at 620 mV and 850 mV to extract
the concentration of NO·, and NO2

−.
For intracellular study, the authors collected the current

trace versus time at 300 mV (blue), 450 mV (orange),
620 mV (gray), and 850 mV (yellow) upon penetrating the
nanoelectrode into the cancerous cell (Fig. 5e), and then de-
duced the concentration trace of H2O2 (blue), ONO2

− (or-
ange), NO· (gray), and NO2

− (yellow) versus time (Fig. 5f)
using diffusion coefficients of 1.5 × 10−5 cm2/s for all species
[129]. The authors concluded that platinized nanoelectrodes
are a suitable analytical platform for studying ROS/RNS-
related carcinogenesis and are potentially useful for early di-
agnostics of aggressive human breast tumors. Cell viability in
SECM penetration experiments and the effect of tip size on
the cell viability was studied as well. The authors observed
that the integrity of the membrane and cell viability
maintained when cells were penetrated by the 20-nm
and 150-nm radius tips, while the cell was damaged
when penetrated by a 600-nm radius tip.

Amatore, Huang et al. recently reported the fabrication of a
nanowire electrode (NWE) that consists of a silicon carbide
core (SiC) coated with carbon (Fig. 6a), which was further
platinized to measure ROS/RNS inside macrophages
(Fig. 6b) [130]. Macrophages are responsible for the phago-
cytosis of cell debris and pathogens that they digest by the
release of large amounts of ROS and RNS inside the
phagolysosome [68, 131]. The SiC nano-core was used to
provide mechanical strength. Platinization was carried out in
0.5-mM H2PtCl6 solutions under microscopic control. These
SiC@C NWEs have the diameter of 300–500 nm and ~ 5 μm
in length (estimated from Fig. 6a). The authors inserted the
platinized SiC@C NWEs into the Hela cells using a micro-
manipulator, and performed viability tests and electrochemi-
cal measurements to confirm that membranes tightly seal

6126 Chen R. et al.



Fig. 6 a SEM image of a
platinized SiC@C NWE. Inset: A
magnified SEM image of its tip. b
Schematic of a platinized SiC@C
NWE inserted into a macrophage
with a phagolysosome bursting
onto it. c Amperometric traces
recorded after insertion of a
platinized SiC@C NWE into a
macrophage; the arrow indicates
the moment of insertion.
Reproduced or modified from ref.
[130] with permission; copyright
(2017) Wiley-VCH

Fig. 5 a TEM image of the carbon-filled pipette before platinization
(scale bar, 100 nm). b TEM image of the carbon-filled pipette after
platinization (scale bar, 100 nm). c The voltammogram recorded inside
non-cancerous breast cells (green) and metastatic breast cancer cells (blue
and red) compared with the extracellular buffer background (black). The
black curve overlapped with the green curve. d Normalized oxidation
voltammograms of the ROS/RNS. Voltammograms were taken by dif-
ferent platinized nanoelectrodes with around 100-nm radius and normal-
ized against their plateau currents. Vertical dashed lines indicate optimal
detection potential for each species. e Traces of tip current versus time at

different potentials measured inside a metastatic breast cancer cell by
quadruple potential-pulse chronoamperometry. Tip potentials are 300
(blue), 450 (orange), 620 (gray), and 850 (yellow) mV. Tip radius was
300 nm. t = 0 is the moment when the tip was inserted into the cell. f
Traces of concentration of H2O2 (blue), ONOO

− (orange), NO· (gray),
and NO2

− (yellow) versus time as deduced from the current shown in (e)
and reported relative to their concentration at t = 0. Reproduced or mod-
ified from ref. [125] with permission; copyright (2017) American
Chemical Society
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around NWE shaft. Ru(NH3)6
3+ was added into the cellular

medium as it could not cross the intact cell membrane, and the
authors monitored the voltammogram of Ru(NH3)6

3+ reduc-
tion as the NWEs penetrated into the cell. The authors ob-
served that the current for Ru(NH3)6

3+ reduction decreased
as the electrode penetrated deeper and deeper into the cell,
thus confirmed a tight seal was formed around the NWE shaft.
They further performed measurements of ROS/RNS in indi-
vidual macrophages after inserting platinized tips of SiC@C
NWEs inside macrophages of ~ 10 μm in diameter. A large
series of transient current spikes were recorded superimposed
onto a zero-current baseline (Fig. 6c), and no current spikes
were observed when the applied electrode potential was too
low to oxidize ROS/RNS. The current spikes were suggested
to represent the detection of ROS/RNS expelled by the
phagolysosomes bursting onto the platinized surface of the
inserted NWEs, consistent with recent studies that lipid vesi-
cles would break apart and rapidly expel its cargo after coming
into contact with an electrode [81, 132–134]. Recently, the
platinized SiC@C NWE has been used to monitor ROS in
HepG2 cancer cells (human hepatoma cells) as well [135].

Schuhmann et al. recently developed a carbon
nanoelectrode modified with Prussian Blue (PB) for the
quantification of H2O2 at the single-cell level [136, 137].
PB is an electrocatalyst for the reduction of H2O2. The
PB-modified carbon nanoelectrode (CNE) with radius be-
tween 50 and 200 nm was inserted into murine macro-
phages to study the impact of cell penetration on viability
of the cell and ROS production. The optical micrographs
of a macrophage with a PB-modified CNE inserted and
after CNE retraction showed that the cell maintained its
shape (top and bottom figure in Fig. 7a, respectively) and
the authors concluded that a CNE does not impact cell
viability. The authors observed a cathodic amperometric
current spike (in the negative direction) after successful
penetration of the CNE into the membrane and suggested

these sharp cathodic current spikes are likely caused by
oxidative outbursts induced by the insertion of CNE. As a
control, bare CNEs without PB modification were inserted
into cells and no current signal was observed upon pene-
tration. The authors further studied the effect of 3-amino-
1,2,4-triazole (3-AT) treatment on the intracellular H2O2.
3-AT deactivates catalase; catalase accelerates the dispro-
portionation of H2O2 in the cell, and deactivating catalase
with 3-AT leads to an accumulation of H2O2 in the cell.
This effect was confirmed (Fig. 7b), where the cathodic
peak of 3-AT-treated cells showed a slower decay upon
cell penetration, with substantially longer half-lives (Fig.
7c). The authors concluded that PB-modified CNEs are
suitable for H2O2 detection.

Conclusion and outlook

Nanoelectrochemistry for the investigation of single-cell sig-
naling is a significant and growing area of research that invites
further study. While this review is about signaling molecules,
a variety of other cellular functions and properties have been
characterized using nanoelectrochemistry, including cellular
volume regulation [138], cellular permeability and ion trans-
port [139, 140], surface charge [51, 52, 141], ion conductance
[50, 53], and oxygen concentration [142, 143]. Developing
new electrodes with even smaller sizes, different functionality,
and geometry certainly will expand the fields further, enabling
tackling challenges and answering intriguing questions in new
ways. We look forward to lots of exciting advancements in the
field of nanoelectrochemistry in the 2nd decade of the twenty-
first century.

Funding information The authors appreciate the financial support from
the National Science Foundation with a CAREER award (CHE 19-
45274) to M.S. as well as the support from University of Illinois at
Urbana-Champaign.

Fig. 7 a Optical micrographs of a PB-modified CNE inserted into a
murine macrophage (top) and after retraction (bottom). b Comparison
of the current responses for untreated cells (black) and after addition of
20 mM 3-AT to inhibit catalase (red). c Comparison of cathodic peak

half-life between catalase-inhibited and non-treated cells. Column heights
represent the median, whereas whiskers show the 25th and 75th percen-
tiles. Reproduced or modified from ref. [136] with permission; copyright
(2016) Wiley-VCH
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