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Progress and limitations in reactive oxygen
species quantitation
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Christy L. Haynes (= *

Reactive oxygen species (ROS) are a set of oxygen- and nitrogen-containing radicals. They are produced
from a wide range of sources. In biological contexts, cellular stress leads to an overproduction of ROS,
which can lead to genetic damage and disease development. In industry, ROS are often productively used
for water purification or for analyzing the possible toxicity of an industrial process. Because of their
ubiquity, detection of ROS has been an analytical goal across a range of fields. To understand complicated
systems and origins of ROS production, it is necessary to move from qualitative detection to quantitation.
Analytical techniques that combine quantitation, high spatial and temporal resolution, and good specificity
represent detection methods that can fill critical gaps in ROS research. Herein, we discuss the continued
progress and limitations of fluorescence, electrochemical, and electron paramagnetic resonance detection

rsc.li/chemcomm

Introduction

Reactive oxygen species (ROS) is an umbrella term used to
describe a variety of nitrogen- and oxygen-based small mole-
cules, often free radicals, including, but not limited to: hydroxyl
radical (*OH), hydrogen peroxide (H,0,), super oxide (0,*"),
singlet oxygen ('0,), nitric oxide (NO), and peroxynitrite
(ONOO7). They are characterized by their short lifetimes (most
under several milliseconds) and high reactivity. ROS are com-
monly produced intracellularly through mitochondrial and
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of ROS over the last ten years, giving suggestions for the future of the field.

respiratory pathways.' At low concentrations, ROS are critical
to cellular communication; however, at high concentrations
their rampant reactivity can cause several problems, such as
genetic damage and cellular apoptosis.'™ Therefore, high con-
centrations of ROS are good indicators for various cellular
diseases and can be correlated with cancerous tumors, neuro-
logical damage, aging, and a wide variety of other physiological
and pathogenic disorders. Beyond human health relevance,
ROS are widely studied within catalysis, water purification,
agriculture, and for various industrial applications.*® The
ubiquity of ROS as a species of interest necessitates detection
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methods that operate in a range of conditions and with appro-
priate sensitivity and selectivity performance (Fig. 1).

Detection of ROS has been historically difficult due to their
short lifetimes, high reactivity, and the complex matrices in
which they are produced and exist (Table 1). To overcome these
challenges, a wide range of detection techniques are used to
identify the presence of ROS. The most popular detection
methods involve a variety of fluorescent probes such as
Amplex® Red and MitoSOX,® electrochemical techniques like
amperometry and fast scan cyclic voltammetry (FSCV), and
electron paramagnetic resonance spectroscopy (EPR).'° Despite
the vast array of techniques and instrumentation, none are
universally effective for ROS detection, and quantifying ROS
remains an analytical challenge.

Quantitation is critical to piece together the entire picture of
ROS production in a variety of applications. In cells, knowing
the amount of ROS produced due to an exogenous stressor can
provide valuable information on toxicity thresholds. In indus-
try, understanding the quantity of ROS generated can provide
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Fig. 1 Overview of ROS generated by cells, for industrial processes like
catalysis and water treatment, and in plant growth. Common ROS mole-
cules are quantified by three main classes of techniques: fluorescence,
electrochemistry, and electron paramagnetic resonance (EPR).

insight on the efficiency of a water purification system. Cou-
pling quantitation with specificity is especially useful to fully
understand the production mechanism of a specific ROS and
how to combat it or use it. An ideal ROS sensor should detect
concentrations under 20 pM, provide temporal resolution
under one second, and display the highest level of spatial
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Table1 Common ROS lifetimes and oxidation potentials

Common ROS H,0, 0, *OH ONOO™ NO

Lifetime™* Several minutes 10°°s 10°s Several seconds Several seconds
Oxidation Potential vs. NHE at pH 7'*7** 0.38 V and 0.695 V -0.16 V 2.32V 1.4Vand 1.2V —0.8V

resolution possible.'® Specific quantitation is often the missing
piece of the ROS puzzle. In the past decade, several techniques
have emerged to fill this detection gap and provide quantitative
ROS sensors with a range of selectivity for specific species. This
highlight discusses the most promising quantitative ROS sen-
sors in a range of detection categories as well as limitations
with which the field still struggles. We begin with limitations
and advancements in quantitation using common fluorescent
ROS probes. This is followed by electrochemical techniques
and new electrode materials that have promoted lower limits of
detection and greater selectivity for various ROS. EPR advances,
specifically in probe design, are explored, and we end with
further advances and suggested directions for the field.

Fluorescence

Use of fluorescent probes represents some of the most common
methods for detecting ROS due to their simplicity, accessibility, and
fast detection time. Traditional probes such as Amplex® Red,'®"”
dihydroethidium,"®"®  dichlorofluorescein,®®  9,9-dimethyl-9,10-
dihydroacridine (DMA),*"** and their derivatives have been popular
over the last decade. Most probes are oxidized by ROS through one-
electron free radical reactions to produce stable fluorescent pro-
ducts. The specificity of these probes varies greatly, some react with
select ROS while others detect overall levels of ROS. Table 2

Table 2 Common ROS fluorescent probes

describes the fluorescence mechanisms of common probes and
the ROS they detect.

Although fluorescent probes are widely used and accepted,
they frequently suffer from poor biocompatibility, cell perme-
ability, analyte specificity, stability, and quantitative capacity.”®
For example, Amplex® Red is one of the most commonly used
probes for H,0O, detection in biological samples; however, it
requires horseradish peroxidase and lacks cell permeability,
making it unsuitable for studying endogenous intracellular
processes.”* Amplex® Red is also not exclusively responsive
towards H,0,; it also reacts with peroxynitrite, requiring con-
trols to exclude interferants in order to accurately estimate
H,O0,. Additionally, the stability of Amplex®™ Red is pH- and
concentration-dependent, rendering it unusable in overly
acidic or basic environments.>*?*

For quantifying ROS with fluorescent probes, typically a
calibration curve is created by exposing the probe to known
ROS concentrations and monitoring the resulting fluorescence
intensity. This calibration curve is later used to quantitate
concentrations within more complex samples such as cells,
tissue, or mixed media (Fig. 2). However, the calibration curve
solutions are often far less complex than the biological solu-
tions relevant to ROS measurements. Therefore, they may not
account for autoxidation or probe interferences that are
common in more complex matrices. Certain probes, such as

Probe name

Fluorescence mechanism

Species detectable

® \©/\ JQ/ H,0, o & —
Amplex® Red ); E—— P H,0,, ONOO
MitoSOX 0,
CH, CH,
9,9-Dimethyl-9,10-dihydroacridine (DMA) '0,
Fluorescein H,0,

Dihydroethidium (DHE)

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) To quantitate using a typical ROS fluorescence probe like Amplex®™ Red, a calibration curve is made from standard additions of H,O,. (b) This
calibration curve is used to quantify H,O, within a more complex solution, such as in a solution of nickel manganese cobalt oxide (NMC) nanoparticles.

Reprinted from ref. 27 by permission of the publisher.

2'-7'-dichlorodihydrofluorescein diacetate (DCFH-DA), may
also not correlate linearly with increased ROS, yielding further
challenges in quantitation.”® Additionally, translating solution-
based calibration curves to imaging systems poses many diffi-
culties, making fluorescence quantitation with spatial resolu-
tion nearly impossible. Therefore, these probes are good for
observing changes to ROS in a system; however, they provide
little avenue for gaining a deeper mechanistic understanding of
ROS in a complex sample and struggle to provide absolute
quantitation.

Recent research has indicated that many probes are much
less specific than initially assumed and are highly susceptible
to oxidation from non-ROS oxidants in biological systems."* For
example, DCFH-DA is a commonly used cell-permeable probe;
however, it does not react with superoxide, H,O,, or nitric
oxide. Instead, the fluorescence signal results from oxidation
by other potent oxidants and secondary reactions catalyzed by
metal ions or heme proteins.?®*® The probe can also autoxidize
when in the one electron oxidized form, resulting in a self-
amplified fluorescence signal. As a result, it is essential to
employ careful controls for confident ROS quantitation, with
some recommendations even stating that dyes alone are not
enough to claim that ROS are present. Additionally, the probes
have also been shown to be susceptible to transformation
products of ROS. H,0, will break down into *OH, so probes
that reliably detect *OH may also be detecting transformed
H,O0,, further limiting accurate quantitation and speciation.

Increasing fluorescent probe specificity

While methodology and instrumentation for fluorescence-
based ROS quantitation has not evolved radically, new fluor-
escent probes are regularly being developed. Probe develop-
ment has largely focused on increasing specificity as probes
respond to various ROS and other biomolecules, making abso-
lute quantitation nearly impossible. Without specificity, any
signal will be comprised of both the analyte of interest and
other interfering species. This fault becomes increasingly pro-
blematic when using fluorescent probes in mechanistic studies
where multiple ROS coexist in the same environment. One way
to overcome this limitation is through ratiometric probes.

Chem. Commun.

Ratiometric probes emit two or more wavelengths where
their intensities are analyte-dependent. These analyte signals
are ratioed to correct for each other, which minimizes the
effects of interference signals, can lower detection limits, and
increase affinity towards specific ROS.?® For example, Wu et al.
developed a probe where, in the presence of superoxide, the
fluorescence intensity at 483 nm increased with a simultaneous
decrease in intensity at 378 nm.>® This led to a superoxide-
specific probe with a 7.4 pM limit of detection.

For probes with multiple emission wavelengths, combina-
tions of different wavelength ratios may be tuned to detect
various components and improve the probes’ detection cap-
abilities. Advances in the field include using ratiometric tech-
niques to establish sensors with multiple analytical targets.*
Cui et al. developed a boron-substituted rhodamine probe
that could detect and differentiate between H,O, and HOCI
simultaneously.>® In that work, they detect HOCI using a
standard calibration curve and H,0O, using ratioed signals.
The resulting probe was highly specific with detection limits
of 15 nM for H,0, and 10 nM for HOCl.**

Another way to overcome issues with specificity and inter-
fering signals from additional ROS is by creating probes with
more complex mechanisms. Liu et al. recently developed a near-
infrared Rhodal fluorophore probe (Rd-DPA3) that combines
properties of both fluorescein and rhodamine dyes for in vivo
imaging of ONOO™ within a brain with confocal microscopy.**
Here they implemented a ‘“dual-lock-one-key”” mechanism to
improve the selectivity of the probe. The probe allows innova-
tive measurement with its near-IR emission while being spe-
cific for ONOO™ and passing through the blood brain barrier.
To achieve this specificity, ONOO™ first reacts with the amino-
phenol group on the probe to generate an alkylamine group,
and then the ONOO™ interacts with the alkylamine group to
turn on the probe. The resulting probe showed a 3.4 nM
detection limit for ONOO™ with high specificity and minimal
interference from other ROS and no noted decrease in temporal
resolution (Fig. 3). Excitation mechanisms with multiple steps
like that of Rd-DPA3 are needed to get the level of selectivity
required for confident ROS quantitation using fluorescence
techniques.

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (A) The proposed two-step sensing mechanism for ONOO™. (B) Detection of ONOO™ in live mice at three different age groups using the Rd-
DPA3 probe and the relative fluorescent intensities in each mouse age group. As the Alzheimer's-inflicted mice age, the quantity of ONOO™ in the brain
increases. Data cropped and reprinted from ref. 34 by permission of the publisher.

Finally, Ding et al. worked to create probes sensitive to
biogenic or abiogenic changes in tissue environments. They
synthesized a pH-sensitive probe where the ROS affinity
changes with a change in pH. They determined the limits
of detection to be 0.97 uM for ONOO™, 0.17 uM for CIO™, and
0.20 uM for '0,.*> This probe was used to detect inflamed
tissues in mice using an imaging plate reader to monitor
arthritis. This shows that it possible to detect different ROS
in complex environments by manually altering the pH of a
system to detect individual targets.

In addition to general fluorescence, ROS detection with
super-resolution microscopy is being explored. Super-resolution
microscopy allows for superior spatial enhancement as it over-
comes the diffraction limit, thus allowing features much smaller
than hundreds of nanometers to be resolved. Yang et al. used a
cationic quinolinium-vinyl-N,N-dimethylaniline boronate deriva-
tive (QVD-B) probe that selectively fluoresces via three distinct
modes for three distinct targets: H,0,, proteins, and nucleic
acids.®® The probe provided excellent selectivity and allowed for
the high-resolution visualization of nucleoprotein dynamics in
mitochondria. Although super-resolution microscopy provides the
best optical spatial resolution available, it is currently challenging
to quantify ROS from its fluorescence emission.

Fluorescent chemosensors and other probe advancements

Aside from enhancing probe specificity, other advancements
have involved developing probes with larger Stokes shift (the
difference in wavelength between the absorption and emission
spectra of a probe), improved kinetics, increased sensitivity, and
higher photoluminescent quantum yields (PLQY).>’*® Using
molecular design to increase the Stokes shift results in probes
with more red-shifted emission, often in the near-infrared (NIR)
and second near-infrared (NIR-II) window, leading to reduced
interference with background autofluorescence, lessened light

This journal is © The Royal Society of Chemistry 2024

scattering, and lessened absorption by tissues.”® Feng et al
developed a hydroxyl radical NIR-II probe with emission at
1044 nm and a limit of detection of 0.5 nM that provides clear
imaging of changing levels of hydroxyl radical within mouse
organs.’® Similarly, superoxide-specific NIR probes have been
developed with emission at 716 nm and nM LODs.**

Likewise, there is great promise in the area of fluorescent
chemosensors. These sensors contain a binding site that reacts
with the analyte of interest, sometimes irreversibly. Due to the
molecular interaction, the sensor can achieve higher specificity
and enhanced fluorescent signals compared to other fluores-
cent probes.””™** There are a wide variety of fluorescent che-
mosensors that can detect ROS. While the specific molecular
identity varies, typical ROS-detecting fluorescent chemosensors
undergo chemical reactions with ROS to either release fluor-
escent molecules from the structure or undergo a molecular
change that results in fluorescence. Examples can be found for
a wide range of ROS, although many studies still suffer from
the lack of quantitative capabilities common in other fluores-
cent probes. Common ROS detected in literature with fluores-
cent chemosensors include: ClO~,** ONOO~,***¢ 0, ,***
H,0,,** and NO*.***° The most recent, quantitative, and high
impact examples are described in detail below.

Hydrocyanine (hydro-Cy) is a reduced form of the commercially
available cyanine dye. In 2009, it was discovered as a promising
probe for *OH and O, ", two of the more difficult ROS species to
detect.”® Hydro-Cy reacts with ROS through a two-step electron
transfer process to oxidize the dye back to the fluorescent cyanine
form. There are several forms of these molecules including
hydrocyanine-3, hydrocyanine-5, and hydrocyanine-7. These dyes
vary in emission wavelength. Cyanine-7 fluoresces in the near-
infrared, and cyanine-3 fluoresces in the red region of the visible
spectrum, spectral regions that are highly desirable for cellular
probes. In addition to O, and *OH, cyanine-3 (Cy3) and cyanine 5

Chem. Commun.
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Fig. 4 The basic FRET mechanism of the Cy3/Cy5 dyad for ONOO™
detection. Reprinted with permission from J. Am. Chem. Soc. 2016, 138,
10778-10781. Copyright 2016 American Chemical Society.
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(Cy5) have been used to quantify ONOO™. Jia et al. describe a
ratiometric probe that consists of both Cy3 and Cy5, operating on
the principles of fluorescence resonance energy transfer (FRET).*?
This probe localizes in the mitochondria of cells, the main location
of ONOO™ production. Cy3 and Cy5 were linked together with
acetyl-piperazyl-hexanoyl, with Cy3 acting as the FRET donor and
Cy5 acting as the FRET acceptor, as seen in Fig. 4. Upon exposure
to ONOO™, Cy3 does not react due to a smaller polymethine chain,
which allows for ratiometric analysis. A linear relationship between
the ratio of Cy3 and Cy5 fluorescence was obtained for 0-700 nM
ONOO™ and was shown to be semi-quantitative in cells and highly
selective for ONOO™.

FRET is an increasingly common technique for ROS detection
due to its ability to enhance signals and provide ratiometric
analysis. Recently, Zhu et al. described a rhodamine-based fluor-
ophore for CIO~ detection.’® In this example, a 1,8-naphthalimide
donor was linked to a rhodamine B acceptor. To prevent cleavage
of rhodamine, the diethylamino group in rhodamine B was
replaced with a piperazine linker. Upon interaction with ClO™,
the rhodamine goes from a closed-ring to open-ring configu-
ration, resulting in a fluorescent color change from blue to orange
and a ClO™ detection limit of 4.50 nM. Rhodamine, in general, is
a popular molecule for ROS detection, specifically because it lends
itself towards ratiometric detection.>

Chemosensors are fruitful for ROS detection without FRET
as well. Wang et al. describe a chemosensor-based ratiometric
probe for H,0, quantification.”® One particularly large benefit
of this work is the small probe concentrations required for ROS
detection. This is critical for limiting disturbances that probe
molecules can impose on biological systems, potentially caus-
ing additional ROS production and unreliable fluorescence
results. To overcome this, they created a chemically induced
dimerization-based amplifiable probe (CIDAP) that works at
micromolar concentrations, allowing for the more accurate
qualitative fluorescence readout. This probe was created by
combining androgen receptors and a luciferase-based biolumi-
nescence reporter, which is more sensitive than traditional
fluorescent proteins. A smaller version of luciferase was devel-
oped to be used at picomolar concentrations for ROS detection.
When cellular dihydrotestosterone is present, it triggers a
homodimerization with the androgen receptors, triggering
bioluminescence. To quantify cellular H,0,, dose-response
curves were created by measuring the signal collected from

Chem. Commun.
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the addition of various quantities of dihydrotestosterone. This
work successfully quantified H,0, in cells at a single digit
micromolar level.

Nanoparticle labels

One emerging subfield in fluorescence quantitation makes use
of fluorescent nanoparticles. Unlike most small-molecule
probes, nanoparticles can have simple syntheses, readily tun-
able fluorescent properties, and high sensitivity. These probes
don’t rely on the molecular reactivity between a probe and ROS,
but rather act as a label; as such, they aren’t acting as ROS
sensors but do contribute meaningfully to sensitivity. Unfortu-
nately, some of these nanoparticles, like quantum dots, are
likely to exhibit cytotoxic effects due to the heavy metal ele-
ments present in their structures.>>> It is a common question
if the addition of a probe to a biological system will set off
further ROS production; therefore, known cytotoxicity makes
these an impractical choice. Other nanoparticles may also
induce ROS upon interaction with radiation, such as ultraviolet
light or magnetic fields.”®” Even with these limitations, some
have achieved high specificity with fluorescent nanoparticles.
Kailasa et al. synthesized green fluorescent nanoclusters to
specifically detect hydroxyl radicals in environmental water
samples.*® With a two-minute incubation time and a 9.13 nM
detection limit, the probe works via a “turn-off” mechanism
where the fluorescence is quenched in the presence of hydroxyl
radicals. Although the probe is specific, “turn-off’” mechanisms
are far less desirable than probes that fluoresce upon inter-
action with ROS. “Turn-off” probes tend to be harder to reliably
quantify and do not provide spatial detection information. In
addition, it is common for multiple sources to cause fluores-
cence quenching while it usually takes a specific electron
transfer reaction to cause a fluorophore to fluoresce or “turn
on”. Nanomaterials that facilitate ROS detection should con-
tinue to be pursued because of their high analytical perfor-
mance capabilities and their accessibility.

Electrochemistry

Electrochemistry consists of several different techniques that
rely on the electron transfer nature of the analyte. The redox-
active nature of ROS makes them good candidates for electro-
chemical detection. Electrochemical techniques such as
amperometry and cyclic voltammetry (CV) are quantitative as
the concentration of the analyte is proportional to the current
detected. In addition to their quantitative nature, electrochem-
istry observes current changes in real-time and, depending on
the size of the electrode and speed of detection, at high
temporal resolution. This may allow for real-time detection of
short-lived ROS.>***

Most studies over the last ten years continue to use the
classic techniques cyclic voltammetry, amperometry, or scan-
ning electrochemical microscopy. CV is often diffusion-limited
and tracks how current is changing over a range of potentials.
This results in characteristic peaks representative of an

This journal is © The Royal Society of Chemistry 2024
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analyte’s oxidation or reduction potential within that specific
electrolyte, at a specific temperature, and at a specific pH.*>
Therefore, each redox-active species, theoretically, has a distinct
oxidation and reduction potential that can be captured indepen-
dently from other species. To quantitate a species using CV, a
calibration curve is typically generated ahead of unknown analyte
measurement. Fick’s law for mass transport diffusion describes a
direct relationship between the activity of the analyte and the peak
current in a voltammogram. The current intensity or the current
density (current intensity divided by electrode area) is graphically
compared to the concentration of the analyte of interest in the
solution and, from the slope of the linear range, the limit of
detection for the analyte in a specific electrochemical system is
determined (Fig. 5). To enhance temporal and spatial resolution,
several labs use fast scan cyclic voltammetry (FSCV) for ROS
detection.®® The working electrode size is decreased to several
microns or less in diameter to enhance spatial resolution, and the
scan rate is increased to 100 s of volts per second from a more
common 10 millivolts per second, enhancing temporal
resolution.®* Using FSCV, detection limits can drop to nanomolar
levels, shorter lived species can be detected in real time at
microsecond temporal resolution, and single cell and tissue
studies are possible due to the small size of the electrode.
Quantitation works the same way as in traditional CV.

In amperometry, the potential is held constant at a redox
potential for the analyte of interest. Spikes in the current
intensity correlate to the detection of the analyte. Due to the
frequency of detection being much higher for amperometry
than cyclic voltammetry (because potential scanning is not
required), temporal resolution is greatly enhanced.®® Coupling
amperometry with microelectrodes or nanoelectrodes allows
for even greater temporal resolution and single-cell spatial
resolution. In some cases, these tiny electrodes can penetrate
a cell without causing additional stress, allowing for intracel-
lular ROS quantitation.®”

Electrode coatings

Major innovations in the electrochemical quantitation of ROS
have come primarily from sensor development and electrode

20
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coating rather than electrochemical technique innovation.
Carbon-fiber microelectrodes (CFMEs) are common sensors
for studying single cell events and activity within the brain
due to their small size and sensitivity.®® Although they have
historically been used for the detection of common cationic
neurotransmitters (dopamine, serotonin, etc.), they have pro-
ven effective at monitoring reactive oxygen species as well,
specifically H,O,. The Sombers lab has been using CFMEs to
detect H,O, since 2010. They first showed a cylindrical CFME to
have a 2 pM limit of detection for H,0, in a FSCV system with a
scan rate of 400 V s~ '.°? They advanced on this original paper
by coupling H,0, and dopamine detection within the tissue of
an anesthetized rats’ dorsal striatum. By exposing the dorsal
striatum to a cell agitation agent (in this case mercaptosuccinic
acid), a maximum concentration of 151 uM H,0, was detected
within the tissue. Quantitation was achieved through electrode
calibration with known H,0O, concentrations pumped into the
system.70 To overcome the issue of selective H,O, detection, the
group electrodeposited 1,3-phenylenediamine onto a bare
CFME, creating a size exclusion membrane that prevented
other neurochemicals that oxidize at a similar potential to
H,0, from accessing the electrode, facilitating selective detec-
tion down to 5 UM H,0,.

Metal and nanoparticle coatings

The working electrode material can be modified to promote
enhanced detection of ROS. When considering what material to
use, one must think about the potential range of the working
electrode, if fouling will be an issue, and how changes in the
size of the working electrode will impact detection. Coating the
electrode surface is one of the most common methods for
enhancing detection capabilities and for improving ROS selec-
tivity and quantitation. Modifications offer the ability to over-
come large overpotentials and slow redox kinetics that have
historically made electrochemical detection of ROS challen-
ging. Some of the most promising examples of CFME coatings
for ROS include platinum, Prussian blue, and metal nanoma-
terials. H,O, reduction is promoted on several of these sur-
faces, increasing the electrode’s sensitivity, and making it one
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Fig. 5 (a) Calibration curve created from the amperometric response of a platinum nanoparticle-coated carbon-fiber microelectrode to H,O, with a
constant potential held at 0.7 V vs. Ag/AgCl (3.0 M KCl) over 2000 s; the inset is the calibration curve built of the current response to
different concentrations of H,O,. (b) Linear range determined in similar fashion by collecting H,O, response data from four platinum nanoparticle-
coated carbon-fiber microelectrodes. The limit of detection for H,O, was determined to be 0.86 uM. Data cropped and reprinted from ref. 65 by

permission of the publisher.
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of the most common ROS targets for electrochemical detection.
Hu et al. coated CFMEs in platinum to detect H,O, released
from isolated single stress granules (membrane-less organelles)
using single cell amperometry. The coated electrode was held at
an oxidizing potential for H,0,, and spike analysis was per-
formed to quantify H,O, release kinetics from the stress
granules.”" The study showed enhanced performance from
platinum-coated CFMEs compared to a platinum microelec-
trode or a bare CFME due to the increase in active sites on the
coated electrode. In this context, active sites refer to areas of
electron transfer between H,0, and the working electrode. An
increase in active sites means an increase in electrochemical
signal and sensitivity. In this case, platinum nanoparticles have
more active sites due to the increased surface area of nano-
particles on the microelectrode.

Metal nanoparticles have been coated onto CFMEs for H,0,
detection in several publications. Wang et al. achieved a limit of
detection of 0.53 pM H,O0, by electrodepositing platinum
nanoparticles onto the surface of the carbon-fiber (Fig. 6).°°
Selectivity for H,O, was enhanced by further coating the
electrodes with polyphenylenediamine and Nafion to create
size and charge exclusive layers. Adding these additional coat-
ings increased the limit of detection slightly to 0.86 pM H,0,,
still well within physiological concentrations. Neal et al
describes a ceria nanoparticle coating on the surface of a
silicon wafer, achieving an extremely low limit of quantitation
for H,0, of 0.1 pM.”* The biosensor proved to work over a range
of pHs and in solutions with interfering species often found in
relevant biological solutions.

Enzymatic coatings

Beyond metal, functionalizing the surface of carbon-fiber
and glassy carbon electrodes with enzymes has been a promis-
ing innovation for ROS electrochemical detection, especially
for intracellular detection. Wang et al. created a C@DNA-

Fig. 6 Scanning electron microscopy images of platinum nanoparticles
coated onto a carbon-fiber microelectrode (a) and (c) and a bare carbon-
fiber microelectrode (b) and (d) for comparison. Reprinted from ref. 65 by
permission of the publisher.
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Mn;(PO,), nanozyme based cell-fixing sensing platform.”® This
mimics an enzyme that can catalyze the reduction of ROS. The
specific sensor quantified superoxide down to 5.87 nM. In
addition to the low limit of detection, cells can be grown on
the surface of the electrode to further reduce the response speed
from 9 s to 2 s, enhancing the ability to capture short-lived ROS.
Another common electrode coating is cytochrome ¢ (Cyt c).
Cyt ¢ is a heme protein found in mitochondria. It is essential for
electron transfer and is known to catalyze the reduction of
ROS.”* Thirumalai et al. improved methods for attaching Cyt ¢
to the glassy carbon electrode surface by creating a colloidal
suspension of graphene oxide and Cyt c¢. Due to the graphene,
the colloidal suspension was electrochemically deposited onto
the glassy carbon electrode surface, overcoming a large setback
with Cyt c-coated electrodes, sticking it to the surface.”” Due to
the catalytic activity of Cyt ¢, the electrode was shown to detect
H,0, down to 2.3 uM and O,*” down to 6.3 nM. Enzymatic
electrochemical sensors are more likely to react with harder to
capture ROS like O,*~ and °OH, in addition to H,O,, because
the metal center of several enzymes, especially heme groups,
promotes the reduction of ROS, making them advantageous for
overcoming the high reactivity of these harder to detect ROS.

Intracellular detection

One of the most notable advantages to electrochemical quanti-
tation of ROS is the ability to do so intracellularly. The small
size and needle-like shape of CFMEs and nanoelectrodes allow
penetration through the cell membrane with minimal damage
to the cell. Marquitan et al. electrodeposited Prussian blue onto
carbon nanoelectrodes to enhance selectivity for H,O, as
Prussian blue lowers the effective reduction potential for
H,0,.”' These electrodes punctured murine macrophage cell
walls, and amperometry was used to detect H,O,. They mon-
itored how intracellular H,O, concentration levels are impacted
by the addition of an extracellular buffer, detecting intracellular
H,0, concentrations under 200 pM.

It is also common to use or functionalize microelectrodes with
single walled carbon nanotubes (SWCNTs). Their small size allows
for the creation of nano arrays, and the high density of sensor
material on the carbon-fiber surface further enhances spatial and
temporal resolution. This is a surface area effect, as nanoscale
materials always have a surface area advantage over larger materi-
als. Rawson et al. functionalized an indium tin oxide electrocata-
lyst with SWCNTSs.”® The SWCNTs were attached to an indium tin
oxide surface and then functionalized with single strand DNA to
enhance the biocompatibility of the sensor. DNA-coated SWCNTs
do not cause stress to cells, keeping the production of ROS limited
to what is happening naturally. The functionalized SWCNTs were
incubated with cells overnight. It was confirmed that the SWCNTs
punctured the cell membrane while remaining attached to the
indium tin oxide surface, allowing the intracellular detection of
H,0, at extremely fast response times.

Scanning electrochemical microscopy

A final outstanding electrochemical method for quantifying
ROS electrochemically is scanning electrochemical microscopy
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(SECM). In SECM, a small electrode is scanned across a sub-
strate and collects current responses that are dependent on the
electrochemical activity of the substrate and its topography.””
Its major advantages are the selectivity, spatial resolution, and
fast response time, but it suffers from slow overall collection due
to the scanning nature of the technique. In order to be success-
ful, SECM require redox mediators. These are redox-active
molecules that facilitate SECM measurements. These molecules
can be added to an electrolyte solution, although often times
molecules already within buffers can suffice. Considering if the
redox mediator used will have a biological effect is especially
important for cellular ROS measurements, as the addition of a
toxic redox mediator could artificially inflate ROS levels within
the cells. A common redox mediator for ROS detection within
cells is Ru(NH;)s*".”® Li et al. describes the direct measurement
of several ROS species using SECM with a platinized carbon
nanoelectrode tip and Ru(NH;)s>* redox mediator.”® These tips
were inserted into the phagolysosome within cells. By pulsing
the potential through four distinct values, the authors were able
to extract the individual contributions of four different ROS
(H,0,, ONOO™, NO°*, NO, ") that were detected within the cells
as the tip was scanned through the cell into the phagolysosome.
The researchers reported the production rate of each species
within phagolysosomes and reported that NO* was produced in
higher quantities than H,O,.

Several SECM ROS detection studies are compromised based
on the presence of dissolved oxygen. Dissolved oxygen is
necessary for maintaining cellular activity, but it can interfere
with ROS detection because several ROS fall beyond dissolved
oxygen’s reduction potential. To overcome this, Wu et al. used a
platinum ultramicroelectrode with SECM coupled with a multi-
potential step waveform applied to the tip to determine the
concentration of H,0, released by cancer cells using a
ferrocene-based (FcMeOH) redox mediator.*®' The waveform
was designed to detect FcMeOH, dissolved oxygen, and H,0,
simultaneously. FeMeOH signal was used to locate the tip,
while the dissolved oxygen signal was collected so it could be
subtracted from the H,0, signal, thus eliminating dissolved
oxygen interference from the H,0, data. The quantitation was
achieved by creating a calibration curve with known amounts of
H,0, and from the SECM data, and it was determined that
cancer cells released 0.85 uM H,0, and normal cells released
0.28 uM H,0,.

Electron paramagnetic resonance

Electron paramagnetic resonance (EPR), also known as electron
spin resonance, is a spectroscopic technique that detects
unpaired electrons. Since many reactive oxygen species are free
radicals, direct detection of certain ROS is possible with EPR.
However, the short lifetime of ROS and low concentrations
make direct detection challenging and difficult to realize.®®%>%

One approach to overcoming these difficulties is incorporating
scavengers that react with ROS and form more stable, EPR-active,
products. For example, one of the first methods for detecting
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superoxide and hydroxyl radical was by spin trapping with 5,5-
dimethyl-1-pyrroline-N-oxide (DMPO), which forms the stable spin
adducts DMPO-OOH and DMPO-OH, respectively.** For hydroxyl
radical, the formation of the DMPO-OH complex increased the
lifetime of the radical species from 107° s to 30 min, making
detection with EPR possible.®® It should be noted that if a large
portion of the generated ROS are scavenged, systems may be
perturbed by the resulting changes in ROS levels, leading to
skewed experimental results.

Quantifying ROS in a system is determined by changes in the
EPR spectrum following reactions with ROS. The most common
EPR probes, such as nitrones and cyclic hydroxylamines, operate
in a turn-on fashion where the scavengers are EPR-silent until
reacting with ROS and becoming EPR-active, leading to an increase
in signal proportional to ROS concentration.**®” The intensity of
the EPR signal is related to the number of spins present, providing
an avenue for quantitation (Fig. 7). Typically, a radical calibration
curve is created from a stable radical species such as 4-hydroxy-
TEMPO (TEMPOL) to establish a relationship between signal
intensity and spin concentration. In certain circumstances, inter-
nal standards with known spin concentrations (such as Mn>*) can
be incorporated to further standardize spin intensities.*””®® Fre-
quently, quantitation is reported in concentration of the oxidized
EPR-active species, which can correspond to a certain ROS concen-
tration depending on selectivity and the EPR probe used. However,
quantitation is also reported in concentration of “oxidants,” total
ROS, or number of spins as opposed to a molarity. Since ROS
probes only capture a fraction of all ROS generated, it is important
that the percentage captured remains constant over time to
accurately compare across conditions.

EPR is widely accepted and used in both biological and non-
biological systems as a method for quantifying ROS. Sample
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Fig. 7 Calibration curve example generated from known radical concen-
trations and the resulting EPR signal intensity. Inset EPR signal highlights
different methods for defining signal intensity. I, is peak-to-peak signal
height, Hyp, is the peak-to-peak- linewidth. Double integration of signals is
also used, which integrates the signal once to get the absorption spectrum
and again to obtain the area under the curve. This is required since EPR
signals are presented as a first derivative spectrum.
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types amenable to EPR range from simple solutions to biologi-
cal tissues and organisms. Spatial information and resolution
are limited with EPR, samples are prepared in tubes and
inserted into an EPR cavity without any imaging components.
Any spatial information about ROS localization in cells is a
result of using spin traps or probes that target specific cellular
regions. Most EPR spectrometers have sensitivity in the low uM
range (10~’-10~° M); limits of detection and the timeframe of
each measurement is heavily dependent on acquisition
parameters.®>® Progress in quantifying ROS using EPR is less
explicitly about improving LODs/LOQs, and more about estab-
lishing a system with reliable quantitation for specific ROS.
Research towards improving quantitation of ROS has generally
focused on (1) optimizing spin traps or spin probes and (2)
sample preparation, instrumentation, and methodology. Addi-
tionally, throughout the past 10 years, a great deal of effort has
gone towards fundamentally understanding interactions
between spin traps/probes and ROS, elucidating reaction
mechanisms, and identifying potential side reactions or inter-
ference. The major questions researchers are answering today
surround quantifying ROS accurately and confidently. Thus,
this portion of the review will highlight critical progress in
understanding how to use EPR for quantifying ROS and impor-
tant methodology considerations.

Spin traps and spin probes

Generally, there are two types of scavengers used in EPR for
ROS detection: spin traps and spin probes. Spin traps, which
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are typically nitrones like DMPO, form a covalent bond with the
ROS free radical through a radical addition reaction to form a
spin adduct (Fig. 8). Covalent bond formation results in spin
adduct products dependent on ROS identity with distinct EPR
spectra. However, with DMPO, differentiation between super-
oxide and hydroxyl radical is challenging since the superoxide
adduct (DMPO-OOH) readily decomposes to the hydroxyl radi-
cal adduct (DMPO-OH) and other species.””"*

Spin traps react with superoxide at relatively slow rates,
making accurate quantitation challenging due to competition
with cellular antioxidants like superoxide dismutase (SOD) and
ascorbate that may react with superoxide faster than the spin
trap can.” The slow rate constants also require using high
concentrations of spin traps (20-100 mM), which can perturb
cellular systems and affect cell viability.”" Additionally, intra-
cellular reductants such as ascorbate and ferric hemeproteins
can reduce the spin adducts to EPR-silent products under
certain conditions and lead to artificially lower signals.’®*

Spin probes, on the other hand, are typically cyclic hydro-
xylamines that undergo one-electron oxidation to produce a
nitroxide radical, which is the product regardless of ROS
identity. The reactions between superoxide and cyclic hydro-
xylamines form nitroxides, which show increased stability
compared to spin adducts, and proceed at rates roughly two
orders of magnitude faster than spin traps (10°-10* M ' s " vs.
30 and 70 M~ ' s7").? Strong EPR signals can be obtained with
much lower cyclic hydroxylamine concentrations (25-500 puM)
than with spin probes, resulting in lower toxicity and cellular

Cyclic Hydroxylamines

one electron oxidants
_—
N N

\

OH

o—

R = CO,CHg (CMH)

Fig. 8 Example reactions between nitrones (spin traps) and cyclic hydroxylamine (spin probes) with ROS and the resulting EPR spectra. For nitrones,
reactions with superoxide and hydroxyl radical form separate products due to covalent bond formation. This results in different EPR spectra; however,
the superoxide adduct actively transforms to the hydroxyl adduct. Cyclic hydroxylamines undergo a one electron oxidation regardless of ROS, forming
the same EPR spectrum. DMPO-OOH and DMPO-OH spectra cropped from ref. 92 and licensed under CC BY 4.0. CM. spectra cropped from ref. 93

and licensed under CC BY 4.0.
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disruptions.®® As a result, the high reactivity of cyclic hydro-
xylamines and resulting nitroxide stability allows for intracel-
lular superoxide detection.®®

For both spin traps and probes, measurements are typically
attributed to certain types of ROS only after validation with
specific inhibitors or scavengers. For example, with DMPO,
superoxide dismutase (SOD) is used to determine what portion
of the signal is from superoxide vs. hydroxyl radical. This is
particularly critical for spin probes as any one-electron oxidant
can oxidize the probe.”

Each spin trap and spin probe operates optimally under
different conditions and can provide different insight into a
system. Various studies have explicitly compared spin traps and
probes in similar systems to identify which performs best.
Sheinok et al. compared the sensitivity and specificity for
detecting superoxide (vs. hydroxyl radical) in buffer, cell lysates,
and cells across many EPR probes (TEMPOL, mitoTEMPO, trityl
CT-03, CMH, mitoTEMPO-H, and DIPPMPO) (Fig. 9).* CT-03
was highly specific for superoxide, but was not very sensitive
(only detecting ~50% superoxide in buffer and <10% in cell
lysates). DIPPMPO and CMH were the best candidates for
selectively and sensitively detecting superoxide in complex
biological media. Additionally, both DIPPMPO and CMH pre-
sent membrane permeability, allowing them to detect both
intracellular and extracellular superoxide.

Spin traps

General trends in spin trap development have focused on ROS
specificity and selectivity, increasing spin adduct stability, and
modifications for cellular localization. For example, electron-
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withdrawing groups at position 5 (in molecules such as
DEPMPO, DIPPMPO, BMPO, or EMPO) have been shown to
improve the stability of spin adducts in buffer. Similarly, the
superoxide adducts of DEPMPO derivatives with a triphenylpho-
sphonium group (Mito-DEPMPO and Mito-DIPPMPO) or per-
methylated B-cyclodextrin (CD-DEPMPO and CD-DIPPMPO)
have also shown increased stability and persistence.”® Various
moieties can also improve cellular localization, such as triphenyl-
phosphonium groups which allow mitochondrial accumulation.”®
Abbas et al. compared new (Mito-DIPPMPO and CD-
DIPPMPO) and commonly used (DMPO, BMPO, DEPMPO,
and DIPPMPO) cyclic nitrone spin traps to detect superoxide
in stimulated and unstimulated RAW macrophages (RAW
264.7 cells).” In buffer with a constant flux of superoxide
radical (2.8 + 0.3 pM min '), DMPO detected a steady-state
concentration of superoxide (1 uM) whereas BMPO, DEPMPO,
DIPPMPO, and Mito-DIPPMPO detected at a rate of 0.8-1.2 +
0.2 UM min~". The CD-DIPPMPO adduct performed the best,
with a rate of 1.5 £ 0.2 pM min~ %, and successfully detected
superoxide in stimulated and unstimulated cells (80 + 10 pmol
107° cells per min vs. 3 = pmol 10~ ° cells per min). Additional
studies indicated CD-DIPPMPO was not internalized by the
cells, suggesting all superoxide production was extracellular,
contrary to past studies with hydroxylamines that suggest
negligible superoxide release by RAW macrophages.’”
Interactions with media can influence ROS and spin adduct
stability and should be taken into consideration when
monitoring ROS in a system. More complex matrices contain
components that can interfere with spin probes and ROS,
resulting in reduced ROS concentrations being detected.

mitoTEMPO-H CT-03

Fig. 9 Percentage of superoxide detected by different probes after 10 min compared to generated superoxide in (A) PBS media and (B) in cell lysates.
Reprinted from ref. 94 by permission of the publisher. (C) Shows the chemical structure of the various probes used.
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For example, Chauvin et al. analyzed ROS generated by He
plasma in water, and DMEM with and without fetal calf serum
(FCS).”® Hydroxyl radical concentrations were detected through
the spin adduct DMPO-OH at 4.12 pM, 3 uM, and 0.4 uM in
water, DMEM, and DMEM + FCS, respectively. The amount of
ROS detected was dependent on the media, where the highest
amount of DMPO-OH observed was in water. They hypothesize
that in cell culture media, hydroxyl radical can react with
organic components such as amino acids, vitamins, and pro-
teins, lowering the quantities of *OH trapped by DMPO. Addi-
tionally, the DMPO-OH adduct stability was 2 times lower in
the presence of FCS than in water or DMEM, indicating other
potential avenues for decreased detection.

Outside of biological systems, challenges still arise when
using spin traps to quantify ROS.**°°7'° In electrochemical
advanced oxidation processes (EAOP), DMPO can be electro-
chemically oxidized into DMPO-OH (the same spin adduct that
would form if hydroxyl radical was present).'®® Pei et al. worked
to establish DMPO concentrations necessary to effectively spin
trap *OH and obtain reliable EPR signals in EAOP.*® High
concentrations of DMPO (>125 mM) improved the trapping
efficiency of *OH by kinetically inhibiting other paramagnetic
species forming and preferentially forming DMPO-OH. They
also studied the impact of trapping time, since the DMPO-OH
adduct, while longer living than *OH, is still susceptible to
natural decay. Trapping times longer than 300 s resulted in
decreased DMPO-OH signals and increased signals of inter-
ferential species - highlighting the importance of trapping time
in accurate quantification. Jeong et al. studied the stability of
spin adducts from hydroxyl radical (DMPO-OH), superoxide
anion (BMPO-OOH), and singlet oxygen (TPC-'O,) and pub-
lished recommendations emphasizing the importance in con-
sidering spin adduct lifetime and incubation time."%

Other potential avenues for interference in quantification
include metal oxides and Fenton chemistry.®>'%" Metal oxides
can react with DMPO and form DMPO-OH even when ROS are
not present.”® In Fenton chemistry, when using DMPO to
monitor *OH production, DMPO-OH can be further oxidized
by Fe*", reducing the DMPO-OH signal.'®" As a result, concen-
trations of DMPO should be 20 times higher than [H,0,] and
200 times higher than iron to get a reliable EPR signal for
monitoring *OH production.

Spin probes

Similar to spin traps, spin probes are often modified for cellular
localization, such as with triphenylphosphonium moieties for
mitochondrial targeting.”®'®* Sheinok et al. modified CMH,
one of the most frequently used and efficient spin probes, with
triphenylphosphonium to form mitoCPH, and compared super-
oxide sensitivity with CMH and mito-TEMPO-H. In PBS bulffer,
mitoCPH and CMH captured almost all generated superoxide;
however, in cell lysates, CMH performed the best but still
captured less than 40% of the generated superoxide.’® This
highlights how challenging it is to accurately quantify ROS in
complex matrices. Even with what may be considered proper
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controls, there may be apparent differences in ROS concentra-
tions not resulting from any true difference in ROS production.

Methodology
EPR section

The experimental protocols and conditions, such as tempera-
ture, buffers, oxygen content, metal chelators, and more, play a
large role in ROS quantification reliability and EPR probe
sensitivity. Since there is not a universal standard method for
ROS detection, many research groups use slightly different
parameters making comparisons across studies very challen-
ging. In 2020, Gotham et al. investigated the effect of different
conditions on the autoxidation of CMH and DMPO to establish
optimal conditions for cell studies.”® They found that the
additional metal ions present in buffers greatly increased the
rate of spin probe autoxidation, suggesting buffers be simpli-
fied as long as they are fulfilling experimental needs. Addition-
ally, metal chelators can be added to reduce autoxidation and
improve sensitivity, as long as the chelators are biocompatible
with the system of interest. At optimized conditions, CMH still
showed significant autoxidation whereas DMPO exhibited
minimal autoxidation. As a result, the CMH method was not
sensitive enough to detect ROS generation in stimulated
RAW264.7 cells, while DMPO was, challenging previous con-
clusions that CMH and spin probes are more sensitive than
DMPO and spin traps. Moving forward, EPR probe autoxidation
must be considered and, where relevant, subtracted from ROS
generation rates for accurate quantification.

Freezing samples is frequently used to increase flexibility
between when experiments are conducted and EPR measurements
are performed.'” When using frozen samples, low temperature
EPR measurements are employed to reduce potential freeze-thaw
changes that may accompany room temperature measurements.
Gotham et al. found that the stable radical standards showed good
linear regression between frozen and room temperature samples,
despite much lower signal intensities.”® However, along with lower
signal intensities, CMH also showed inconsistencies between
frozen and room temperature samples, raising questions on the
accuracy and sensitivity of low temperature storage and measure-
ment. In addition, freezing tissues disrupts membranes and alters
ion concentrations such that ROS production is not necessarily
proportional to the level that was initially generated.®® For accurate
quantification, EPR measurements should be carried out at con-
sistent time intervals as soon as possible and under relevant
conditions.

Along with experimental protocols and conditions, proper
spectrometer acquisition parameters are critical for obtaining
the good signal-to-noise required for accurate quantification.
Makino et al. reported variabilities in signal with different
sample tubes and holders, sample volumes, solvents, and
position in the cavity.?” If all of these parameters were consis-
tent over every run, EPR intensity was reproduced with an error
of 2% or less for pM samples. They also noted that for low
concentrations, a flat quartz cuvette may yield better signal
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intensity. Thus, all experimental stages are critical for ensuring
accurate quantification of ROS.

Conclusions and field
recommendations

Major enhancements in the field of ROS quantitation have
primarily been in the development of new fluorescence and
EPR probes and electrode coatings. Although these enhance-
ments have overcome several limitations in the field, further
development will be necessary to confidently and specifically
quantitate ROS in the wide variety of contexts where ROS are
known to be important.

Within fluorescence detection, enhancing the specificity and
potential for quantitation with ROS fluorescent probes has been
a major development over the last ten years. Other luminescent
probes such as chemiluminescent and phosphorescent probes
have also been developed with similar speed and spatial resolu-
tion advantages to their fluorescent counterparts.”>'% Even with
these advances, there are several interfering species that can
quench or enhance luminescent signal; this makes absolute
quantitation impossible as multiple species are contributing to
the signal. Fluorescence is still most useful for detecting signal
changes rather than accurately quantifying a molecule.'®” %
More complex probes need to be developed to deter the effects of
a complex sample. Examples of these probes include several
fluorescent chemosensors which show promising selectivity and
sensitivity to a variety of ROS. This is especially true regarding
trace ROS detection in tissue and cell samples.

Another way to improve ROS detection is to couple fluores-
cence with a technique that is better-suited for absolute quan-
titation, such as electrochemistry or EPR. The real novelty of
fluorescent detection is its fast detection times, simple sample
preparation, and spatial determination of analytes in biological
samples (when imaging). If the imaging power and low detec-
tion limits of fluorescence were coupled with a technique with
high specificity and accurate quantitation, it would make a
powerful analysis method for ROS. However, combining two
analytical methods to yield complementary information in
tandem is challenging. For example, one must consider sample
conservation to limit sample perturbation for both methods.
Often, more quantitative techniques require more excessive
and intrusive sample preparation. Conducting two methods
sequentially for ROS detection is challenging as the sample
changes at such short timescales, making in vivo or in situ
quantitation unreliable. Thus, tandem in vivo or in situ analysis
methods are the future for ROS detection.

Electrochemical techniques provide direct, quantitative, and
real-time detection of ROS, though limited by the redox poten-
tials of specific ROS with particular electrode configurations.
Over the last ten years, electrode coatings have provided
a method to overcome specificity problems. Coating basic
electrode materials provides enhanced sensitivity and selectivity
for ROS. Enzymatic coatings overcome pH detection restrictions
because, different enzymes can function in different pH windows
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and allow for detection within a wide range of biological samples
without interference due to enzyme specificity. Even with several
types of coatings, the majority of literature focuses on detecting
ROS other than *OH, which remains too short-lived to detect
reliably with electrochemical techniques. In the future, electro-
chemical detection of a trapped species may allow hydroxyl radical
detection. Challenges remain in specificity, dual detection, and
consistency across a range of environmental variables. Electro-
chemical techniques are extremely sensitive to changes in tem-
perature, pH, electrolyte and background species, as well as
electrode material; this creates challenges in detection across
studies if all variables are not reported.

The predominant methods for quantifying ROS using EPR is
through spin traps and spin probes which readily react with
ROS to form stable products that are then measured with EPR.
In the past decade, research has focused on both developing
new probes and increasing fundamental understandings of
how probes work to ensure accurate ROS quantitation and
detection. The predominate variables that influence ROS quan-
titation include potential probe transformations, interference
from other species and the system at large, incubation time
with probes, sample preparation, and instrument parameters.
However, with a detailed understanding of the necessary para-
meters and restrictions for the specific probe being used,
proper controls, and consistent protocols, EPR is a powerful
tool for ROS quantitation. Additional work should be done
across the field to establish consistent protocols so that mea-
sured ROS concentrations can be compared more broadly.
Spatial resolution remains challenging with EPR as any spatial
information is typically obtained through probes with cellular
targets or isolating cellular components. Aside from developing
new probes with cellular targeting, instrumentation needs to
improve for additional spatial and temporal resolution.

In general, these major detection techniques continue to
suffer from poor selectivity. Probe development continues to fill
this gap, but often leads to more complex detection systems
that can act as a barrier to access for non-specialists and can
limit detection in more complex environmental and biological
solutions. Likewise, the reactivity and short lifetimes of ROS
remain a challenge for the consistency of detection, especially
in biological systems. For example, H,O, can be produced as a
byproduct of superoxide generation in mitochondria, and H,O,
can break down into *OH, making it difficult to know the true
source of ROS from a biological or environmental sample.
Therefore, it is important for researchers to take these limita-
tions into consideration, especially when the goal is a mecha-
nistic understanding of possible sources of ROS. Likewise,
many of these detection methods may underestimate the
amount of ROS produced due to interfering species, and there
is still concern about ensuring that the detection method does
not add an additional source of ROS to the system. However, if
researchers keep in mind these limitations, acknowledge them
appropriately, and couple them with ongoing developments in
quantitation methods, ROS can be quantitated confidently.
This quantitation is key to driving the understanding of several
biological, medicinal, and industrial processes forward.
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