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Reactive oxygen species (ROS) exhibit different spatial and temporal distributions as well as concentrations in- and outside the cell,
thereby functioning as signaling or pathogen-destroying molecules. Especially the ROS H, O, is important for the patho/physiological
status of an organism. Electrochemistry (EM) and electron spin resonance (ESR)-based techniques allow quantification of HO3 in
artificial and living systems, coping a concentration range from low nM up to mM. Working electrodes for EM are optimized by
diverse modifications and, additionally, redox mediators are used. Ultramicroelectrodes allow scanning of single cells to spatially
resolve and quantify extracellular H,O; in real-time. With ESR spectroscopy, ‘O, but not H,O,, can be directly determined by spin
probes in- and outside of cells in suspensions. Monitoring H,O, requires formation of intermediate radicals, detectable with spin
probes. Low M [H»O;] can thus be assessed specifically. Using suitable spin traps, in-vivo ESR and immuno-spin trapping can
visualize different radicals at their respective production sites in small animals, organs and tissues. Here, the redox reaction cascades
may interfere with cell metabolism. Optimization of all methods established for HO, determination would be favorable to finally
combine them for mutual validation. Thus, a deeper insight into cellular ROS metabolism can be obtained.
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Redox Chemistry of Hydrogen Peroxide

Hydrogen Peroxide (H,0,) is widely recognized as one of the most
important small molecules responsible for physiological functioning
of cells in prokaryotes as well as eukaryotes.! H,O, can be produced
intra- and extracellularly. Both, H,O, and its precursor superoxide
("Oy") belong to the reactive oxygen species (ROS). Together with
reactive nitrogen species (RNS), calcium ions and others, these are
universal signaling species in cells.>”'? In principle, H,0, is formed
by a sequential 2e” transfer to O,, whereby the intermediate radical
0, is produced. ‘O, is subsequently protonated resulting in the non-
radical H,O,. The oxygen reduction cascade shown in Figure 1 de-
picts reactions leading to various radical or non-radical ROS in vitro.
In cellular systems, oxygen reduction under physiological conditions
is controlled by special enzymes which contribute to a balanced ROS
level inside and outside the cell.!* Cellular *O,” is produced by in-
tracellular or cell membrane-residing enzyme complexes (NADPH
oxidases, NOX), which reduce O, by a 1e™ transfer. Additionally, *O,~
can be a product of pathways localized in mitochondria,'*?' in other
organelles or the cytoplasm.?? ", is rapidly dismutated to H,O, and
0,. This can occur spontaneously (lifetime is about 10~* s) or is cat-
alyzed by intra- and extracellular superoxide dismutases (SOD), which
accelerate dismutation by a factor of 10*.232° "0, is highly reactive,
and cells aim to keep its steady-state concentration low.

The more stable H,O, not only serves as a signaling molecule
in cells,!"?226-34 but is also used by phagocytes to destroy infectious
invaders.*>* White blood cells of various types, such as monocytes,
macrophages, neutrophils, dendritic and mast cells function as phago-
cytotic cells engulfing pathogens and destroying them. Involvement
of H,O, in physiological metabolism as well as in stress responses
related to ageing and a variety of pathological conditions is also well
confirmed. 74!

In numerous intracellular reactions with ROS, thiol-containing
molecules are targeted, which undergo redox transformation,*>* thus
leading to mostly transient and reversible activation or inhibition of
various signaling processes.?®?7334447 In a recent review, Rhee et al.

=These authors contributed equally to this work.
“E-mail: monika.bozem@uks.eu

presented the pivotal role of peroxiredoxins as intracellular transduc-
ers for H,O, signals.*® The H,0,-induced oxidation of thiols or other
targets, like lipids and nucleic acids, and the pathways to reduce them
again, are far from being simple reversible reactions.*>>° To under-
stand H,O, function in cells, a deeper insight into its redox chemistry
is required. H,O, can gain or lose electrons in different reaction types.
Environmental parameters, for instance pH, determine whether H,O,
reacts as an oxidant or as a reductant.’!”? The two-electron reduc-
tion and oxidation of H,O, at pH of 7 are described by the following
Reactions 1 and 2, respectively:

H,0, + 2H* 4+ 2¢ — 2H,0 E°’ = +1.534V versus SCE  [1]

H,0, — 2H" 4+ 0, + 2¢" E’ = +0.440V versus SCE  [2]

(SCE stands for saturated calomel reference electrode; NHE is normal
hydrogen electrode / see next paragraph).

In the first half-Reaction 1, H,O, is reduced to H,O while it acts
as an oxidant; in the second Reaction 2, H,O, functions as a reduc-
tant. Since the standard redox potential of the couple H,O,/H,O in
neutral medium is rather high (4+1.534 V versus SCE, or +1.76 V
versus NHE), this would imply a high oxidative force for H,O,. How-
ever, redox systems with H,O, at neutral pH are mainly kinetically
but not thermodynamically driven. Due to the slow kinetics of its re-
dox reactions, H,O, acts as a moderate oxidant under physiological
conditions.?>> This may explain the low reactivity of redox-active
biological molecules with H,O,. On the other hand, the O-O bond of
H,0, (H-O-O-H) is quite sensitive to UV light, heating (7, ionizing
radiation (X) and metal ions, like Fe?* and Cu?*;°*% the breakdown
of the O-O bond produces the hydroxyl radical HO" during homolytic
bond cleavage or catalytic reactions (see Figure 1). The hydroxyl rad-
ical with a lifetime in the range of 10~ s is the most reactive ROS
known and is responsible for the “oxidative damage” of cells, re-
acting indiscriminately with many organic molecules and abolishing
their functions.*>*%>? Thus, determination and precise quantification
of ROS, like ‘O,™ and H,O,, in living systems under physiological
and pathological conditions are of exceptional importance for under-
standing cell metabolism controlled by redox reactions. This would
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Figure 1. Reduction processes of oxygen (O;) forming reactive oxygen
species (ROS). The cascade is initiated by electron transfer steps (top row)
followed by protonation of the intermediate molecules (middle row). Within
the cascade, different short-lived highly reactive radicals (marked with a black
dot) exist. *O, ~ and *HO, are dismutated spontaneously to HyO, and O;. The
hydroxyl radical (HO®) is regarded to be the most hazardous species in living
systems. In the presence of Fe?>* or Cu?* ions, HO® is produced by reduction
of HO, and concomitant oxidation of the metal ions (lower row). This radical
can also be formed by radiation (X, UV light) or high temperature (7). Approxi-
mate lifetimes of selected species are listed in the inset. In cellular systems, the
enzymes NADPH oxidases (NOX) and superoxide dismutases (SOD) cause
directed and irreversible production of superoxide (*O, ™) and H,O,, respec-
tively. These enzymes are highly regulated and contribute to the balancing of
ROS under physiological conditions. In vivo, radicals are effectively trans-
formed into non-radicals by enzymatic and non-enzymatic reactions.

probably also help improving diagnosis and therapeutic attempts to
cure diseases being linked to defective ROS balance in patients.®-64

Diverse approaches to measure ROS in organisms, tissues and
cells have been developed in the last decades. Some of these methods
are based on enzymatic, fluorescent and luminescent techniques.®>-"!
More recent approaches use genetically-encoded protein sensors or
transgenic organisms to determine H,O,.”>7° While these approaches
all have advantages and disadvantages,®>’'%34 one of their major
problems is the quantification of absolute [H,O,] or even cellular
[H,0O,] kinetics. Another serious issue is the fact that measurements
with fluorescent proteins may cause phototoxicity leading to oxida-
tive stress in cells. Furthermore, some genetically-encoded fluorescent
proteins directly generate ‘O, after excitation.®~!

The main focus of our review article is on electrochemical and elec-
tron spin resonance (ESR) spectroscopic methods for determination
of H,0,. Both allow precise [H,O,] quantification also in a cellular
context. Since very important for cell biology, the ancillary issues of
‘0O,” and HO® measurements are also briefly addressed. The electro-
chemical and ESR-based methods not only turned out complementary
to those mentioned in the foregoing paragraph, they even should be
favored under certain conditions. In the following, we present and
critically discuss the most relevant electrochemical and ESR methods
developed so far to measure and potentially quantify H,O, (and "O,~,
HO") in various systems, including those of living cells. We have tried
to deduce the most important findings from the multitude of published
articles and references knowing that the list of citations remains in-
complete. For a better overview the table in Conclusive evaluations of
electrochemical and ESR spectroscopic H,O, (and ‘O,") determina-
tions section summarizes the main electrochemical sensors and ESR
methods, their applications and limitations (see Table I).

Electrochemical Determination and Quantification of H,O,

Within the last ~30 years, numerous electrochemical techniques,
such as voltammetry, chronoamperometry, potentiometry, coulometry
and electrochemical impedance spectroscopy have been used as effi-
cient tools to determine H,O, in various in-vitro and in-vivo systems.
Excellent overviews are given by review articles published within the
last decade.®>"'%! In spite of numerous efforts to develop electrochemi-
cal sensors for quantitative determination of H,O; in in-vitro systems,
easy handling and applicability, high sensitivity, selectivity and repro-
ducibility as well as a fast response time of a sensor still remain to be
challenging goals.**!%> Applying technically optimized electrochem-
ical methods in living systems are even more ambitious; they often
fail because of toxic materials used for electrode construction and/or
performance.

Voltammetry and chronoamperometry.—Starting with voltam-
metric methods, which provide qualitative, quantitative and mecha-
nistic insight into the redox reaction studied,'*!% we focus on recent
methodological developments for quantification of H,O,. Voltammet-
ric devices are electrochemical sensors which continuously measure
the faradaic current resulting from oxidation/reduction reactions oc-
curring at a working electrode (WE) surface of a given electroac-
tive species. The species is dissolved in an electrolyte solution or is
immobilized on the WE tip surface. Redox reactions are driven by
the potential difference at the electrode/electrolyte interface, which
is measured and controlled versus a reference electrode (RE). One
of the main voltammetric techniques for mechanistic study of redox
transformations of H,O, and its quantitative determination is cyclic
voltammetry (CV). CV is an electroanalytical technique, in which the
electrode interfacial potential is varied in a cyclic mode, thus enabling
the redox equilibrium of a given redox couple to be repeatedly in-
spected in both, reductive and oxidative directions.!%+-106

Besides conventional CV, a variant called fast scan cyclic voltam-
metry emerged as a powerful tool for detection of biomolecules in-
cluding H,0,.!9"!!3 Other, more advanced pulse voltammetric tech-
niques, such as normal (NPV) and differential pulse voltammetry
[DPV;!'4115] as well as square-wave voltammetry [SWV;!03:116-121]
are also applied to determine H,O, with very high sensitivity. The
latter enables low detection limits within the nanomolar range for
H, 0, determination, thus being superior over other voltammetric tech-
niques. In a recently published article we confirmed the superiority of
SWYV reporting a very low limit for H,O, of 5 nM, using a bare Pt-
ultramicroelectrode.'?> Applying DPV, detection limits for H,O, were
in the same range (Bozem; unpublished results). Chronoamperometry,
conducted at a specific constant potential can be applied to monitor
H, 0, with higher temporal resolution (such as 1 kHz) than voltammet-
ric methods do. It turned out to be the most appropriate electrochemical
technique to follow kinetics of (electro) chemical reactions in the test
solution.

First-generation electrochemical H;O, sensors.—From a ther-
modynamic point of view, H,O, is expected to be reduced or oxi-
dized at a variety of electrode materials. However, slow kinetics of
the electron transfer at most electrodes (or nanostructures function-
ing as electrodes) leads to very high over-potentials of H,O, elec-
trode transformation.®®'>3126 The overpotential is defined as the dif-
ference in voltage between the redox potentials determined for a half-
reaction under ideal thermodynamic compared to real experimental
conditions. Some noble metals, like Au, Ag, Pt,'**!'?7 ignoble met-
als or metal oxides, like Cu or CuO,'”® or non-metal catalysts, e.g.,
carbon-type electrodes'?*~!3! could help to accelerate redox trans-
formations. For instance, reduction of H,O, at bare electrodes, as
schematically depicted in Figures 2A and 2B is associated with a
single irreversible voltammetric peak at negative potential, which is
ascribed to the overall Reaction 1, specified in Redox chemistry of
hydrogen peroxide section. The electrode mechanism is mainly af-
fected by the kinetics of interfacial electron transfer and the rate of
diffusional mass transport. In some cases, reduction of H,O, at bare
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Table I. Electrochemical and ESR spectroscopic H;O; (and O, ™) determination techniques.

ELECTROCHEMICAL TECHNIQUES

Sensor Type Composition Specificity Sensitivity (LOD) Application Limitations
ELECTRODE bare metal (Au, Ag, Pt) or carbon H3O;, other ROS; RNS  nM to low mM in vitro; slow kinetics and “fouling” due
(macro, mini) fiber fused in a glass capillary; (at specific potentials) extracellular to adsorption processes at bare
“1%t generation” tip can be platinized (covered fluid of cell electrodes; metal particles
(Fig. 2) with particles) suspensions increase active area and
electrochemical performance
ELECTRODE metal or carbon, modified with H,0; (specifically nM to mM in vitro; time-consuming and complicated
(macro, mini) electro-conductive and catalyzed by the extracellular electrode construction; its
«pnd generation”  electro—catalytic materials (e.g., selected materials) fluid of cell lifetime may be short; toxic
(Fig. 3) Au, Ag, Pt, thiols, amino acids suspensions materials may exclude usage in
and others) cell suspensions
metal or carbon, modified with H,0; (specifically nM to mM in vitro; time-consuming and complicated
metal or carbon nano-particles; supported by the extracellular electrode construction; its
nanotubes with bound inorganic selected materials) fluid of cell lifetime may be short; toxic
or organic materials; also suspensions materials may exclude usage in
material combinations cell suspensions
(“bi-metallic”); stabilization by
thiols
metal or carbon with immobilized H,0; (not very 1to20 pM in vitro; complicated electrode
redox mediators, e.g., metal selective) extracellular construction, materials may be
complexes at the electrode tip or fluid of cell toxic for cells; redox-active
redox mediators dissolved in suspensions species other than H,O, may
solution lead to unspecific results
ELECTRODE metal or carbon, “charged” H,0; (selective due to nM to pM in vitro; complicated and costly electrode
(macro, mini) nanoparticles attached, to which H,0;-binding extracellular fabrication; proteins at the
«3td generation” selected proteins/enzymes are proteins/enzymes) fluid of cell electrode may degrade quickly
(Fig. 4) bound; metalloproteins suspensions and may interfere with cell
(Fet [Fe3t) metabolism
metal or carbon, “charged” H,0; (selective; 40 nM to 10 pM in vitro; (same as in the box above); redox
nanoparticles and (metallo) specific redox extracellular mediators may interfere with
proteins/enzymes plus redox mediators) fluid of cell cell metabolism or are
mediators in solution suspensions
screen-printed ES ~ carbon- or graphite-based ink; ~ HO; (selective due to 13.7nM to in vitro; complicated sensor fabrication
Ti3C;-graphene oxide; modified the selected 1.95 uM extracellular (piezo-electric inkjet printing);
with Prussian Blue materials) fluid of cell repeatability not always given
nanoparticles, gold or suspensions
osmium-wired HRP
ELECTRODE; carbon or metal; graphene (or H,0; (selective dueto 6 pM to low uM in vitro; complicated electrode
MEA; -oxide) attached as monolayers, the selected extracellular fabrication, may be expensive,
hybrid-film ES SWNTs or MWNTSs; optionally materials) fluid of cell layers have to be renewed
“graphene” with HyO,-binding proteins, suspensions frequently; graphene oxide may
metal particles or other materials be toxic for cells
dual- and graphene- or carbon-nanotube H,0; and glucose, or  low uM [H20;]; in vitro; complicated sensor fabrication;
multimode ES based; Co-oxide modified gallic acid, nM to uM for extracellular elaborated experimental
glassy carbon electrode; carbon cholesterol, peracetic other substances fluid of cell settings and preparation of
nano-particle composite film; acid, ethanol, nitrite, suspensions, samples required
nano-porous Co-Pt alloy hydrazine, iodate, blood
bromate
MICRO- and carbon, metal or “hybrid” metal; ‘0, low nM to uM in vitro; complicated and costly electrode
ULTRA- different interface layers, to extracellular fabrication, delicate handling;
MICRO- which O, -binding proteins fluid; in situ-ex long-time stability not always
(UME) can be mounted vivo (dog aorta) given; electrode materials may
ELECTRODE affect cell metabolism
MICRO- (bi-)metallic, modified with H,0; 10 nM to 3 mM in vitro; in vivo complicated sensor fabrication
ELECTRODE; different (nano) materials and within brain and performance; long-time
MEA; E-CHIP enzymes tissue; cell stability not always given;

clusters and
suspensions

electrode materials may affect
cell metabolism
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Table I. Continued.

ELECTROCHEMICAL TECHNIQUES

Sensor Type

Composition Specificity Sensitivity (LOD) Application Limitations
UME carbon or metal (Pt, Au, Ag); H30;, other ROS; low fM, mostly in vitro; tissue complicated and costly electrode
(¢ <25 pum) optionally platinized or RNS (at specific low nM to mM slices, cell fabrication, delicate handling;
SECM otherwise modified; mostly potentials) suspensions; preconditioning may prevent
disk-shaped; flat or inclined tip outside of single “fouling” and damage
cells;
mitochondria;
bacteria
NANODE metal or carbon; modified (e.g., H,0, low uM to low in vitro; complicated electrode fabrication
(¢ <1pnm) with Prussian Blue) mM intracellular and application; repeated
space of living electrode usage rarely possible;
cells experimental manipulations of
cells may interfere with (ROS)
metabolism
ELECTRON SPIN RESONANCE (ESR) SPECTROSCOPY
Method and
Compounds Characteristics Specificity Sensitivity Application Limitations
SPIN TRAPS: cyclic nitrones with different ‘0,", HO’, and UM to low mM in vitro; intra- generally low rate constants; high
CYCLIC specificities, spin-adduct mainly and/or concentrations (<100 mM)
NITRONES formation, sometimes with carbon-centered extracellular needed; short lifetimes of
(Fig. 7) spectral signature of radical radicals fluid adducts, mainly in cell
environment
SPIN PROBES: redox activation, different ‘0,7, HO'; any low uM in vitro; intra- no spectral information of
CYCLIC membrane permeabilities, high radical or redox and/or interacting radical, complex
HYDROXYL- rate constants; low active metal ion extracellular redox chemistry possible,
AMINES concentrations (<500 wM) fluid; exclude artefacts
(Fig. 8) mitochondria
suspension
HRP - ASSAY enzymatic; HRP + p-AAP + H,0, M in vitro; celland ~ complex redox chemistry due to
(Fig. 8) CPH; HRP + CMH; mitochondrial redox-active cyclic
complements AUR assay suspensions hydroxylamines; calibration
may be difficult
SPIN PROBES CPH, CMH, DMPO, ‘0, wM cells of different low radical concentrations and
and TRAPS CD-DIPPMPO, and others types in interference with cellular
suspension metabolites and/or buffer
components require controls
for calibration
IN-VIVO ESR  functional spin probes; spin traps different radical uM at radical in vivo, in situ high-price equipment,

IMMUNO-SPIN
TRAPPING
(IST)

Abbreviations used in Table I: AUR = Amplex UltraRed; CD-DIPPMPO = 6-monodeoxy-6-mono-4-[(5diisopropoxyphosphoryl-5-methyl-1-

for specific reaction kinetics;
elaborated technical devices and
ESR settings

nitrone spin trap (DMPO) forms
radical spin-adduct then binding
to a specific antibody; Western
blotting, ELISA,
fluorescence-based methods,
mMRI

species; spin trap
used determines
specificity

production site

different radical

species; selective;
relatively high

spatial resolution

semi-quantitative

cells, tissues,
organs, small

animals, human

subjects

cells; ex-vivo
tissue samples

experienced personnel
required; experimental settings
and analysis of data difficult;
possible cross-reactions of spin
traps with cell metabolism

sophisticated, time-consuming
procedure; possible
interference with cell
metabolism; no absolute
quantification; no dynamics
measurable

pyrroline-N-oxide)-ethylenecarbamoyl-(2,3-di-O-methyl)hexakis-(2,3,6-tri-O-methyl)]-p-cyclodextrin; CMH = 1-hydroxy-3-methoxycarbonyl-2,2,5,5-
tetramethylpyrrolidine; CPH = 1-hydroxy-3-carboxyl-2,2,5,5-tetramethyl-pyrrolidine; DMPO = 5,5-dimethyl-1-pyrroline N-oxide; E-CHIP = chip com-
posed of several (micro) electrodes; ELISA = enzyme-linked immunosorbent assay; ES = electrochemical sensor; HRP = horseradish peroxidase;
IST = immuno-spin trapping; lower LOD = lower limit of detection, MEA = microelectrode array; MWNT = multi-walled nanotubes; p-AAP =
p-acetamidophenol; RNS = reactive nitrogen species; ROS = reactive oxygen species; SECM = scanning electrochemical microscopy; SWNT = single-
walled nanotubes; mMRI = molecular magnetic resonance imaging; UME = ultramicroelectrode.
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Figure 2. First-generation electrochemical HyO; sensors. (A) Macroscopic
(surface area in the range of square centimetre) bare metal Pt, Au, Ag or car-
bon/glassy carbon (M/C) working electrodes are applied versus a reference
electrode to detect H>O, dissolved in an electrolyte buffer with amperometric
or voltammetric techniques. In order to increase the active area of the surface
and thereby increase the sensitivity of the electrode, noble metal nanopar-
ticles (MP), such as Pt, can be attached to it. (B) Assumed theoretical cyclic
voltammograms in the absence (1) and presence of H>O; (2) in a deoxygenated
electrolyte solution. W stands for dimensionless current. (C) The selected po-
tential window of cyclic voltammetry determines whether HyO, is measured
along anodic oxidation and/or cathodic reduction reaction(s). Electron transfer
toward or from the electrode surface is reflected by (faradaic) current changes
and the appearance of current peaks at the respective potential ranges.

electrodes features two reduction peaks in CV.'3>!33 The second peak

might be attributed to the H,O, adsorption at the surface of the working
electrode. 27132134
Detection limits of voltammetric methods referring to H,O,, using
bare WEs, vary strongly depending mainly on the electrode mate-
rial and tip size (for micro- and ultramicroelectrodes) as well as the
voltammetric technique applied. Platinum WEs, for example, offer
H,0, determination with a high sensitivity, since Pt is a specific cata-
lyst for H,O, redox reactions. Moreover, preconditioning of the WE,
e.g., electrochemical cleaning by constant potential polarization, may
also contribute to the overall analytical performance of the method.
Taken together, detection limits for HO, obtained with bare elec-
trodes range from millimolar down to low nanomolar concentration
16V€15.123‘129’135
Quantification of H,0,.—The most common and simple way for
electrochemical quantification of H,O, is calibrating the measured
current with the respective known concentration of H,O, added to
the measuring solution. Using chronoamperometry, conducted at a
given constant potential, the current-concentration relationship can be
easily determined and presented as a calibration curve. In voltammet-
ric experiments, covering a broader potential window, the increasing
[H,0,] causes changes in the intensity of the cathodic and/or anodic
current at particular potentials, depending on the reduction or oxi-
dation of H,0,, respectively. Usually, with increasing [H,0,], the
corresponding peak currents also increase, and thus allow calibration.
In SWV experiments, for instance, the voltammetric peak, which is
termed net peak, is calculated as a difference of the corresponding
peaks of the subsequent oxidation and reduction processes at the elec-
trode surface, and the net peak commonly increases in proportion to
[H,O,]. For calibration purposes, either the height of the peak relative
to the baseline or, alternatively, the area under the peak is determined.
As recently shown,'?? both methods are effective to calibrate the cur-
rent— [H, O, ] relationship. Another sophisticated approach to quantify
the amount of various electrochemically active species, namely H,O,,
peroxynitrite (ONOO™), NO® and NO;,", all simultaneously released
by stimulated cells of different types, was applied by Amatore and
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Figure 3. Second-generation electrochemical HyO; sensors based on elec-
trode surface modification and appropriate redox mediators. (A) The surface
of a metal or carbon electrode (M/C) is modified by assembling a layer of con-
ducting material (CP), to which nano-particles (NP) easily attach. Nano-sized
materials can be single-walled or multi-walled carbon nanotubes, or graphene,
which enlarge the active area of the electrode surface, thereby increasing sensi-
tivity for H>O;. The surface-modified electrode is immersed into an electrolyte
solution containing a redox mediator (RM), which shuttles electrons between
the electrode and HO;. The redox mediator might also be immobilized on
the electrode surface. (B) Assumed theoretical cyclic voltammograms in the
presence of a dissolved redox mediator in the absence (1) and presence of
increasing [H2O,] (2—4). W stands for dimensionless current. (C) The redox
mediator supports the electrochemical H,O, determination by the electrocat-
alytic regenerative mechanism EC’. In the given example, electrons from the
electrode reduce the oxidized form (RMox) of the redox mediator to yield the
reduced form (RMred), which is thereafter recycled by the transfer of electrons
to HoO,. Reduction by two electrons of one HyO, molecule and reaction with
2HT leads to production of two molecules of H>O. n, number of electrons.

co-workers. They conducted chronoamperometric and voltammetric
measurements at platinized carbon-fiber microelectrodes.'® The spe-
cific potential for determination of particular species with chronoam-
perometry was defined in independent in-vitro voltammetric experi-
ments. The amount of species released by the cell was determined by
analyzing chronoamperometric experiments with the aid of Faraday’s
law. 136

The hitherto described electrochemical detection of H,O, at bare
electrodes of different materials, applying voltammetric or chronoam-
perometric techniques, is related to the so-called first generation of
electrochemical sensors (Figure 2). Although they are the simplest
type of electrodes, some of them enable selective and sensitive deter-
mination of H,O,, and are still routinely applied.

Second-generation electrochemical H,0, sensors.—Further
methodological development, mainly focused to overcome the slow
electrode kinetics of H,O, at bare electrodes, resulted in the second
generation of electrochemical sensors (Figure 3).

They are represented by surface-modified electrodes with electro-
conductive and electro-catalytic materials.'3*!3713 These can be
nanoparticles of noble metals, most frequently gold,'*® gold-
platinum,'* silver and/or platinum,'*'~'** or palladium.'*® Other elec-
trode modifications applying two metals or composites of a metal with
various chemical substances, respectively, should also be mentioned
here.'#’-157 Furthermore, metal oxides,"®'% carbon-derivatives, and
conducting polymers have been employed to lower the overpotential
of H,0, electrode transformations.’®!¢1-1% The diamine-based poly-
mer, applied by Wilson et al.'"® to cover carbon fiber electrode tips,
enabled the small molecule H,O, to penetrate the layer, but not larger
molecules, which were also present in the surrounding solution and
had redox potentials near to the one of H,O,. Thus, selectivity of the
sensor for H,O, was achieved by a “size-exclusion” mechanism of the
polymer.
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An overview on a multitude of studies that have been performed to
optimize electrode properties with regard to sensitivity, stability and
selectivity is given by Alkire et al.'3

An electrochemical method, called “self-assembling” is the most
convenient way to cover carbon or metallic electrode surfaces with
inorganic or organic polymers or with poly-electrolytes.'®:166-16 Tn
particular, thiol-containing compounds turned out to be useful surface
modifiers for gold electrodes.!*>!”* Due to direct binding of sulfur
to gold, sulfur-containing substances firmly attach to the electrode
surface, mediating the redox transformations of H,O,. With those
electrodes, lower detection limits for H,O, in the micro- to nanomo-
lar concentration range could be obtained.!”® Other substances, like
derivatives of amino acids,'** pyrrole, aniline, pyridine or diverse hete-
rocyclic compounds!”! are also used as efficient electrode modifiers.!**

A breakthrough to more efficient surface modification was
achieved by utilizing special nanocomposite materials, embed-
ding nano-sized noble metal, which have strong electro-catalytic
properties % 120:12414L.165.172-183 Here 3 series of sophisticated, but
rather complex electrodes, modified with conducting polymers com-
bined with metal or carbon nanoparticles have to be mentioned. 312
Carbon nanomaterials,”®!?° represented by single-layer sheets, single-
walled'®® or multi-walled carbon nanotubes,'**!>> offer multiple
binding sites for a variety of organic and inorganic compounds,
which may further improve selective H,O, measurements with low
detection limits in the nanomolar range. Combination of particles of
two different metals (“bi-metallic”) are also applied for electrochem-
ical H,O, detection.”®140:196-201 [p certain cases, bi-metallic nanopar-
ticles are additionally stabilized by thiols to optimize further the elec-
trochemical sensing capabilities.?*

For several types of modified electrochemical second-generation

sensors it turned out that they could be applied for detection of H,O,
and in parallel, for another substance; yet under respective adaptations
of electrochemical parameters. Wang et al. introduced Pt-based sen-
sors for H,O, and glucose,”>?* and Cheng et al. recently presented
an electrode for both, H,O, and nitrite determination.?®> Likewise,
such dual-mode sensors can also be found among the third-generation
electrochemical sensors.
Redox mediators.—Application of redox mediators is another impor-
tant improvement for electrochemical sensors (Figure 3) to facilitate
the electron exchange between the electrode and H,0,.2° Commonly
applied redox mediators are metal complexes (mainly iron complexes),
which exhibit areliable electrochemical reversibility. Some of them are
sparingly water-soluble compounds, such as ferrocene derivatives,?’’
Prussian Blue,2*2% jron oxides?'® and other metal derivatives.?!21?
For H,O, measurements, such mediators are effectively immobilized
on the electrode surface by adsorption, exhibiting very sensitive me-
diation properties. In some cases, water-soluble metal complexes are
also used as mediators; %' they are listed in Ref. 213. In the presence
of H,0,, both types of redox mediators operate according to the so-
called “electro-catalytic regenerative mechanism” [EC’ mechanism;
introduced by Testa and Reinmuth, 1961'04106214-2161 The EC* mech-
anism couples the electrode reaction of the redox mediator (RM,; E
step) and the follow up redox reaction between the electrochemically
transformed redox mediator (RM,q) and H,O, (C’ step). Assuming an
overall reductive mechanism, the EC’ reaction scheme is represented
by the following equations (also shown in Figure 3):

E: RM,, + ne” <> RM,q [3]

C RMred + H202 + 2HJr — RI\/IOx + 2H20 [4]

By this mechanism, H,O, undergoes electrochemical transforma-
tion at the formal potential of the redox mediator, which ideally should
be significantly lower than the high overpotential needed for direct
electrode reaction of H,O,. A simulation of the voltammetric (CV)
H,0, determination using the above reaction schemes is given in Fig-
ure 3B. The voltammograms shown are typical for the EC‘ regenerative
redox mechanism. Using redox mediators, detection limits for H,O,
range from 1 to 20 wM. The major drawback of the voltammetric
sensors based on the EC’ mechanism is their low selectivity, because
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Figure 4. Third-generation electrochemical HyO; sensors. (A) Modifying the
electrode surface includes assembly of nano-particles (NP) with an immobi-
lized redox mediator (RMox) and charged groups (CG) to the metal or car-
bon (M/C) surface. A selected native redox (metallo) protein (OP, RP) with
high affinity for H,O; is then mounted to the pre-conditioned surface. Pro-
teins can, for example, be molecules containing the prosthetic heme group,
like hemoglobin, myoglobin, and cytochromes, but also the (metallo) enzymes
catalase and horseradish peroxidase. The orientation of the protein should en-
able access of H,O; to the active site of the prosthetic group represented by a
black and a white circle in OP and RP, respectively. (B) Assumed theoretical
cyclic voltammograms in the absence (1) and presence of increasing [HyO2] (2-
5; deoxygenated solution) measured with an electrode modified as described
in (A). ¥ stands for dimensionless current. (C) Electrodes, carrying native
redox proteins, are characterized by fast interfacial electron transfer, high se-
lectivity and sensitivity for HyO,. At a selected potential, the electron transfer
cascade starts with the reduction of a redox mediator (RMox) by electrons of
the electrode. The reduced redox mediator (RMred) is “recycled” by shuttling
electrons to the oxidized form of the redox protein (OP). In the case of heme
proteins, Fe3* thereby is reduced to Fe>*. The resulting reduced protein (RP)
can now be re-oxidized by HyO, which is reduced. Depending on the redox
protein, the presence or absence of interfacial nano-materials, and probably of
additional redox mediators, the cascade can be even more complicated, and
also can lead to the oxidative determination of HyO,.

other oxidizing agents, present in the system in addition to H,O,, may
interfere in the course of the H,O, determination.

Third-generation electrochemical H,O, sensors.—To further im-
prove the technology, third-generation voltammetric sensors for H,O,
determination have been developed, which involve modification of
electrodes with a variety of proteins and redox enzymes (Figure 4).

Electrochemical systems of such type are considered to be effi-
cient tools to mimic redox processes in living organisms. For H,O,
determination, a selected enzyme or a non-enzymatic protein is im-
mobilized on the electrode surface,?'’-??2 which specifically reacts
with H,0,, thus mediating the electron transfer with the electrode.
Frequently applied enzymes are horseradish peroxidase!8’-?23-23
and catalase,'®”"?3523 but also other proteins, such as heme or
hemoglobin,?**2** myoglobin®**->*® and cytochromes.??324-2%3 For
all of them, the redox couple Fe**/Fe*+234255 within the prosthetic
group of the protein plays a critical role in mediating the electron
transfer between H,O, and the electrode. Another report described
an amperometric sensor for H,O, based on a combined modification
with porous nickel hydroxide and cytochrome ¢.?3

Redox mediators.—Functioning of protein-based electrochemical
sensors can be improved further by addition of soluble or surface-
immobilized redox mediators to the aqueous electrolyte solution,
such as hexacyanoferrates, ferrocene derivatives, methylene blue or
quinones.?’ Figure 4 summarizes the structural composition of the
modified electrode surface (Figure 4A), and the sequence of redox
Reactions (5, 6, 7; see below) at a (metallo) protein-modified elec-
trode for H,O, determination in the presence of a surface immobilized
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redox mediator (RM), and in a deoxygenated solution, assuming a re-
ductive electrode mechanism (Figure 4C; metalloprotein,, = OP and
metalloprotein,.q = RP):

RMyx + 26 — RM,q [5]
metalloprotein,, + RMeq — metalloprotein,.s + RMy,  [6]
metalloprotein,g + HyO, +2H" — 2H,0 +metalloproteiny, [7]

Overall reaction:H,0, + 2¢” + 2Ht — 2H,0

Simulated CV experiments (Figure 4B) show changes in the
voltammogram upon sequential addition of H,O, (1, blank; 2, 3, 4,
5 after stepwise application of H,O,) using a modified electrode as
shown in Figure 4A and assuming reduction of H,0O,.

Depending on the protein chosen to modify the electrode surface,
high selectivity for H,O, can be achieved, and the lower detection
limits range from 40 nM to 10 wM, referring to the studies cited above
in this paragraph and.??3258-268

It is finally worth to mention that protein-modified electrodes are
associated with some disadvantages such as: (i) preparation of the elec-
trodes is time-consuming, as they have to be frequently renewed; (ii)
preparation might be expensive in the case of a high price protein; (iii)
activity of the enzyme can rapidly decrease because of denaturation;
(iv) enzyme orientation on the electrode surface might be incorrect
leading to impairment of catalytic activity;**"?*?7% (y) electrolytes
in the measuring buffer may affect the activity, especially of redox
enzymes.?’!

Another particular electrode type and measuring concept needs to
be pointed out here. The research group of Li et al.”’> described fab-
rication of an electrochemical sensor with a sensitivity for H,O, of
10 fM, and a linear response from 100 pM to 10 nM. For the sensor,
nano porous gold films were covered with iron-containing heterocyclic
compounds, which, in N,-saturated PBS buffer, undergo a series of
complex reactions upon addition of H,O,. The mechanism to deter-
mine H,O; is a “nonelectrocatalytic” (as called by Li et al.) indirect
process which offers remarkably high sensitivity.

Screen-printed electrochemical sensors.—Screen-printed electrodes
for H,O, determination represent a recent development in sophisti-
cated tool manufacturing. In the example reported by Cinti et al.?”?
the sensor printed with graphite-based conductive ink was addition-
ally modified by Prussian Blue nanoparticles. For 20 layer-by-layer
applications of the particles, piezoelectric inkjet printing was used.
With this sensor, a low detection limit for H,O, of 200 nM could be
achieved. Another inkjet-printed highly selective H,O, sensor based
on Ti;C,-graphene oxide was presented by Zheng et al. The lower
detection limit was reported to be 1.95 wM.?™* More sensitive for
H,0, (13.7 nM) were carbon screen-printed electrodes with osmium-
wired horseradish peroxidase modifications.”” Already in 2003, Xu et
al. presented H,O, sensors functionalized as colloidal gold modified
screen-printed carbon electrodes. The enzyme horseradish peroxidase
was additionally immobilized on the electrode, which then showed
sensitivity for H,O, in the range of 400 to 800 nM.?"®

Graphene-modified electrodes.—Enormous progress in material
sciences was made by the discovery of graphene in 2004.2”” Because of
its outstanding properties for electrochemical H,O, sensing, it should
be briefly addressed here. Graphene consists of a monolayer of car-
bon atoms, which constitute a 2-dimensional crystal. Due to the unique
physical and chemical properties it can also form 3-dimensional struc-
tures of various types, for instance nanotubes.®>*’3-280 The extraordi-
nary high electrical conductivity and large active area make graphene
an optimal material for electrode modification, substantially improv-
ing electron transfer towards/from the electrode surface. In addition,
graphene-based materials can properly function as immobilization
matrices for proteins, which selectively interact with H,O,. Numer-
ous comprehensive and critical reviews have highlighted the impact
of graphene in electrochemistry in general, particularly for H,O,
determination.’*?81-28% Glassy carbon electrodes have been modified

with graphene or graphene oxide?$2%

for [H,0,] of 50-700 nM.

Furthermore, graphene or graphene-oxide supported sensors have
been fabricated with native enzymes, like horseradish peroxidase
or catalase, with other proteins, like hemoglobin, myoglobin?*?°!
or cytochrome c, with noble- or ignoble-metal materials>>>°2-305 or
with Prussian Blue [iron(Ill)hexacyanoferrate(II);*°°]. Work of Li,
F. et al. from 20113”7 is a representative example for a sensitive
microelectrode-array (MEA) sensor based on reduced graphene ox-
ide and Prussian Blue, attributed with a detection limit of 10 nM. In
addition, very complex hybrid-film based electrochemical sensors, in-
corporating graphene, have been used for H, O, determinations with an
impressive sensitivity.’*®3% Specifically, depending on the respective
combination of graphene or graphene oxide with additional materials,
the detection limit for H,O, ranges from 6 pM up to 10 uM con-
centrations [compare tables 1, 2 and 3 in the recent review by Zhang
et al.?$3].

Dual- and multi-mode sensors.—Some graphene-based or carbon-
nanotube sensors (3™ generation) were fabricated in a way that allows
determining two (or more) different substances with the same sensor,
however applying specific settings of the measurement. H,O, was
measured in parallel to glucose,**319313 cholesterol,*'* peracetic
acid,®"> ethanol,’'® hydrazine'®® or gallic acid.*'” Specifically mod-
ified multi-walled carbon nanotubes (MWCNT) were reported to be
appropriate sensors for H,O, and iodate or bromate, respectively.?3824
For simultaneous determination of H,O,, glucose and ethanol, Xu et
al.’!® fabricated a unique nano-porous Pt-Co alloy. Zhang et al. de-
termined H,O, and nitrite chronoamperometrically at potentials of
—0.2 V and +0.85 V, respectively, with a single copper-oxide modi-
fied glassy carbon electrode and achieved a detection limit of 1.6 uM
for H,O, and of 360 nM for nitrite.’!> Another electrochemical sen-
sor for H,O, and nitrite, fabricated as carbon-nanoparticle composite
films was introduced.*?° For the construction of the working electrode,
first, carbon nanoparticles (CN) were electropolymerized on the sur-
face of a glassy carbon (GC) electrode of 3 mm diameter (giving a
CN/GC composition). Thereafter, two more layers were disposed on
the electrode: multi-walled carbon nanotubes (MWCNT) and a final
chitosan film (CS). Using this “CS/MWCNT/CN/GC” sensor, H,0,
could be specifically determined by reduction and NO,™ by oxidation
with lower detection limits of 660 nM and 890 nM, respectively.

resulting in a detection limit

‘0,~ and H,0, measurements on living cells.—In contrast to
in-vitro systems, as described in the foregoing sections, in-vivo or
ex-vivo systems, like living cells, subcellular organelles, tissues or
organs require different methods to detect and quantify *‘O,~ and H,O,.
Although the emphasis of the present review is on H,O,, its precursor
*O,” should also be briefly considered here.

0, determinations.—Since more than two decades, significant
efforts have been made to determine *O,~ produced by living cells.
Because of the short in-vitro half-life of *O,” of about 2 ws,*! its
measurement is difficult. Additionally, extra- and intracellularly ac-
tive superoxide dismutases (SOD) effectively convert O, to H,O, in
living systems.?**> Due to its high affinity for ‘O,~, the enzyme SOD
was used to modify electrodes for monitoring of *O,~ in statu nascendi,
achieving considerably high sensitivity, with the lower detection limit
ranging from 15 to 700 nM.*22732* Another type of electrode modifi-
cation by covalently immobilizing cytochrome c also turned out to be
favorable to determine "O," electrochemically.***3?" Cytochrome c is
a small electron-transferring protein with a central heme group. Lower
detection limits for “O,~, measured with such electrodes appeared to be
in the same range as for SOD-modified sensors. For quantification of
‘0, released by cells, the above cited research groups performed cal-
ibrations with "O,~ produced in vitro either by the xanthine/xanthine
oxidase system or by KO, dissolved in dimethyl sulfoxide. Currents
measured from cellular material could thus be related to defined [O,7].

A remarkable study was done by Tanaka et al. in 1996,%2% who
modified a simple carbon microelectrode of 6-8 pwm diameter with
dissolved fMLP, a signal-peptide for phagocytes. In phagocytotic cells,
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fMLP provokes an immune response including the “respiratory burst”,
which is characterized by a high amount of *O,~ and H,O, production
outside the cell membrane.*?* Upon attachment of a single phagocyte
at the fMLP-modified electrode tip, “O,~ of the “respiratory burst” was
measured at a fA current level.

H;,0; determinations.—The study of O’Riordan et al. (2016) about
in-vitro calibrations and ex-vivo measurements of H,O, in explanted
rat brain tissue is arepresentative example for the state-of-the-art deter-
mination of H,O,. With a bi-metallic electrode of 125 pm tip diameter,
modified with different materials, including the enzyme catalase, con-
centrations of H,O, down to 75 nM could be reliably detected.*** An-
other recent study'?’ describes direct measurements of H,O in the rat
brain using a specially prepared microelectrode which was implanted
(together with the reference and counter electrodes) into the organ of
the anaesthetized animal. Dynamic [H,0O;] changes in the micromo-
lar range could be resolved with high selectivity. The group of Reid
etal. 3! described amperometric H,O, determinations in the intact and
explanted brain as well as in brain homogenates of the mouse with a
biosensor first presented by O’Brien et al.** The implantable biosen-
sor comprised two electrodes, one of which was a blank Pt/Ir wire
(for H,O, measurement) and the other had been covered with catalase
(for measurement of H,O, degradation). The difference between the
currents of the two electrodes was analyzed. The sensor engineered
by Wilson et al.! 13 to measure H,O, from brain slices of the rat was
covered with a diamine-based polymer that let H,O, pass the pores
(“size-exclusion membrane”), but excluded larger molecules. Apply-
ing fast scan voltammetry, the researchers monitored H,O, dynamics
and in parallel, pH changes in real-time.

All studies referenced above within the H,O, determinations sec-
tion could be promising to provide an insight into the overall ROS
balance of a complete organ.

There are a variety of techniques to determine H,O, produced
by cell clusters or cell suspensions, using electrodes modified with a
broad spectrum of materials, such as nanoparticles and nanospheres
of different types, also graphene-based, or by using arrays of elec-
trodes or specially designed chips. In the case of chips, either many
small electrodes, which can be controlled separately, are collocated, or
the classical 3-electrode configuration is implemented.’®181:292,332-346
Detection limits for H,O, range from 10 nM up to 3 mM.

In a recent study, Zhu et al.>*’ applied a hybrid nanocomposite to
measure H,O, from fMLP-stimulated living murine breast cancer 4T'1
cells in the absence of oxygen (N,-saturated buffer). The PtW/MoS,
nanocomposite sensor was synthesized “through in-situ growth of PtW
nanocrystals on the surface of MoS, nanosheets”. With their electro-
chemical device they could determine as low as 5 nM H,0,, as proved
by addition of H,O, to the test solution. From a physiological point
of view, it is, however, questionable how the cells could survive in
the absence of oxygen and how they produced ‘O, (as a precursor of
H,0,) without O, accepting electrons.

Scanning electrochemical microscopy (SECM).—Since the first de-
scription in 1989,3* SECM is a commonly applied technique to gain
insight into technical issues, like corrosion, but also to directly probe
individual cells or cell clusters. It enables investigation of electro-
chemical activity on the surface of a specimen with spatial resolution.
The book of A.J. Bard and M. V. Mirkin, published in 2012, provides
considerably detailed information about the technique.?'® Overviews
by other groups focus on special aspects of SECM.3*-3¢1 A related
version of SECM called “alternating-current SECM” (AC-SECM) al-
lows insight into both, topographical and biochemical properties of a
specimen, e.g., a living cell.36%363

SECM is an amperometric method by which the current at a work-
ing (ultra-)microelectrode is measured as a function of an indepen-
dent variable, typically time or voltage, as commonly done in an
electrochemical experiment. However, the unique ability of SECM
is that the response of the electrode essentially depends on its dis-
tance to the measured substrate, providing additional information on
the spatial distribution of the studied electrochemically-active species.
To electrochemically sense H,O, originating from living specimen

(“substrate”), the substrate generation/tip collection (SG-TC) mode
of SECM is used. As collecting tips, either single ultramicroelec-
trodes (UMEs), arrays of UMEs (e.g., on a chip) or nanodes,***
can be applied.?!'3228:229.365-367 [Jgyally, a single UME is disk-shaped,
since such geometry offers higher sensitivity than electrodes of other
shapes.?!? Electrochemical properties of UMEs with a tip diameter less
than 25 pwm substantially differ from bigger electrodes, '03106,364.368-370
In a solution with a supporting electrolyte, mass transport in the vicin-
ity of the UME surface is mainly governed by diffusion, reaching
steady-state and time-independent conditions within a fraction of a
second. Usually, current values measured with UMEs are in the fem-
toA to nanoA range; therefore, resistive drops of the current in the
electrolyte solution are negligible. These properties enable UMEs to
provide electrochemical data of superior quality.

Additionally, chronoamperometric monitoring of (single) cells at
a high frequency of current sampling, such as 1-1000 Hz, allows
detection of fast kinetics with sufficiently high time resolution. These
facts, together with a fast response time of the sensor, make real-time
monitoring of H,O, in living systems possible.

The tip size of UMEs should be appropriate to scan cells with
a diameter of a few micrometers, and the smaller the tip the higher
the spatial resolution. The RG value of the UME (ratio of insulator
thickness to radius of the conducting tip; see Figure 5B) is of minor
importance, if analytes in the bulk solution are to be determined; how-
ever, it plays a crucial role when scanning single cells for production
of redox active metabolites, like H,O,. RG values of 1.5 to 3 are op-
timal to guarantee efficient collection of species in real-time*’! and to
provide a high spatial resolution. Tips of representative UMEs, which
revealed brilliant performance, are shown in Figures 5A and 5D and
in Figure 6A.

To meet physiological conditions for living cells as closely as pos-
sible, electrochemical H,O, measurements should be performed at
temperatures of about 37°C. When UMEs are being used in an un-
stirred electrolyte solution, this issue is rather challenging. Depending
on the geometry of the UME, especially the length and shape of the
tip, the material properties of the insulator, and other factors, signal-
to-noise ratio might worsen with increasing temperature (starting at
about 28°C). Irregular current fluctuations in broad frequency and
amplitude spectra may overlay true signals to be measured (Bozem,
unpublished observations). Several research groups have addressed
this issue providing mathematical models as well as practical indica-
tions which can contribute to solve the problem.?”"*’>-37> Due to the
higher-temperature related challenges it is not surprising that the ma-
jority of electrochemical H,O, measurements are usually performed
at room temperature and not at 37°C.

It should also be noted that in experiments with aerobic living
cells, oxygen is required. Its concentration is about 240 uM in an
ambient air-saturated buffer. When a Pt-UME is applied at potentials
below 0 V (vs. Ag/AgCl), however, oxygen is reduced to ‘O,™ and
H,0,, known as oxygen reduction reaction.’’® Hence, to avoid the
interference of these reactive oxygen species with those produced by
cells, determination of H,O, by anodic oxidation at positive electrode
potentials is advisable.

For extracellular H,O, measurements, single cells, cell clusters
or a slice of tissue have to be approached by the electrode tip as
near as possible, but without touching the sample. Due to the hemi-
spherical diffusion layer at the UME tip,2'*37” an optimal distance
between the tip and producing substrate should be in the range of the
tip diameter.'*® For adjustment and control of the tip-to-substrate dis-
tance, various approaches are possible, including shear force-based
methods*’®37 or ion conductance microscopy [SICM;*%382] A more
simplified method is detailed in our recent study,'?> where we used an
inverted microscope to approach a single cell with the UME.

Electrochemical measurements of H,O, with UMEs in the extra-
cellular space near a single cell can be performed using voltammetric
(like CV) and amperometric methods. In the experiment depicted in
Figure 5C, H,O, was monitored chronoamperometrically at a con-
stant potential of 650 mV (vs. Ag/AgCl) over 70 min using a bare
Pt-UME (white arrow in Figure 5D). After stimulation with a phorbol
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Figure 5. Electrochemical H,O, measurements with ultramicroelectrodes.
(A, B) To monitor H,O, from single cells, cell clusters, and tissue slices re-
quires electrodes with tip diameters of < 25 pm, called ultramicroelectrodes
(UME). Noble metal, like Pt, Au, or Ag, or carbon fibres are used as electro-
chemical sensors. They are applied in the bare state or after modification of the
surface with various materials. In the exemplified bright-field image of a UME
tip in (A), a bare Pt wire with r = 5 pm had been sealed into a borosilicate
glass tube (INS). (B) is a schematic image of (A). The RG value of the UME,
which is the ratio between the insulator thickness [INS] and the radius of the
wire [r (M/C)], is about 1.5 in the example shown in (A). (C, D) Chronoamper-
ometric measurement of extracellular HO, produced by two single primary
human monocytes, depicted in (D) with the white square in the lower right
corner indicating 10 x 10 wm. In the presence of ambient air, anodic oxidation
at the fixed potential of 650 mV was used to determine H,O, with a Pt-UME
versus Ag/AgCl. The tip of the UME [white arrow in (D)] was placed above the
cell surfaces with a vertical distance of 5-8 wm (constant height). Following
a predefined protocol, the table with the cell dish was moved every 2 min, so
that the UME was exactly positioned above cell 1, or alternatively above cell 2.
Cells were treated in a phosphate-buffered solution with the phorbol ester TPA
and thereafter with externally applied H,O,. TPA stimulates NADPH oxidases
in the cell membrane to produce ®O,~ which is rapidly dismutated to HyO5. In
the close vicinity of the cell, HyO; is monitored in real-time as current change.
Response-related current traces of cell 1 and cell 2 are shown in the gray and
white 2-min intervals, respectively. Dynamics of the current traces reflect pro-
duction (increase of current values) and degradation/elimination (decrease of
current values) of HyO; by the cells. With respective calibration experiments
in the absence of cells, dynamics can be quantified. The presented technique
thus allows single-cell as well as multi-cell measurements almost at the same
time and enables studies of inter-related metabolic processes. A similar exper-
iment has been presented in Ref. 122, and a detailed description of the applied
method is given in this reference.

ester (TPA), both monocytes, shown in Figure 5D as cell 1 and cell 2,
responded with production (increasing current) and subsequent elimi-
nation (decreasing current) of H,O, at the outside. H,O, diffuses into
the cell and is effectively trapped and/or degraded by multiple intracel-
lular reaction systems [compare*®!?2]. The special feature of this type
of experiment is the almost simultaneous measurement of two cells,
in this case sitting about 100 wm apart from each other. By adapting
the predefined measuring protocol, also more than two cells as well
as dynamics of interacting cells in a multi-cellular system could be
monitored with variable time intervals.

The classical biological SECM method is represented by the ex-
periment shown in Figure 6B. Following predefined settings, an H,O,
producing single cell (MC in Figure 6A) is screened in a 2D-scan. In
the constant-height mode of scanning, about 5-8 pum above the cell
surface, areas of different [H,O,] in the cell region (dashed white cir-
cle) could be resolved. Furthermore, the broad H,O, diffusion area
surrounding the producing cell was clearly visible. More detailed in-
formation about the technical settings of this method and its appli-
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Figure 6. Extracellular H>O, measurement from a single cell with scanning
electrochemical microscopy (SECM). (A) From a single primary human mono-
cyte (MC), attached to the bottom of a dish, extracellular H,O, was measured
with a 10 wm Pt-UME versus Ag/AgCl. The white bar in the lower left corner
indicates 10 pm. The tip of the UME was placed above the cell at a vertical
distance of 5-8 pwm (constant height), followed by stimulation of the cell with
the phorbol ester TPA (1 wM) to induce H,O; production. (B) About 5 min
later, a 2D-scan of an area of 50 x 50 pwm, including the cell, was performed,
starting in the lower right corner of the area. Along the x-axis, the cell with its
dish was moved by 1.5 pwm/s; scan lines alternated in the 4+x and —x directions,
and were separated by 1.5 pm in the y-direction. Simultaneously, HyO, was
measured (raw data, no compression); current values are reflected by colors,
decoded in the heat map in (B). The dotted white circle in (B) marks the posi-
tion of the scanned MC, which is shown in (A) with the same orientation and
magnification. A similar experiment has been presented in Ref. 122.

cation for single-cell measurements are given in the Materials and
Methods section of Ref. 122.

To calibrate amperometric current values from cell experiments
to H,O, concentrations, measurements of defined concentrations of
H,0, (being added to the solution) should be done either in the absence
of cells/tissues, or by placing the electrode tip far above the cell layer
in a large volume of bulk solution (>1 mm above), in order to avoid
interference by cellular elimination/degradation of H,0,.!?

In this context, the pH issue should also be considered. In artificial
as well as in cellular systems, the superoxide radical anion *O,” is
formed by a le” transfer onto O,. To finally produce H,O,, another
electron and 2 H* have to be passed onto *O," (proton-coupled elec-
tron transfer; compare also Figure 1), which could change pH. In cell
experiments, conducted in a buffered electrolyte solution at physio-
logical pH ~7, no changes in extracellular pH are to be expected, at
least, not in the bulk solution. If the distance between the UME tip
and the surface of a cell (producing H,O, extracellularly from °O,")
is sufficiently large, there should also be plenty of protons steadily dif-
fusing to the reaction site. During measurements within cells, tissues
or whole organs, it can, however, not be excluded that pH changes
occur along with H,O, formation. As shown in two papers by the
group of Sombers,''*3%3 pH variations, monitored as electrochemical
signals, can overlay signals caused by H,O,. For qualitative and es-
pecially, quantitative determinations of H,O,, the impact of eventual
pH shifts should thus be taken into account.

Optimizing UME properties: Many investigations have been un-
dertaken to optimize UME properties®®”-*¥ and electronic equipment
(e.g., amplifiers) for SECM. Main intentions were to improve selec-
tivity, sensitivity, signal-to-noise ratio, temporal and spatial resolu-
tion as well as longevity of the sensor. For UME modifications, in
principle, approaches are similar as described for micro and macro
electrodes.' 4027397 Efficient electron transfer at the electrode sur-
face crucially depends on the number of active sites. To increase
the active surface area without increasing the overall UME diame-
ter, Amatore’s group has applied a special modification: carbon-fiber
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electrodes of 10 um diameter are platinized electrochemically.*®> Us-
ing these UMEs, a low [H,0;] detection limit of 10 nM was obtained.
A similar approach to modify a carbon fiber microelectrode with Pt
nanoparticles was reported by Chen et al.; the lower detection limit
of this sensor was measured to be 44 pM for [H,0,].% For deter-
minations of H,O, released from mitochondria, Ben-Amor et al.**’
fabricated platinized UMEs and treated them with oxygen plasma, re-
sulting in a 3-fold decrease of capacitive current and a detection limit
of 100 nM for H,O,.

During the last decade, graphene in all its forms became the
most important material to enlarge the active area of an electro-
chemical sensor (compare Graphene-modified electrodes and H,O,
determinations sections). For H,O, determinations, graphene mod-
ifications of electrodes occasionally led to sensitivities in the sub-
nanomolar range. Applying soluble redox mediators was also shown to
improve electron transfer to/from the electrochemical sensor in SECM
experiments with living cells.33!:360-388,389

Combined electrochemical and fluorescence measurement: A com-
bination of extracellular SECM (with a Pt-UME, 10 wm diameter) and
intracellular fluorescence-based ROS determination was described by
Salamifar et al.** in prostate cancer cells. Cells were loaded with
the green-fluorescent carboxy-H,DCFDA dye and both, fluorescence
and electrochemical activity, were determined at the same time, af-
ter cells had been treated with a ROS stimulus. Extracellular “ROS
levels” (presumably H,O,) were shown to be similar to intracellular
“ROS levels”. Although this type of experiment is very promising
for a deeper understanding of ROS metabolism under physiological
and pathological conditions, there are some potential pitfalls using
this setup. The unspecific carboxy-H, DCFDA should be replaced by
a more specific dye for intracellular H,O, monitoring.81 Furthermore,
it is questionable, whether intra- and extracellular [H,0,] can be the
same, when the cell membrane is intact. It was shown previously that
[H,0,] gradients are established over the membrane®”-*! and that cy-
toplasmic peroxiredoxins with very high affinity bind H,O, to func-
tion as “redox relays”.**3%? In addition, peroxiredoxins, like many
other metabolites and enzymes contribute to the H,O, buffering sys-
tem within the cell thus avoiding toxic [H,0,].>** For H,0, detection
in living cellular systems, Ni et al.*** fabricated a multichannel device
containing a “fluorescence-electrochemistry combined probe”. With
this multimodul sensor, they were able to measure intracellular H,O,
and its release from stimulated RAW 264.7 macrophages. The authors
also confirmed biocompatibility of the material components used for
the sensor.

SECM on bacterial biofilms.—Bacteria can form colonies within a
matrix of polymeric substances produced extracellularly. Within this
film, bacteria communicate with each other using a mechanism, called
“quorum sensing”.’>> By this mechanism, cell density, specific phe-
notype expressions, behavior and other bacterial functions are reg-
ulated. About 80% of chronic infections in humans are associated
with biofilms. Antibiotics as well as defence mechanisms of immune
cells often fail to combat the infections related to biofilms.**® Be-
sides those pathogenic bacteria, also beneficial species exist, which
co-localize in biofilms. In the presence of oxygen, oral microbes for
example, ferment carbohydrates to produce lactic acid and H,O,. Bard
and co-workers monitored the H,O, distribution in the biofilm of a
mixed bacteria population using SECM and a gold electrode of 25 pm
diameter.*®” Applying SECM with a Pt-UME, Zoski’s group deter-
mined catalase activity in bacterial biofilms indirectly by measuring
H,0, decomposition.**® Electroactive biofilms form a part of so-called
bio-electrochemical systems representing an advanced methodology
for microbial fuel cell fabrication.3?%4%

Intracellular H,O, measurements with nanoelectrodes (nanodes).—
Electroanalytical chemistry experiences substantial improvement by
employing nanoelectrodes, which are characterized by tip dimensions
at or below 100 nm and by high sensitivity and spatial resolution.*!
For direct intracellular H,O, measurement, nanoelectrodes (nanodes)
were impaled into living cells.?%342493 To avoid leakage of cellular
material and influx of extracellular fluid into the cell and to minimize
cellular stress upon puncture of the membrane, the total diameter of a

nanoelectrode (glass sheath plus wire) should be in the range of 100
to 500 nm or even below. With small carbon nanoelectrodes (modified
with Prussian Blue = PB-CNEs) Schuhmann’s group recently suc-
ceeded in determining H,O, in the intracellular space of living cells.
Calibrations with PB-CNEs, using cathodic current of H, O, reduction
showed linearity in the range of 10 WM up to 3 mM [H,0,].4” Such
high global [H,0,], however, are unlikely to be reached intracellu-
larly, since multiple mechanisms lead to fast and effective clearance
of H,0,, thus preventing damage of cellular components and enabling
H,0, signaling functions.*3122:392:404-406

A carbon nanotube-based electrochemical ROS sensor with
elaborated modifications for intracellular measurements was also
reported.*”’ Specifically functionalized nanowires (indium tin oxide,
single-walled-carbon nanotubes = ITO-SWCNTs) to which an os-
mium catalyst was attached, were forced to cross the membrane of
RAW 264.7 macrophages by centrifugation at 3000 rpm. Immunolog-
ical stimulation of the cells was followed by intracellular production
of ROS which was determined electrochemically. The measurements
and appropriate controls were validated with electron spin resonance
spectroscopy (ESR). This centrifugation-based cell-invasive method,
however, does not monitor the cells under physiological conditions,
and it seems to disregard the strong dependency of cell metabolism on
an intact cell membrane. Therefore, the contribution of this method
to a better insight into the innate immune response of macrophages
might be limited.

H,0, production by isolated yeast mitochondria in suspension was
determined by Arbault’s group.>** Along the respiratory chain, a re-
dox cascade located in the mitochondrial matrix, oxygen is reduced to
water, and concomitantly, ATP and "O,™ are formed. "O, is effectively
dismutated to H,O, by mitochondrial Mn-SOD. In a closed oxygra-
phy chamber, the researchers determined oxygen consumption with
a Clark-type electrode and in parallel, H,O, with a microelectrode
which had been prepared as follows: a 5 or 3 mm diameter glassy car-
bon electrode was covered with a 3D-linked “porous” polymer matrix
including mobile osmium redox mediators. Additionally, the enzyme
horseradish peroxidase (HRP) was embedded into the matrix. Within
this setup, electrons are generated at a respective potential and are
transferred along a cascade of redox processes to finally reduce the
analyte at the electrode resulting in current changes. The extraordi-
nary sensitivity of the sensor for H,O, in the range of 1 nM, the linear
response over a broad [H,O,] spectrum and the fast response time
should attract special interest. In another publication, the same group
used an array-based electrochemical sensor for H,O, measurements
at isolated mitochondria.’®” Already in 2012, Marcu et al. determined
H, 0, production from isolated mitochondria of the mouse.**® For this,
the researchers applied a platinized carbon fiber electrode of 10 wm
diameter, displaying a lower detection limit for H,O, of 100 nM.

Instrumentation for electrochemical H,0, determination.—The
basic instrumental equipment for electrochemical measurements as
listed in Table I (see Conclusive evaluations of electrochemical and
ESR spectroscopic H,O, (and "O,") determinations section) involves
an amplifier to generate voltage and measure current, working, refer-
ence (and counter) electrodes and a head-stage to mount them. De-
vices to manage working electrode and specimen positions exist in
simple and highly elaborated versions. Depending on experimental
requirements, additional components are necessary: An illumination
and a heating system, inverted microscope optics with appropriate
objective(s) and a (CCD) camera. It is useful to mount the setup on
a vibration-dampening table and to shield it in a Faraday cage. For
controlling proper functioning of the components and collecting and
processing measuring data, the software which is usually provided to-
gether with the hardware should cope with the requirements of the re-
spective research project. There are several well-established providers
worldwide who offer electrochemical instruments; occasionally re-
searchers design and construct or modify equipment themselves to
meet special demands. In our recently published article'?” the electro-
chemical (SECM) setup to measure H,O, from single cells (see also
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Figure 7. Fenton reaction as a chemical model for ESR spin trapping of radicals produced from H,O;. (A) The equations of catalytic HyO, degradation indicate
the formation of the radicals HO® and "O,". (B) The chemical structure of the linear nitrone spin trap PBN is showing the reactive site to which HO" binds. Its
unpaired electron is stabilized on the nitroxide. (C) The ESR spectrum of the OH-PBN" spin shows a typical line pattern. The large splitting (16 G) is caused by the
nitrogen nuclear spin I = 1, and the small splitting (3 G) arises from the proton spin (I = 1/2) of the hydrogen closest to the nitroxide group. (D) After mixing and
injecting a solution of PBN and Fe?* and one with H,O5 within 5 s into an ESR flat cell, the time sweep measurement of the PBN-adduct spectra was started as
indicated by the arrow. The intensity of the first line was recorded. Traces a and b are for PBN in pure water and phosphate buffer, respectively, showing a fast signal
decay. The spin trap POBN (in buffer) was much more stable than PBN (trace c). Addition of ethanol (3% v/v) to the buffered solution yielded a stable spin-adduct
of hydroxyethyl radicals and PBN (). Experimental conditions: 25 mM PBN and POBN, 1.4 mM FeSO4-7H,0, 40 mM H,0,, 100 mM KH,PO4/K,HPO4 (Kphos)
buffer pH 5; ESR: microwave power 20 mW, modulation amplitude 1 G in field sweep, 2 G in time sweep.

Figures 5 and 6 of the present review article) is described in detail; it
may be taken as an example.

Measurement of H,O, and Related ROS Radicals with Electron
Spin Resonance (ESR) Spectroscopy

The term electron spin resonance (ESR) is used equivalently to
electron paramagnetic resonance (EPR). As shown in Figure 1, H,O,
is formed from O, by two le -transfer processes which change the
triplet state of oxygen to a diamagnetic singlet state. In biological sys-
tems, NOX enzyme complexes of certain cells produce “O,~ which is
subsequently dismutated to H,O, by SOD (compare Figure 1). Since
H,0, does not carry an unpaired electron spin, it is not directly acces-
sible by ESR. This method relies on the presence of magnetic moments
associated with at least one unpaired electron in any kind of radical,
such as quinone radicals*® or transition metal ions.

Applications of spin traps and spin probes.—H,O0; is rather sus-
ceptible to redox reactions operating as an oxidant or reductant. When
single electrons are transferred between reactants, radicals are gener-
ated from H,0,. The classical chemical example for such a process is
the Fenton reaction, in which the catalytically active Fe** is oxidized
to Fe?t, and the transferred electron is destabilizing H,O,, generating
hydroxyl radicals and hydroxyl anions (HO" and OH") with a high
rate constant. In a second step, Fet is reduced by H,O,, and "0, is
formed with a lower rate constant (Figure 7A). HO" is highly oxidizing
and very reactive; its lifetime is usually in the order of 10 s (compare
Figure 1). The short lifetime in solution at room temperature makes
direct detection by ESR impossible.

Spin traps and spin probes: For ESR measurements of such short-
lived radical species, like the precursor “O,™ and the break-down prod-
uct HO® of H,0,, spin traps are used. These specifically bind to the

respective radical species resulting in a stable spin-adduct with a char-
acteristic ESR signal, usually a nitroxide radical signal. But in case
of "O,7, for example, kinetics of spin trapping can be relatively slow,
which makes detection of the spin-adduct in living systems rather dif-
ficult and imprecise. In addition, intracellular anti-oxidative systems
are degrading the spin-adducts quite rapidly to products which are no
longer ESR-active. In this case, spin probes, mainly cyclic hydroxyl-
amines, are useful, which react much faster with O, than spin traps,
can compete with many anti-oxidative compounds, and are more re-
sistant to degradation.

Spin trapping of HO': Reaction of HO" with a spin trap leads to
an ESR-active spin-adduct with a much longer lifetime compared to
that of free HO". A typical example is the linear nitrone spin trap PBN
(N-tert-butyl-a-phenylnitrone) to which HO® is binding in an elec-
trophilic addition reaction, and the spin state is conserved on the ni-
troxide moiety (Figure 7B). The PBN radical shows a characteristic
ESR spectrum with three line groups. The larger separation (hyper-
fine splitting) arises from interaction of the unpaired electron with
the nitrogen nuclear spin (I = 1). The small doublet splitting on each
nitrogen line is caused by the nuclear spin (I = 1/2) of the hydro-
gen located on the adjacent carbon (Figure 7C). The line intensity
(or signal integral) is used to quantify the PBN radical concentra-
tion as a measure of formed HO" from a comparison with a standard.
Usually, a stable nitroxide radical like TEMPOL (4-hydroxy-2,2,6,6-
tetramethylpiperidinel-oxyl) is recorded under identical conditions,
or a spin counting software provided by some ESR instruments is
applied.

In an ideal case, the spin-adduct OH-PBN" should be sufficiently
stable (at least for several minutes) for recording ESR spectra.
As mentioned, many nitrone spin traps are not completely stable, a
disadvantage demonstrated as an extreme example for the pronounced
decay of PBN" signals (Figure 7D). In this experiment, two solutions
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Figure 8. Direct determination of HO; by ESR using horseradish peroxidase and the redox activated cyclic hydroxylamine CMH. (A) The cyclic hydroxylamine
CMH is converted to the nitroxide radical state CM" upon single electron transfer to a redox partner with appropriate redox potential. (B) In the mechanistic model,
the heme group of horseradish peroxidase (HRP) is activated by H,O,. Two CMH molecules sequentially donate an electron to HRP for finalizing the catalytic
cycle, so that two CM" are formed from each H,O,. (C) Kinetic curves of the HRP-CMH assay reacting with HyO, were measured for [H,O,] from 0.1 uM to
100 wM (selected examples are shown). For measuring the initial slopes and the level of saturation in an adequate time window, different HRP activities were used
in the concentration ranges: 1 U/ml for 0.1 uM to 2 uM, 5 U/ml for 5 uM to 10 pM and 50 U/ml for 10 uM to 100 M. Further conditions were: 20 mM Kphos
buffer, pH 7.4, 600 oM CMH, curves were corrected for background. The plateaus of the curves were used to determine the [CM"]. (D) The calibration curve
shows the correlation between [CM"] and [H,O;] as derived from the values in (C). It is linear up to 50 uM H, O, with a slope of 1.983 and an R2 of 0.9993. For

higher concentrations, the curve is slightly deviating.

(one containing Fe>* and spin trap, the other H,0,) were rapidly
mixed and directly injected into an ESR flat cell for measuring the time
evolution of the first ESR signal (see Figure 7C). Trace “a”, recorded
for pure water, showed a very fast decay of the ESR signal (<0.5 min),
which was slowed down a little in phosphate buffer (trace “b”). Trace
“c” was obtained for the related spin trap POBN (a-(4-pyridyl N-
oxide)-N-tert-butylnitrone) having a clearly longer lifetime for its OH
adduct. The drastic decay of the PBN" was abolished, when a small
amount of ethanol (3% v/v) was added to the solution (Figure 7D,
trace “d”). The HO" radicals now preferentially formed hydroxyl-
ethyl radicals which readily reacted with PBN to a very stable radical
adduct.

The described example of the Fenton system highlights several es-
sential parameters and conditions important for spin trap experiments:
(i) Sensitivity of the spin trap has to be sufficiently high, i.e., the reac-
tion kinetics needs to be fast enough to trap most of the radicals. (ii)
The spin-adduct should be resistant to chemical decomposition and
radical dismutation reactions and also insensitive to reductive or ox-
idative compounds present in the solution. (iii) Ideally, the spin trap is
selective for a specific radical, like HO®, ‘O,7, carbon- or
nitrogen-centered radicals, giving a characteristic ESR line pattern
of the spin-adduct.

Similar as for HO radicals, the very short lifetime of the phys-
iologically important superoxide radical *O,” which is the precur-
sor of H,0O, (see Figure 1) requires to use spin traps for detection.
0, readily forms spin-adducts with cyclic nitrone traps with rea-
sonable trapping rate constants up to 100 M~'s~! and sufficiently
long lifetimes for ESR detection in the range from 1 to 100 min.
Cyclic nitrone traps (e.g., DMPO, 5,5-dimethyl-1-pyrroline N-oxide,
or DEPMPO, 5-diethoxyphosphoryl-5-methyl-1-pyrroline N-oxide)
show typical fingerprint patterns distinguishing superoxide and hy-
droxyl radical adducts. These properties of selected spin traps are
adequate, if artificial in-vitro systems are investigated; for living sys-

tems, problems may arise from intra- and/or extracellular metabolic
pathways, which may interfere with the measurements.

In the past two decades, a variety of spin traps with optimized
properties, particularly adduct-forming cyclic nitrones, and redox-
activated spin probes, like cyclic hydroxylamines have been synthe-
sized to meet the requirements for optimal radical detection. Some
of the research groups, using those spin traps and spin probes have
commented on specificity and sensitivity, but also critically issued
problems and made suggestions for reasonable precautions. :410-419
A detailed list of available spin traps is regularly updated by the IU-
PAC (see https://goldbook.iupac.org/html/S/S05878.html).

H;0, determinations in cell suspensions.—The Fenton reac-
tion is certainly not suitable for detecting H,O, in cell systems con-
sidering its low concentrations and the complications arising from
free iron ions. During evolution of aerobic organisms, enzymes have
emerged which degrade H,0, (e.g., catalases) or utilize it in another
type of biochemical reaction (e.g., peroxidases). The peroxidases use
H,O, and co-substrates, which deliver two electrons for reduction
of H,O, to water. Horseradish peroxidase (HRP) converts a vari-
ety of substrates, some of which yield colored or fluorescent prod-
ucts [e.g., ABTS (2,2’-azino-bis (3-ethylbenzothiazoline-6-sulphonic
acid) or DAB (3,3’-diaminobenzidine)]. A standard fluorescence as-
say for measuring extracellular H,O, produced by cells exploits the
conversion of the non-fluorescent dye AmplexUltraRed, (AUR), a
phenoxazine derivative, to fluorescent resorufin.**® The catalyzed re-
duction occurs via two sequential steps of one-electron oxidation of
AUR forming two intermediate radicals which are dismutated to re-
gain one AUR and form one colored, fluorescent resorufin.*?! The
appearance of radicals in the described catalytic peroxidase cycle, in
principle, should allow using ESR for detection. Such an ESR ap-
proach was first accomplished by Aoyama et al. and was applied
to increase sensitivity of immunoassays.*?>*** Here, two molecules
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of the co-substrate p-acetamidophenol sequentially deliver two elec-
trons to HRP, so that two phenoxy radicals are formed. Since the
phenoxy radicals tend to dimerize, a fast reductive step is neces-
sary which is carried out by redox-active cyclic hydroxylamines,
like CPH (1-hydroxy-3-carboxyl-2,2,5,5-tetramethyl-pyrrolidine) or
HTIO (1-hydroxy-2,2,5,5-tetramethyl-3-imidazoline-3-oxide). The
typical structure of a cyclic hydroxylamine (here CMH: 1-hydroxy-
3-methoxycarbonyl-2,2,5,5-tetramethyl-pyrrolidine) is shown in Fig-
ure 8A. After deprotonation, the N-O™ unit easily delivers an electron
to an acceptor having an adequate redox potential. The spin carry-
ing nitroxide group is well protected by the bulky methyl groups so
that it is quite stable in the presence of vitamin C or other reducing
compounds working as anti-oxidants.

The HRP-ESR assay with p-acetamidophenol as co-substrate was
also applied to directly determine H, O, production in vascular smooth
muscle cells expressing the NADPH oxidases NOX1 and NOX4.424
When H,0, is measured, usually SOD is added to promote fast con-
version of ‘O,~ to H,O, and to avoid complications of additional re-
actions with the spin probes. A few years ago, we have examined the
biochemical reaction of a bacterial dioxygenase, in which a substrate
transfers an electron to dioxygen in the active site, forming a short-
lived radical-pair intermediate. Using CMH as a monitor for the radical
pair, release of H,O, was observed which was quantified with a modi-
fied HRP-ESR assay without p-acetamidophenol as co-substrate.*> It
was found that CMH directly operates as a co-substrate and electron
donor for HRP, as shown in Figure 8B. H,O, oxidizes the ferric ground
state to compound I, which is reduced to compound II by CMH yield-
ing the first CM". Compound II is further reduced by a second CMH
back to the ground state, whereby a second CM" appears. Overall, two
CM’ are formed for one consumed H,O,. To prove the stoichiometry
and for calibration over a range of concentrations, defined amounts
of H,O, were titrated to a solution containing HRP and CMH, and
the reaction kinetics was recorded by ESR (Figure 8C). As expected
from mechanistic considerations, the applied amount of H,O, pro-
duced about twice the concentration of CM". The calibration curve
shown in Figure 8D is linear from 1 wM up to 50 uM [H,0;] with a
slope of 1.98 close to the optimal value of 2. Above 50 uM of [H,0,],
the correlation deviates from a linear regression. The specifically mod-
ified HRP-ESR assay served to validate H,O, determinations in the
supernatant of primary human monocytes using an adapted Amplex
UltraRed assay and electrochemical measurements with UMEs on sin-
gle monocytes. For all three techniques, similar results were obtained
concerning H,O, production and degradation/elimination dynamics
by the monocytes.!?? Since radicals are monitored in this assay, care-
ful control experiments have to be performed to recognize unwanted
side reactions and artefacts.

In conclusion, the HRP-ESR assay represents an additional tool for
quantitative measurement of H,O,. It is limited to detect H,O, in the
extracellular fluid of cell suspensions at a reliable concentration range
from 1 to at least 50 WM. Measurements can be calibrated very pre-
cisely in that range. Another advantage in comparison to fluorescence-
based technologies is that EPR can be used in solutions which are not
sufficiently transparent for fluorescent light.

Spin trapping in cellular systems.—Spin traps have not only been
applied in artificial sytems but also in biological and medical studies
in vitro and in vivo.*?*35 Due to the complex composition of solu-
tions and low radical production in such experiments, careful control
and calibration experiments need to be performed for a quantitative
interpretation of spin trapping ESR measurements. Particularly, when
working with cells in physiological buffer solutions, Fenton type re-
actions often have to be controlled by using metal chelators to avoid
strong background signals and artefacts.

For the detection of resting and stimulated extracellular O,
production by living RAW 264.7 macrophages, Abbas et al.
compared ‘“classical” and newly developed nitrone spin traps.
Conclusively, the researchers found that with the methyl-B-
cyclodextrin-bound spin trap, called CD-DIPPMPO (6-monodeoxy-6-
mono-4-[(5diisopropoxyphosphoryl-5-methyl-1-pyrroline-N-oxide)-

ethylenecarbamoyl-(2,3-di-O-methyl)hexakis-(2,3,6-tri-O-methyl)]-
B-cyclodextrin), ‘O,~ could be determined rather specifically (without
hydroxyl adduct) and with high stability using ESR.**

Because of their reducing properties, the hydroxylamines CPH and
CMH (and related compounds with differing membrane permeabili-
ties) were also successfully employed to monitor and quantify forma-
tion of *O,™ in various cell systems, such as lymphoblasts, monocytes,
endothelial cells or in isolated mitochondria. After reduction of "O,~
to H,O, the formation of the nitroxide radical signal was monitored
over time and was quantified.!!#?7429437.438 Thege spin probes are inert
to reaction with H,0O,, and the nitroxide is sufficiently stable in the
presence of H,O, or compounds of physiological buffer solutions.

There is a continuous development of new spin probes and spin
traps with optimized specificity, sensitivity and stability for ESR work
on cell systems and tissues. Because of the toxicity of most spin probes,
they are not applicable for human in-vivo systems.

In-vivo ESR.—The “ultimate goal” of monitoring reactive oxygen
species, like *O,~ or H,O,, or lipid and protein radicals would be their
determination and quantification right at the place of formation and
function within an organism (in vivo) or an explanted organ (in situ). To
additionally follow spatial and temporal distribution of such species
and their metabolism would perfect the measurements. Since more
than 40 years, research groups are applying “in vivo ESR”, to meet
these claims. Substantial information including critical discussions
about this specialized ESR technique can be obtained from textbooks
and diverse review articles.*****3 For in-vivo ESR, the relevant objects
of interest are again radicals, like “O,~ or HO" or other types emerging
from physiological and/or pathological metabolism within an organ
or an animal. Because of the low steady state concentrations of such
transient radicals, they usually are trapped by a suitable spin probe
(e.g., DMPO; POBN). Here, the spin traps are administered to an
animal, which is then subjected to a pre-defined treatment depending
on the experimental issue. Both, in-vivo and ex-vivo techniques are
then applied.

For ex-vivo measurements, body fluids and/or tissues are extracted,
from which the radical spin-adducts are then determined. Standard
ESR spectrometers, usually operating at 9 GHz microwave frequency
can be applied.*** Alternatively, nitroxide radical spin probes are ad-
ministered, and their decay kinetics and spectral properties are de-
termined. With specially designed spin probes, relevant physiological
parameters, such as pH, partial oxygen pressure or redox states become
accessible in tissue. #3440

In order to use spin traps or functional spin probes for in-vivo mea-
surements on animals (usually mice or rats) or on parts of them, it is
mandatory to reduce the frequency to 2 GHz or as low as 250 MHz
for whole-body measurements. Higher frequencies cannot penetrate
such large samples sufficiently because of the strong absorption of the
electromagnetic radiation by water. For the low frequencies and large
objects, special resonators, like loop gap resonators and surface coils
have been designed to minimize dielectric losses and to compensate for
the reduced sensitivity at low frequencies.*’ This approach also offers
the possibility to measure the concentration and location of spin probes
in an animal body when applying magnetic field gradients in one or
more dimensions (ESR imaging) similar to the proton-resonance based
nuclear magnetic resonance imaging (MRI).**’ Relevant advances in
improving the spatio-temporal resolution and sensitivity of this tech-
nique have been described and summarized recently.*8-45!

A variety of aspects have to be considered when using in-vivo
ESR: (i) maintenance of physiological conditions, like pH, tempera-
ture and oxygen supply during the on-going measurement, (i) choice
of a suitable spin trap, (iii) fast acquisition of data to monitor situ-
ations in real-time, (iv) improvement of signal-to-noise ratio of the
data, (v) clearly defined (“simple”) ESR spectra or particular aspects
of the spectra, like the amplitude, and (vi) reasonable compromise
between spatial resolution and signal yield. To meet all these chal-
lenges and enable reliable in-vivo ESR measurements even for very
sophisticated experimental requirements, companies have developed
and specifically optimized hard- and soft-ware of ESR devices.
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In-vivo ESR is increasingly applied in the field of life sciences,
since it enables observations not covered by other techniques. Inves-
tigations on animals have been undertaken routinely, however, spe-
cial carefulness and equipment are needed, when human subjects
are going to be inspected within clinical studies. Since more than
two decades, scientists are absolutely convinced of the fact that re-
dox processes, involving species like "O,~ and H,0,, are of crucial
importance for patho/physiological cellular metabolism. In this con-
text, in-vivo ESR proved to support deeper insight into the underlying
mechanisms, 439:446.452-461

Beyond ESR spin trapping: immuno-spin trapping (IST).—The
original ESR-based spin-trapping technique was decisively expanded
by an approach combining spin trapping with antigen:antibody inter-
actions, resulting in the so-called “immuno-spin trapping” (IST). A
spin trap moiety (usually DMPO, 5,5-dimethyl-1-pyrroline N-oxide)
represents the antigen which, however, is not found in nature. The
corresponding antibody (anti-DMPO) is derived from the antiserum
of an animal which has been exposed to the modified antigen, DMPO-
hapten, linked to a protein carrier. The nitrone spin trap DMPO is
added to the sample containing cellular proteins or organelles, intact
cells or tissue. With radicals present in the samples, DMPO spin-
adducts are forming with reasonably fast kinetics. In a cellular envi-
ronment, the lifetime of the radical spin-adducts is limited to seconds
or minutes, since they can be converted to stable non-radical DMPO-
nitrone by cellular oxidizing equivalents or by reduction to a hydroxyl-
amine form. The subsequently applied nitrone antibody (anti-DMPO)
specifically recognizes the spin-adduct-nitrone, thereby indicating the
location of the initial radical. With the toolbox of immunoassays, like
Western blot, ELISA (enzyme-linked immunosorbent assay) and im-
munohistochemistry, the location, distribution and amount of radicals
in defined cell conditions can be analyzed with an unmatched sen-
sitivity and selectivity. The pioneering work for the development of
IST was performed by the research group of Mason et al. who also
contributed to various applications of the IST technique [for a review
see Ref. 462].

In principle, all macromolecular radicals, derived from e.g., pro-
teins or DNA, can be measured very specifically with [ST.#5!462-469

A novel and intriguing extension of the IST methodology arose
from a combination with molecular magnetic resonance imaging
(mMRI) for in-vivo and in-situ localization of radical sites in pre-
clinical studies. In this case, chelated paramagnetic gadolinium (Gd),
a well-known MRI contrast agent, is linked to a modified anti-DMPO.
After binding to a radical site marked by DMPO-nitrone, the Gd-
adduct affects signal intensity and relaxation times of proton reso-
nances around this site in MRI experiments. From these parameters,
the initial location and radical concentration can be directly deter-
mined. For comparison, these results can be aligned to ex-vivo fluo-
rescent experiments on respective samples. 464

Not only advantages, but also challenges and pitfalls of this tech-
nique have to be considered.*®> Major issues might be the relatively low
sensitivity for very low radical concentrations, a possible interference
with the metabolism of the sample, the lack of temporal resolution and
of absolute quantification. Up to now, IST has been applied in a vari-
ety of in-vitro and in-vivo studies, including animal disease models, in
order to elucidate the impact of radical formation under physiological
and pathological conditions. 31464470472

Instrumentation for ESR spectroscopy.—ESR spectrometers
used in research and in clinical applications are rather expensive and
complex instruments requiring experienced personnel for operation
and evaluation of experiments. Currently, high-performance and au-
tomatized desktop ESR spectrometers become available, which can
be operated following validated protocols for monitoring radicals in
systems of living cells. If more advanced ESR technologies, like in-
vivo ESR is employed in tissues, whole animals or on human subjects,
an even broader range of professionalism is required. This is also the
case, if spin traps are being used in conventional and in-vivo ESR as
well as in immuno-spin trapping.

Sophisticated software provided by manufacturers is of great help
to automatically analyze the quantity and composition of measured
ESR line pattern of a certain spin probe retrieving essential parame-
ters from a data base. Hence, classical and advanced ESR spectroscopy
provide valuable tools for detecting and quantifying physiologically
relevant reactive oxygen species, not only in research but also increas-
ingly in clinical applications.

Conclusive Evaluations of Electrochemical and ESR
Spectroscopic H,O, (and ‘O,") Determinations

As outlined in parts 2 and 3, multiple technologies have been de-
veloped to determine and, if possible, to exactly quantify H,O, from
living cells, excised small organs or organelles and from whole an-
imals. Table I gives a comprehensive overview of the main techno-
logical tools described. To optimize measurements and adapt them to
particular demands, electrode systems of various types, redox media-
tors and complicated protocols - in the case of electrochemical deter-
minations — are employed (compare Figures 2—-6). Depending on the
experimental conditions and the size of the electrode, H,O, produc-
tion (and clearance) by cells in suspension and outside of single cells
(see Figure 5) can be followed with remarkable temporal resolution of
up to 1 kHz. Combined extra- and intracellular HO, measurements
have also been reported. Due to calibration of the system, real-time
H,0, quantification is possible for each value of measured current.
By following reaction dynamics over time, quantitative insight into
patho-/physiological signaling pathways is provided which, so far, is
unavailable by other methods. Using SECM with a UME at single
cells, spatial resolution can be in the order of micro meter or below
(see Figure 6), depending on the diameter of the electrode tip. Detec-
tion limits for H,O,, as determined with electrochemical methodol-
ogy, span the low nano- up to millimolar concentration range and thus
perfectly cover physiological values.

ESR spectroscopic H,O, measurements, e.g., in the extracellu-
lar fluid of cell suspensions, require a sophisticated experimental de-
sign and the aid of spin probes and other chemicals, since H,O, is
a non-radical ROS and cannot be measured directly (see Figures 7
and 8). Concentrations in the low micromolar range can be reliably
monitored over a time span of a few hours. Oxygen consumption in
an air-tightly sealed system is the main time-limiting factor. By us-
ing gas permeable polymer capillaries, the oxygen limitation can be
overcome.

Extracellular electrochemical as well as ESR spectroscopic H,O,
determinations are non-invasive and, if carefully conducted at phys-
iological conditions, may only slightly interfere with the ROS
metabolism of the cells. In the contrary, for intracellular H,O, mea-
surements, either using nanodes (which have to be impaled into the
cell) or transfecting genetically-encoded fluorescent dyes (like roGFP
or HyPer), it cannot be excluded that already basal H,O, levels are
elevated due to manipulative stress. Generating transgenic mice which
stably express a redox-sensitive fluorescent dye can avoid the manip-
ulative stress.”

As detailed in Table I for the described electrochemical sensors and
for ESR spectroscopy, all methods to determine H, O, face limitations
which are summarized within the present paragraph more generally.

Construction of working electrodes as efficient sensors for reliable,
specific, sensitive and long-time measurements of H,O, may include
complicated, time-consuming and expensive procedures. Electrodes
or electrode systems (arrays) have to be of a high standard that allows
comparison of day-to-day experimental data obtained with different
individual sensors of the same type. Further demanding operations are
maintenance and eventual reconstitution of the sensors after applica-
tion. Sophisticated modifications of electrode tips or usage of redox
mediators, although highly efficient for in-vitro experiments, may be
adverse for H,O, measurements at living cells, when utilized materi-
als interfere with cellular metabolism or are even toxic. The absence
of oxygen, low pH (< 7) or temperature may be optimal conditions
for electrochemical H,O, measurements in the test-tube, are inappro-
priate, however, for living cells.
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When the non-radical H,0, is (indirectly) monitored with ESR
spectroscopy, supporting (non-physiological) chemicals have to be
added to the reaction tube containing the cell suspension. Long-time
ESR measurements may suffer from oxygen exhaustion. Recogniz-
ing and handling of measuring artefacts as well as calibrations may
be challenging. Furthermore, the monitored radicals are accumulat-
ing in irreversible reactions and therefore cannot reflect dynamic
changes of involved cellular metabolic processes (e.g., production
and degradation of H,0,). To display reaction dynamics, single time-
point determinations (with only limited time resolution) have to be
performed.

With advanced technologies, like immuno-spin trapping or in-vivo
ESR, in principle, all kinds of radicals can be monitored. Because of
the short lifetimes they have to be targeted by spin traps, the choice
of which depends on the radical and the specimen to be investigated.
For experimentation and scientific conclusions deducted from these
experiments professional expertise is required.

Future Directions

The potentially greatest challenges in redox cell biology are time-
resolved, quantitative (absolute and not relative) H,O, measurements
inside and outside of single cells under physiological conditions. Fluo-
rescence measurements are well-suited for compartmentalized ROS in
single cells, thus giving excellent spatial resolution, but they have ma-
jor disadvantages: (i) their dynamic range is usually only one order of
magnitude; (i7) sensitivity (and selectivity) are in many cases limited;
and (@ii) absolute quantification of the [H,O;] is not possible to date.
To overcome these and other limitations, fluorescence measurements
can be combined with electrochemical and/or ESR measurements. As
for "O,”, ESR can serve as a “gold standard” for H,O, determina-
tions, however only for cell suspensions and not for single cells. ESR
is a quantitative technology with reasonable temporal resolution, se-
lectivity and sensitivity, and should thus be used routinely to test the
results of single cell fluorescence-based data. For electrochemical ap-
proaches, one can certainly go one step further. The technology is
highly sensitive (even higher than ESR) and selective for H,O,, and it
is applicable to single cells, as elaborately described in Electrochem-
ical Determination and Quantification of H,O, section of the present
review. Experiments by Salamifar et al.>*® have shown that it is feasi-
ble to combine fluorescence-based and electrochemical measurements
for H,O, on the same sample, e.g., a single living cell. The group of
Xin et al.*’? even broadened the methological spectrum by combining
electrochemical and fluorescence measurements with ESR to monitor
H,0, dynamics from HeLa cells. Using such elaborated combina-
tions, mutual validation of the approaches as well as quantification of
the respective H,O, signals should be possible. Time-resolved paral-
lel H,O, measurements inside and outside of the same cell could thus
inform about dynamics in spatial and temporal distribution of H,O,,
and how these dynamics may vary under different experimental con-
ditions. Furthermore, it might be possible to test the impact on cellular
ROS levels of pre-loading a cell with a fluorescence dye or transfect-
ing it with a vector for intracellular expression of a ROS sensor (like
HyPer). Information about those cells are lacking to date just as they
lack for stably transfected cells with a ROS sensor, like roGFP. Al-
though it is of general agreement that ROS metabolism of transgenic
compared to wild-type animals is not altered, however, this assump-
tion is very risky and should be reconsidered as fast as possible. Now
we have tools at hand to check this carefully.

Annotations to Methods and Ethics of Experimentation

Simulations of the voltammograms shown in Figures 2, 3 and 4,
were performed with the MATHCAD 14 program. Calculations for the
voltammograms depicted in Figure 2B, are based on the mathematical
model of kinetically-controlled diffusional redox reaction, explained
by Bieniasz.*”* For the voltammograms presented in Figures 3B and
4B, calculations were derived from equations detailed by Gulaboski
etal.”!f

Materials and methods applied for the original electrochemical ex-
periments shown in Figures 5 and 6 are described at full length in
the Materials and Methods section of the article by Bozem et al.'??
The experiments were carried out by M. Bozem with primary mono-
cytes from anonymized (male/female) healthy human blood donors.
Studies have been authorized by the local ethic committee in the dec-
laration from April 16", 2015 (84/15; Prof. Dr. Rettig-Stiirmer). The
experiments have not been published before.
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