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Abstract
Levels of reactive oxygen species (ROS) and reactive nitrogen species (RNS) in cells and cell redox balance are of great interest
in live cells as they are correlated to several pathological and physiological conditions of living cells. ROS and RNS detection is
limited due to their spatially restricted abundance: they are usually located in sub-cellular areas (e.g., in specific organelles) at low
concentration. In this work, we will review and highlight the electrochemical approach to this bio-analytical issue. Combining
electrochemical methods and miniaturization strategies, specific, highly sensitive, time, and spatially resolved measurements of
cellular oxidative stress and redox balance analysis are possible.
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Introduction

Electrochemical methods have been increasingly employed in
bio-analytical applications thanks to (i) their high sensitivity
and selectivity, (ii) the possibility to perform quantitative mea-
surements of different reactive species at the same time, and
(iii) the high time and space resolution of the electrochemical
measurements which use miniaturized tools. It is possible to
analyze cellular environment and to monitor the cell response
to a precise stimulus; furthermore, extracellular and intracel-
lular analysis, in multi-cellular and single-cell configuration,
can be performed. Miniaturizing tools is mandatory to eluci-
date the role of single entities in the whole system and to
provide a better insight into the cellular phenomena.
Electrochemical methods preserve the cell viability and allow
for a real-time investigation of living systems.

The role of reactive oxygen and nitrogen species (ROS and
RNS, respectively) in biology has been widely studied in the

past [1, 2] and it is still a very hot topic. Several ROS and RNS
molecules have been shown to be generated in living cells,
both as a consequence of specific protein activities or unwant-
ed events resulting from pathological conditions [3]. In virtue
of their high reactivity, the knowledge regarding their fate and
role in living systems is continuously updated and new aspects
about their production and regulation in the cell physiology
are constantly emerging in the literature [4, 5]. The redox
homeostasis is really important in cellular physiology and its
unbalance plays a central role in human diseases, such as
neurodegenerative diseases [6], cancer [7, 8], and heart failure
[9]. However, ROS are involved also in normal cell signalling
[2, 10]; several observations suggest that ROS and RNS in
certain amounts and produced for well-defined times work as
signalling molecules in several not-pathological cell process-
es, e.g., stem cell self-renewal and differentiation [11], neural
differentiation [12, 13], and cell proliferation [14].
Furthermore, the fundamental role of ROS in the immunolog-
ical response and inflammatory and injury healing processes is
well known.

In the bio-analytical chemistry field, great attention has
been paid for the development of methods able to detect such
biological relevant species and to evaluate the redox homeo-
stasis of cells. In this article, the potentialities of the electro-
chemical methods to address this challenge will be highlight-
ed. High-spatially and time-resolved electrochemical mea-
surements of ROS and RNS and of cellular redox balance will
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be reviewed, also in comparison with other commonly used
methodologies. As a matter of comparison with electrochem-
ical methods, bio-analytical techniques commonly used to
monitor ROS and RNS will be briefly introduced at the be-
ginning of the manuscript. We will then present electrochem-
ical investigations of ROS and RNS production by popula-
tions of cells, single cells, and purified mitochondria with high
temporal resolution, selectivity, and sensitivity. After that, the
use of such developed tools in configurations allowing for
spatial resolved investigation will be reviewed: scanning elec-
trochemical microscopy measurements that allowed imaging
of ROS and RNS production and of redox state will be pre-
sented, and some foundational results arising from this field
will be highlighted. Finally, we will discuss the advancements
in the development of electrochemical nanotools as enabling
technologies to investigate intracellular production of ROS
and RNS in living single cells. We will report on the results
in this context, which allowed for the real-time and selective
investigation of intracellular ROS and RNS levels without
threatening the cell viability.

Pro and contra of non-electrochemical
techniques employed to measure reactive
species in cellular systems

Fluorescence microscopy, electron paramagnetic resonance,
and genetic probes [15, 16] are the bio-analytical approaches,
not based on electrochemistry, usually employed. HPLC, LC-
MS, and mass spectrometry [17, 18] have been also used,
mainly to investigate extracellular production of ROS.

The high, complicated reactivity of fluorescence probes has
been largely reviewed [19] and their specificity debated [15,
16, 19]; furthermore, they can promote formation of second-
ary reactive species by redox cycling. Low information can be
obtained on the time course of ROS and RNS, while their
reaction products or unwanted by-products accumulate in
the cellular system. However, these probes are easy to use
and often can be targeted to specific intracellular compart-
ments. Relevant progress towards specificity has been made
with boronate fluorescent probes [20], which have been re-
ported as highly specific for hydrogen peroxide detection.

EPR techniques are recognized to be the most specific
methods for ROS and RNS identification in cellular systems,
but this technique suffers from complex and expensive exper-
imental equipment.

Genetic probes have been extensively developed in the last
20 years [21]; targeting to different cell compartments and
good specificity for specific ROS and RNS is possible nowa-
days. However, the documented impact in most cases of ge-
netic probes on cell redox homeostasis, their time-consuming
production, and the requirement of specific competencies re-
strict their wide employment.

It should be also mentioned that all the cited probes are
essentially antioxidants and their reactions with ROS and
RNS species intrinsically decrease their amounts in the cellu-
lar environment, perturbing the system under investigation.

In the following, we will describe how the electrochemical
methods face all these aspects and the reasons why we believe
the electrochemical monitoring of these reactive species will
grow in importance and diffusion.

Electrochemical probes for ROS and RNS
detection in isolated mitochondria and entire
cells

The first measurements of ROS and RNS production by
living cells accomplished with electrochemical methods
regarded the extracellular release of reactive species. The
unique electrochemical approach allowed for the detection
of very small amounts of substance by sensing the thin
extracellular space in close proximity to the cell mem-
brane. The single-cell release of ROS and RNS in the
extracellular space, in most cases as a consequence of
mechanical stimuli of cell plasmatic membranes [22],
has been investigated by using an artificial synapsis con-
figuration, i.e., bringing in close proximity to the cell
surface the microelectrode (Fig. 1a, panels A and B); car-
bon microelectrodes were modified with nanoporous
black platinum [29, 30] to enhance the sensibility towards
ROS and RNS via amperometric detection. Correlation
between the mechanical stimuli and the activation of cel-
lular NADPH oxidase accounted for these large, extracel-
lular production of reactive species from human fibro-
blasts [31]. The production of ROS and RNS was studied
in murine macrophages, both upon mechanical or immuno
stimuli [23, 32] and in several human cell types, e.g.,
xeroderma pigmentosum human cells [33], human fibro-
blasts [34], and human breast cancer cells [35]. These
studies returned informative insights on the amount of
oxidative species produced by these cellular lines and on
the type of the involved oxidative species, e.g., hydrogen
peroxide, nitric oxide, and peroxynitrite, by measuring at
different working potentials [24] (Fig. 1a, panel C).

Release of nitric oxide from single human endothelial cell
(T-HUVEC) has been reported [36]; specific detection of this
compound was achieved by modification of platinum micro-
electrodes by electrodeposition of nickel-tetrasulfonate phtha-
locyanine tetrasodium salt on electrodeposited platinum clus-
ters. Higher selectivity for nitric oxide, in respect to negatively
charged compounds, e.g., NO2

−, was obtained by coating the
modified electrode with Nafion membranes; the authors were
able to measure the time course of bradykinin-stimulated re-
lease of nitric oxide from a single endothelial cell.
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Simultaneous amperometric measurement of oxygen con-
sumption and H2O2 production during respiratory burst from
populations of THP-1 human monocyte and HL-60
promyelocytic leukemia cells induced by phorbol 12-myristate
13-acetate (PMA) was obtained with chip biosensors [25] (Fig.
1b). The authors employed a platinum microelectrode to selec-
tively measure oxygen and gold [25] or indium tin oxide [37]
electrodes, modified with horseradish peroxidase (HRP)

embedded in a polymeric matrix, to reduce hydrogen peroxide
with osmium Os+/2+ as the redox mediator [37, 38].

Production of ROS and RNS from a murine macrophage
population was compared to that measured in single cells by
employing a multichamber device equipped with a three-
electrode configuration and black platinum as a working elec-
trode [26] (Fig. 1c). This configuration, developed to detect in
parallel several oxidative species and to diminish, through

Fig. 1 Electrochemical methods to measure ROS and RNS from single
cells, cell populations and suspensions of purified mitochondria. (a)
Phase-contrast microscopy image (A) and scheme (B) of the artificial
synapsis configuration employed to measure ROS and RNS release to
the extracellular space from a single macrophage induced by
immunostimulation. (C) Normalized voltammograms obtained in the
presence of H2O2, ONOO

−, NO, and NO2
− with black platinum carbon

microelectrodes. Images (A, B, C) were adapted with permission from
ref. 23, 24. Copyright © 2008, 2006 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim. (b) Representation (A) and image (B) of chip biosen-
sor for simultaneous measure of oxygen consumption and H2O2 produc-
tion from THP-1 human monocyte and HL-60 promyelocytic leukemia
cells upon immunostimulation. Adapted with permission from figure as
originally published in ref. 25 (doi: https://doi.org/10.3389/fphys.2016.
00109). (c) Scheme of the multichamber device for simultaneous

detection of ROS and RNS release from cell populations. Adapted with
permission from ref. 26. Copyright © 2016 WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim. (d) (A) Schematic representation of the inte-
gration of a black platinum electrode in an oxygraph apparatus for the
simultaneous measure of H2O2 and O2 in suspension of purified mito-
chondria. (B) Time course of hydrogen peroxide production and oxygen
consumption (see inset) from purified mitochondria as a consequence of
inhibition of respiratory complex III with antimycin. Adapted with per-
mission from ref. 27. Copyright © 2012 Elsevier B.V. (e) (A) Scheme of
the three electrode apparatus employed to measure hydrogen peroxide
production upon activation of respiratory complexes in cellular models
of mitochondrial diseases. (B) Phase-contrast microscopy image of the
black platinum working microelectrode. (C) Cellular models of mito-
chondrial diseases. Adapted with permission from ref. 28. Copyright ©
2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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parallelization, the amount of measurements needed to reach
statistical significance, allowed the comparison of ROS and
RNS amounts (i.e., H2O2, NO, NO2

−, ONOO−) produced
from single cells and from population of murine macrophages
as a consequence of stimulation with a calcium ionophore.
Lately, this approach was integrated with a microfluidic de-
vice for aerobic culture of cells and downstream detection of
ROS and RNS produced from the cell population [39].

Modified microelectrodes were applied also for the detec-
tion of ROS produced from bacterial populations. Platinum
microelectrodes, modified with multiwalled carbon nanotubes
embedded in an ionic liquid (pyridinium hexafluorophosphate-
based) conducting matrix, were shown to gain good sensibili-
ties for H2O2, i.e., from 250 nM to 5 mM [40]; this sensor was
used to characterize metabolic hydrogen peroxide production
from a biofilm of bacterium Streptococcus gordonii.

Mitochondria are the main physiological source of ROS
[41], and as a consequence, the generation and regulation of
superoxide and hydrogen peroxide from these dynamical
organelles have been intensively studied [42]. Several au-
thors employed electrochemical methods to detect ROS and
RNS from mitochondria. We used a black platinum-
modified carbon microelectrode integrated in an oxygraph
apparatus to measure in parallel the time courses of ROS
production and oxygen consumption from purified mouse
liver mitochondria [27] (Fig. 1d). This study showed ROS
production under different regimes of activation/inhibition
of the four respiratory complexes and allowed for correla-
tion with the rate of oxygen consumption from oxidative
phosphorylation.

H2O2 production upon respiratory chain activation has been
studied employing platinum microelectrodes modified with
HRP embedded in a polymeric matrix to reduce hydrogen per-
oxide with mobile osmium Os+/2+ as the redox mediator [43],
an approach similar to that used previously to specifically detect
H2O2 with gold and indium tin oxide electrodes in cell popula-
tions [37]. The authors succeeded in extending the sensibility of
electrochemical specific H2O2 detection for five orders of mag-
nitude, from few nanomolar up to approximately 100-μM
range. The HRP-based sensor was used to measure hydrogen
peroxide production upon respiratory chain activation in sus-
pensions of purified mitochondria, suggesting different regimes
of ROS production during oxygen respiration.

Recently, we coupled black platinum microelectrodes to
screen printed electrodes to quantify ROS production upon
respiratory chain activation in cellular models of mitochondri-
al diseases [28] (Fig. 1e). Partial permeabilization of cell plas-
matic membrane with digitonin allowed to quantify and com-
pare H2O2 production in cellular models of two mitochondrial
diseases due to specific defects on respiratory complexes (a
microdeletion of 6 amino acids on complex III, which leads to
a multisystem disorder and a pathogenic mutation on ND1
subunit of complex I, which causes Leber’s hereditary optic

neuropathy). The small volume of the analyzed cell suspen-
sion, restricted by the use of the drop configuration of the
screen-printed electrode, requires for a relatively low amount
of cells (1 × 106). This approach paves the way to the possi-
bility of investigating and quantifying, in entire cells, the role
of each respiratory complex in the pathological and physio-
logical production of ROS.

The studies presented so far contributed to elucidate the
amount, typology, and causes of ROS and RNS production
in living cells; as depicted in the next chapter, such tools used
as probes for electrochemical imaging techniques were
employed to spatially image the concentrations of these spe-
cies and the overall cellular redox state, resolving the involved
processes in the space at the single-cell level and revealing the
actual heterogeneity within a population of cells.

Electrochemical imaging of ROS
and of the cellular redox state

Great attention has been devoted to the possibility of spatially
resolving the information enabled by the use of
ultramicroelectrodes and microchips [44]. Scanning electrochem-
ical microscopy (SECM) allows for an effective exploitation of
the unique properties of ultramicroelectrode (UME). In SECM,
the movement and the position of UMEs are finely controlled by
the use of stepper motors and piezoelectric components. UMEs
are scanned in proximity of a sample while recording a faradaic
current, which depends on both the topography and the functional
activity of the sample itself [45–47].

SECM has enabled the non-invasive and quantitative anal-
ysis of intracellular redox activity by using mediators that
shuttle electrons between the microelectrode and the inner cell
environment. In particular, hydrophobic mediators are known
to permeate the cell membrane, diffuse in the intracellular
domains, react with the intracellular redox compounds, and
report back to the electrode the cellular redox state.

The first application of SECM to probe the redox activity
of cells was reported by Prof. Mirkin’s group [48]. The intra-
cellular redox state was investigated, non-invasively, by mea-
suring the rate of transmembrane charge transfer (Fig. 2a).
Menadione and naphthoquinone redox species were used to
probe the redox reactivity of different cell types: non-
transformed human breast epithelial cells, engineered
MCF10A cells for the overexpression of protein kinase Cα
(PKC α), and metastatic MDA-MB-231 human breast cells.
Non-motile and motile cells were reported to exhibit statisti-
cally relevant differences. In 2003, Feng et al. used a similar
approach to distinguish between cancer and normal cells by
their redox activities [50]; maps of both homogeneous and
heterogeneous mix of normal and metastatic human breast
cells were obtained by SECM imaging and they were com-
pared to optical and fluorescent images (Fig. 2c).
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Electrochemicalmonitoring of intracellularNAD(P)H:quinone
oxidoreductase (NQO) activity was reported for single Hela cells
from Prof. Matsue’s group. They used SECM and a double redox
mediator approach, namely menadione (that can easily diffuse in
the cells) and ferrocyanide (that can be used at higher concentra-
tions than menadione, as it is not cytotoxic, and can be detected
more efficiently at the platinum SECM UME) [53].

We employed SECM to evaluate the cancer cell redox
state. In particular, in order to quantify redox state associated

with normal, in vitro transformed (using the oncogene
RasV12), and primary tumor cells, we performed SECM im-
aging using ferrocene-methanol as the redox mediator (Fig.
2b). Ferrocene-methanol is oxidized at the UME in proximity
of the cell membrane, reaches the cell membrane, and equili-
brates with the intracellular redox environment, and the pris-
tine ferrocene-methanol is then eventually regenerated. If the
aforementioned regeneration is efficient, an increase of the
current is measured at the UME. The feedback currents

Fig. 2 Scanning electrochemical microscopy (SECM) of the redox state
of living cells. (a) Schematic representation of SECM experiment with
oxidized/reduced (O/R) redox mediator able to permeate (B, C, D) or not
(A) cell plasmatic membrane. When approaching the surface of the cells,
negative feedback is observed for redox mediators which does not per-
meate into the cell, due to hindered diffusion of the species to the elec-
trode. Increased currents are obtained when: (B) due to the diffusion of
the redox species from cell cytoplasm to the extracellular matrix; (C, D)
redox mediator in the extracellular space is regenerated through the same
redox species which diffuses to the cell cytoplasm or from reducing/
oxidizing cellular moieties, respectively. Images adapted from ref. 48.
Copyright (2000) National Academy of Sciences, USA. (b)
Transformation of MCF10A human breast cell lines with RasV12 onco-
gene shifts cell redox homeostasis to more reducing values, as showed by
SECM images with ferrocene-methanol as redox mediator of RasV12
MCF10A (B) and MCF10A pBabe control cells (D). Phase-contrast mi-
croscopy images (A, C) of cells showed in (B, D). Panel (E) shows

average quantification of currents recorded from 10 RasV12 and 10
pBabe cells. SECM image of a coculture of RasV12 and pBabe (F)
highlighted differences in redox homeostasis as a consequence of onco-
gene transformation. Images adapted from ref. 49. Copyright © 2015
Elsevier B.V. (c) Coculture of MDA-MB-231 and MCF10A cells: trans-
mitted ligth, (A); fluorescence signals coming from cell aspecific label-
ing, (B); SECM image using menadione as redox mediator, (C). Adapted
with permission from ref. 50. Copyright © 2003, American Chemical
Society. (d) Hydrogen peroxide SECM image of T24 cells stimulated
with heat-inactivated Escherichia coli. (A, B, C, D, E, F,G,H) represent
successive times (0, 16, 32, 47, 65, 79, 97, and 115 min) following
exposure to inactivated bacteria. Adapted with permission from ref. 51.
Copyright © 2010 Elsevier B.V. (e) Bidimensional (A, B) and tridimen-
sional (C,D) SECM images of topography (A, C) and hydrogen peroxide
and oxygen (B, D) released from RAW 264.7 cells. Adapted with per-
mission from ref. 52. Copyright © 2010, American Chemical Society
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recorded on normal, transformed, and primary cancer cells
differ significantly from each other. We hypothesized that
the reduction of the oxidized redox mediator operated by the
cell was due to an increase of the glutathione levels. We
showed an unbalance of the GSH/GSSG ratio in the trans-
formed cells as well as in the primary cancer cells from a lung
cancer patient in respect to the normal conditions [49].

Direct electrochemical imaging of ROS produced in cellu-
lar systems has been also reported. Single human bladder and
kidney epithelial cells were investigated via SECM after ex-
posure to heat-killed uropathogenic Escherichia coli GR-12.
The cells were imaged by SECM in time-lapse and the cells
presenting toll-like receptors were showing prolonged release
of ROS (Fig. 2d), while the ones without the receptors did not

showROS production after the exposition to the bacteria. This
kind of label-free electrochemical investigation elucidated and
can be employed to probe the inflammatory response of cells
to gram-negative bacteria [51].

Zhau et al. reported on a study to detect ROS from
macrophages; they used an alternating current approach
to realize a constant-distance mode and to deconvolve
the topographical contribution of the cells. They demon-
strated a spatially resolved ROS monitoring and they
concluded that the nucleus region of these cells releases
more ROS than regions where other organelles are lo-
cated (Fig. 2e) [52].

Recently, H2O2 released from a single monocyte in the
extracellular space as a consequence of phorbol ester

Fig. 3 Nanoelectrodes for extracellular and intracellular measurements of
ROS. (a) (A) Combined amperometric and optical measurements in
proximity of the cell membrane with an electro-optical nanotip. Adapted
with permission from ref. 57. Copyright © 2011 Elsevier B.V. (B) Organic
filled nanoprobe to investigate electrocatalytic oxygen reduction. Adapted
with permission from ref. 58. Copyright © 2015, American Chemical
Society. (C) Nanoprobes for brain tissue investigation. Adapted with per-
mission from ref. 59. Copyright © 2014, American Chemical Society. (D)
Black platinum nanoelectrode for intracellular investigations in human
breast cells. Adapted with permission from ref. 60. Copyright © 2015,
American Chemical Society. (E) Extracellular and cytoplasmatic ROS/

RNS measured with ultramicroelectrodes and nanoelectrodes, respective-
ly, in murine macrophages. Adapted from ref. 61. (F) Black platinum
modiefied silicium-carbon fiber for ROS detection in phagolysosomes.
Adapted with permission from ref. 62. Copyright © 2017 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim. (G) Extracellular and
cytoplasmatic investigations of human breast cell redox state. Adapted
from ref. 56. Copyright (2008) National Academy of Sciences, USA. (b)
Phase-contrast microscopy images of penetration (A) and retraction (B) of
a black platinum-modified carbon nanoelectrode in a cell. Adapted with
permission from ref. 63. Copyright © 2016 WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim
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stimulation was monitored with a bare platinum microelec-
trode [54]: the sensibility towards ROS detection of differ-
ent electrochemical techniques (cyclic voltammetry, linear
scan voltammetry, chronoamperometry, and square wave
voltammetry) was assessed and their operational ranges
compared. The authors employed SECM to map the local
amount of H2O2 produced following monocyte stimulation
by phorbol ester, estimating a time course of hydrogen per-
oxide production of approximately 1.4 nM/s in the local
volume surrounding a single monocyte cell. This ROS pro-
duction was then compared to the respiratory burst reaction,
i.e., immune response of monocytes which consists in the
increase of respiratory oxygen consumption coupled to
higher ROS production, due to exposure of the monocyte
to Escherichia coli culture medium, containing several bac-
terial antigens. Even if a straightforward estimation of hy-
drogen peroxide was not possible, the increase of hydrogen
peroxide in the cell surroundings was estimated to be in the
micromolar range.

Hydrogen peroxide was also detected as electrochemi-
cal readout of biosensing enzymatic reactions employed at
the SECM UME for the electrochemical imaging of lactate
release and glucose uptake of human breast epithelial cells
[55].

Nanoelectrochemistry and intracellular
measurements of ROS and redox balance

The recent developments in the field of nanoelectrochemistry
made available new nanotools to be used with systems for
their precise positioning. The use of such nanotools in-
creases the spatial resolution of the electrochemical analy-
sis and, at the same time, enables intracellular measure-
ments. In fact, the little dimension of these nanoelectrodes
allows for their penetration of cell plasmatic membrane
without relevantly affecting cell vitality and without
perturbing the intracellular concentration of the species of
interests. Some cases of intracellular electrochemical mea-
surements, which represent the absolute state-of-the-art of
the field, are herein illustrated.

Nanoelectrodes and nanopipettes are usually characterized
by radii about three orders of magnitude smaller than the en-
tire cell dimensions, their use enables the detection in the
nanodomains and, at the same time, they have the great ad-
vantage of preserving the cell viability when they are used for
intracellular measurements [56] (Fig. 3b).

Nanoelectrodes enable real-time, quantitative, and simulta-
neous measurements of oxidants and antioxidants; further-
more, the small double layer capacitance of the nanoprobes
permits sub-microsecond detection allowing for the investiga-
tion of fast kinetics bioprocesses [57].

Using such nanoprobes, both extracellular and intracellular
nanodomains were explored. The characterization of the en-
vironment outside the cells, in close proximity to the cell
membrane, is of great interest for the study of cell signalling
processes and to evaluate the chemicals fluxes established
between intracellular and extracellular regions. Zheng et al.
developed a bifunctional electro-optical nanoprobe tomeasure
the local dynamic oxidation activity of a single cell. The
nanoprobe they used is an optical fiber with an aperture of
200 nm coated with a 100-nm thickness gold nanoring that
is in turn, coatedwith an insulating polymer (Fig. 3a, panel A).
The functionalization of the gold with Prussian Blue confers
to the probe the selectivity towards H2O2 detection. The thick-
ness of the excitation depth was about 300 nm in the cell
membrane thus reducing dye bleaching and background sig-
nal and leading to a high spatial resolution. The probe was
accurately positioned on the cell membrane with a
nanomanipulator and the oxidant production under chemical
stimuli was analyzed. Exploiting the double function of the
tip, they could record both amperometric and fluorescence
signals, and they could correlate the events taking place in
intracellular and extracellular compartments. MCF10A,
MCF7, and MCF7/HER2 stained with specific fluorescent
dyes were investigated in presence or not of the external
chemical stimuli. The amounts of reduced thiols were also
investigated in these systems in order to monitor the redox
balance of these cells. Higher oxidative responses and altered
antioxidant levels in cancer cells compared to the normal ones
were reported. The authors suggested that the high antioxidant
concentration could be correlated with the drug resistance
phenomena.

As far as intracellular measurements are concerned, several
nanoprobes were developed to penetrate the cell membranes.
Sun et al. [56] measured the redox status of single cells with a
nanoscale resolution. They reported on the possibility to quan-
tify the oxidative status of the cell by the investigation of the
rate of charge transfer across the cell membrane. They per-
formed both extracellular and intracellular experiments on
MCF10A cells using platinum nanoelectrodes (Fig. 3a,
panel G).

Actis et al. [59] manufactured nanoprobes for SICM-
SECM investigation of brain tissue. A disk-shaped carbon
nanoelectrode functionalized with platinum (Fig. 3a, panel
C) was used to investigate intracellular species. These probes
could be precisely positioned inside the neuronal cell mini-
mizing the perturbation to the tissue. A current increase of
about 100 fAwas recorded upon the penetration of the tissue,
which correlated to endogenous intracellular molecules. The
authors envisaged the use of these probes to investigate intra-
cellular ROS.

Wang et al. performed intracellular ROS and RNS detec-
tion in murine macrophages employing Pt/Pt black
nanoprobes [61] (Fig. 3a, panel E). The results of these
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experiments show that inside the macrophages the oxidative
bursts are shorter in time with respect to the ones recorded
outside, in accordance with the hypothesis that the
phagolysosomes are able to scavenge the radical species in
the cells thus avoiding any damage.

Marquitan et al. [63] developed a carbon nanoelectrode
modified with Prussian Blue to selectively and quantitatively
detect H2O2 in macrophages. Oxidative stress was stimulated
by adding H2O2 in the medium; it was shown that hydrogen
peroxide penetrates the membrane (raise of the intracellular
cathodic current) and reaches a stable value corresponding to a
steady-state hydrogen peroxide concentration given by the
balance between the incoming flux across the cell membrane
and the antioxidant scavenging system.

Although oxidative stress is an important carcinogenic fac-
tor, a further increase of ROS and RNS concentrations can
trigger cancer cell death. Li et al. employed a carbon
nanoelectrode modified with black platinum able to detect
NO2

− and H2O2 [60] (Fig. 3a, panel D). Intracellular ROS
and RNS production has been shown to be higher in cancer
breast cells than in normal ones, for which the signal was even
too low to be detected. Moreover, upon chemical stimuli
(treatment with DAG-lactone), normal cells showed an in-
crease in the oxidative stress due to protein kinase C (PKC)
activation.

In order to increase the nanoelectrode mechanical and elec-
trochemical stability, Zhang et al. [62] fabricated a SiC-core
shell nanowire electrode (NWE) (Fig. 3a, panel F). These
NWEs allow for extensive investigation inside the cell without
altering the cytoplasm. Disk-shaped nanoelectrodes are more
robust than NWEs, but they do not allow for deep perforation
in the cells. Employing this approach, spikes of currents cor-
related with the ROS/RNS production in the phagolysosomes
of the macrophages were reported. The nanoelectrochemistry
field is rapidly growing and new well-performing tools are
available; in the next future, these probes could be employed
for cellular and intracellular ROS/RNS measurements. For
example, Zhou et al. reported on nanoprobes used for the
determination of the oxygen reduction reaction (ORR [58]),
which is central in several energetic fields, e.g., fuel cells, in
order to elucidate the reaction pathways and the intermediate
species of the electrocatalytic process. They paid special at-
tention to the short-lived intermediates that are not stable in
water and are difficult to detect, e.g., O•

2
−. An electrochemical

nanopipette filled with organic phase was built and used to
detect at the liquid-liquid interface (Fig. 3a, panel B), the
superoxide flux and the radical half-life (that was estimated
to be 2 μs). These liquid-liquid electrochemical nanoprobes
may be also employed to detect intracellular flux of really
short-lived oxygen reactive species. With scanning
photoelectrochemical spectroscopy (SPECM), which is a
SECM coupled with a light source for the controlled and lo-
calized illumination of the sample, Zhao et al. [64] investigate

a specific photosynthetic 1 (PS1) protein in order to clarify the
applicability of PS1-based photocathodes. They measured the
partially reduced oxygen species produced under light expo-
sure of the system. For this measurement, dual Pt microdisk
was used, and both O2 and H2O2 were detected at the two
microdisks. With this set-up, they gain more information
about the electron-transfer pathway at PS1-modified electron
surface (PS1/Os-complex). The light irradiation is correlated
with the hydrogen peroxide production when the experiment
is conducted under aerobic conditions, vice versa
biophotodevices operating under anaerobic condition do not
produce ROS and thus is reflected in a long-term stability of
the system. This same dual electrode configuration may be
used to explore the ROS production from single cells and in
cell compartments. Finally, sensitive electrochemical probes
have been recently developed, based on modification of
glassy carbon electrodes with DNA molecules together with
mesoporous carbon nitride, gold nanoparticles, and methylene
blue [65] or carboxilic acid-functionalized multiwalled carbon
nanotubes and gold nanoparticle [66]; the high sensitivity and
wide performance range reached envisage the use of these
approaches to ROS/RNS detection.

Several strategies for the electrochemical monitoring of
ROS, RNS, and cellular redox balance have been reviewed.
Limitations are mainly represented by (i) fouling of the elec-
trodes, which often leads to the inability to reuse the same
probe for many measures; (ii) the inaccessibility of cell inter-
nal compartments, although recently challenged by the use of
miniaturized nanoprobes; and (iii) technical difficulties in
manufacturing nanoelectrodes.

Outlook

Electrochemical methods present several advantages to ad-
dress the analytical challenge of ROS/RNS concentrations
and redox state detection in living cells: (i) the specificity
towards the analyte can be tuned by changing the potential
applied to the electrode and by specific electrode modifica-
tions (e.g., Prussian Blue, black platinum, functionalized poly-
mers); (ii) no tagging or genetic manipulation of the cells is
required; note that the stain accumulation in the cells make it
also difficult to monitor the real-time ROS/RNS changes; (iii)
the response time of ultramicroelectrodes and nanoelectrodes
is in the range of milliseconds and they allow for real-time
monitoring of the reactive species production and scavenging;
(iv) ROS and RNS are usually located in sub-cellular areas
like in specific organelles at low concentration; nano- and
microtools allow for the detection of these species in a
micro-invasive approach, preserving the cell viability; (v) fur-
thermore, modified microelectrodes combined with a semi-
permeabilization of the cell plasmatic membrane can be
employed to investigate the time course of ROS/RNS
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production and the time changing of the cellular redox balance
of entire cells.

For the aforementioned reasons, the authors are confident
that electrochemical monitoring of the redox state and of oxi-
dative stress in living cells will establish a new trend in this bio-
analytical field. Thanks to the new development in nano- and
single-entity electrochemistry, these methodologies will enable
a further comprehension of the roles of reactive oxygen species
and redox homeostasis, and of the mechanisms governing
them, also resolving these phenomena in time and space.
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