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Preface

Professor Joseph S. Beckman recently unveiled some lesser known facts
about his seminal work on peroxynitrite: “For over a year, our work had been
rejected after lengthy review times by Science, Nature and the journal of Bio-
logical Chemistry. In contrast, the editors of Archives allowed us to publish
a series of five papers that established peroxynitrite as a biological oxidant,
showed how tyrosine nitration can be used to quantify peroxynitrite produc-
tion and demonstrated that peroxynitrite was quite toxic to bacteria.” (Arch.
Biochem. Biophys., 2009, 484, 114). It is perhaps interesting to mention that
this ground-breaking paper has now garnered over 1200 citations. This is
indeed remarkable for a paper initially judged to be “not of sufficient interest
for the readers.”

As an indication of the excitement produced by this discovery, the five
most cited peroxynitrite articles garnered over 14 000 citations, as illustrated
in Figure 1.

Although the peroxynitrite lifetime is a fraction of a second at physio-
logical pH, it can damage a wide array of molecular components in cells,
including DNA and proteins, due to its intrinsic high nitrating properties and
surrogate oxidative effects through other radical-generating molecules such
as carbon dioxide. Furthermore, abnormal levels of peroxynitrite are clin-
ically correlated with pathogenic effects, including neurodegenerative, car-
diovascular or chronic inflammatory diseases, and diabetes complications.

The establishment of peroxynitrite as a culprit in many devastating dis-
eases brings an urgent need and great interest to develop specific detection
and quantification tools. Thus the main objectives of this tome are to criti-
cally discuss, arguably for the first time in one book, the challenges and lat-
est advancements in peroxynitrite quantification in biological media.

In Chapter 1, Willem H. Koppenol (from the Institute of Inorganic Chem-
istry, Swiss Federal Institute of Technology, Ziirich, Switzerland) introduces
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Figure 1 The first five of the most cited peroxynitrite papers garnered over 14000
citations.

the readers to peroxynitrite basics. When it became clear in the early 1990s
that peroxynitrite is biologically significant, Willem Koppenol with Joseph
Beckman and others (W. H. Koppenol, J. J. Moreno, W. A. Pryor, H. Ischi-
ropoulos and J. S. Beckman, Chem. Res. Toxicol., 1992, 5, 834) reviewed its
thermodynamic and kinetic properties. This first part of the book outlines
what is still relevant and discusses some of the important aspects that have
evolved since then.

Chapter 2 by Sabine Borgmann (from the Fakultét fir Chemie und Bio-
chemie, Ruhr-Universitit, Bochum, Germany) highlights the complex chem-
ical nature of peroxynitrite for biologists and immunologists, explains the
biological impact and complexity of peroxynitrite in biological matrices for
chemists and offers guided principles for optimizing quantitative assays.

Chapter 3 is by Mekki Bayachou and colleagues (from the Department
of Chemistry, Cleveland State University, and Department of Pathology,
Lerner Research Institute, The Cleveland Clinic, Cleveland, USA). This chap-
ter reviews the methods of peroxynitrite synthesis or generation in situ. The
advantages and drawbacks of the various methods are discussed in the con-
text of the use of prepared authentic peroxynitrite samples in the develop-
ment and validation of sensors and probes.

Chapter 4 is by Sabine Szunerits and Rabah Boukherroub (from the Institut
d’Electronique, Microélectronique et de Nanotechnologie, University Lille
1, Villeneuve d’Ascq, France) with Serban Peteu (from the Chemical Engi-
neering and Materials Science Department, Michigan State University, USA).
It explores the state of the art in the development and use of peroxynitrite
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sensitive matrices for electrochemical sensing. The electrochemical meth-
ods will be further discussed in Chapters 5 to 9.

Chapter 5 by Sophie Griveau and Fethi Bedioui (from the Unité de Tech-
nologies Chimiques et Biologiques pour la Santé, Université Paris Descartes,
Paris, France) outlines the challenges and perspectives of electrochemical
detection schemes for peroxynitrite in biological solutions.

This is followed by the contribution of Christian Amatore, Manon
Guille-Collignon and Fréderic Lemaitre (from the Ecole Normale Supérieure,
Paris, France). Their Chapter 6 deals with real-time monitoring of peroxyni-
trite by stimulation of macrophages with ultramicroelectrodes. This unique
configuration involving platinized carbon fiber ultramicroelectrodes is of
particularly great interest since it allows one to quantify in real time the very
harmful and unstable peroxynitrite anion within the oxidative burst at the
single cell level.

Many of these species interfere with fluorescence and electrochemical
detection methods for peroxynitrite. Therefore, to better understand the role
of peroxynitrite in situ, a separation method to isolate peroxynitrite from
potential interferences is necessary. Chapter 7 by Susan Lunte, Joseph Sie-
gel, Richard de Campos, Dulan Gunasekara (from the Ralph N. Adams Insti-
tute for Bioanalytical Chemistry, University of Kansas, USA), and José da Silva
(from the Chemistry Institute, State University of Campinas, Sdo Paulo, Brazil)
reviews the electrophoretic methods developed to separate and subsequently
detect peroxynitrite as well as its metabolites and degradation products.

Chapter 8 by R. Mark Worden, Ying Liu and Serban Peteu (from the
department of Chemical Engineering and Materials Science, Michigan State
University, East Lansing, Michigan, USA) investigates peroxynitrite-biomem-
brane interactions using biomimetic interfaces. The mechanisms by which
peroxynitrite damages membrane lipids are reviewed and the biomimetic
interface platforms and characterization methods are critically discussed.
Furthermore, a novel application is proposed to measure the effect of per-
oxynitrite exposure on biomembrane electrochemical resistance.

In Chapter 9, Serban Peteu and co-workers from the Institut d’Electro-
nique, Microélectronique et de Nanotechnologie, Lille, France (Sabine
Szunerits and Rabah Boukherroub) and from Bucharest, Romania (Alina
Vasilescu, International Centre for Biodynamics; Valentina Dinca, Mihaela
Filipescu, Laurentiu Rosen, Maria Dinescu, the National Institute of Laser,
Plasma and Radiation Physics; and Ioana S. Hosu, the National Institute of
Chemistry) highlight recent approaches to enhance the selectivity and sensi-
tivity of peroxynitrite detection.

The next two chapters deal with new optical methods for peroxynitrite
detection, as these have grown exponentially in the last 5 years. Chapter
10 by Zhijie Chen, Tan Truong and Hui-wang Ai (from the Department of
Chemistry and the Cell, Molecular and Developmental Biology Graduate Pro-
gram, University of California Riverside, USA) outlines recent achievements
in the use of fluorescent probes for the detection of peroxynitrite. Indeed,
among the various methods for peroxynitrite detection in biological media,
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fluorescent probes remain one of the most efficient approaches, owing to
their sensitivity and specificity for peroxynitrite in live cells.

Chapter 11 by Peng Li and Keli Han (from the State Key Laboratory of
Molecular Reaction Dynamics, Dalian Institute of Chemical Physics, China)
reports on the use of reversible near-infrared fluorescent probes for per-
oxynitrite monitoring. The design, synthesis, characterization and imaging
applications of cyanine-based, selenium-tellurium modulated fluorescent
probes is also described.

What Does the Future Hold for Peroxynitrite?

One thing seems certain: the interest to selectively detect peroxynitrite in
biological media will continue, as it comes at least in part from its involve-
ment in the pathophysiology of inflammation, cardiovascular disease, neu-
rodegeneration and diabetes, to name a few. The authors themselves already
offer their own outlook in their chapters. Several trends have been revealed in
the detection of peroxynitrite and associated nitro-oxidative species. Micro-
sensor arrays and other biomimetic platforms are urgently needed to simul-
taneously detect multiple analytes in real time, at the cell or tissue level. By
coupling several detection techniques, such as electrochemical and fluores-
cence, one can shed light and extract valuable information on peroxynitrite
dynamics with enhanced sensitivity and selectivity.

For in vivo applications, fluorescent imaging frequently lacks good spatial
resolution due to limited penetration depth in animal tissue. The exploration
of photoacoustic (PA) probes, ensuring highly specific molecular imaging
with unprecedented performance, from millimeters to centimeters of tissue
with resolutions in the 20-200 um range is a promising development in this
direction. The principle of PA probes is based on the generation of acoustic
waves following the absorption of ultrashort light pulses allowing imaging
beyond the optical diffusion limit by integrating optical excitation with ultra-
sonic detection. Semiconducting polymer nanoparticles (SPN) were intro-
duced as a new class of near-infrared photoacoustic contrast agents for in vivo
PA molecular imaging of peroxynitrite (K. Pu, A. J. Shuhendler, J. V. Jokerst, J.
Mei, S. S. Gambhir, Z. Bao and J. Rao, Nature Nanotechnol., 2014, 9, 233).

Other very recent efforts have targeted real-time imaging of oxidative and
nitrosative stress in whole animals, using polymeric nanosensors, integrat-
ing fluorescence resonance energy transfer (FRET) and chemiluminescence
resonance energy transfer (CRET). Peroxynitrite and other reactive nitro-ox-
idative species can be detected in a dose-dependent manner in the liver of
mice within minutes of drug administration, preceding histological changes,
protein nitration or DNA strand break induction (A. J. Shuhendler, K. Pu, L.
Cui, J. P. Uetrecht and J. Rao, Nature Biotechnol., 2014, 12, 373).

In conclusion, there is no shortage of new and innovative detection
methods and it will be exciting to follow their future progress in monitor-
ing peroxynitrite dynamics in vivo. One goal is to discriminate between the
physiological and pathological levels of peroxynitrite in different organs
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to facilitate the design of better therapies to counteract the nitro-oxidative
effects of this species.

As book editors, we are thankful to the Royal Society of Chemistry who
embraced our project and put their prestige behind it. We were also lucky to
involve so many eminent authors to share their knowledge and know-how.
With them all, we hope that this content will be of interest for researchers,
students and anyone else with an interest in the quickly evolving peroxyni-
trite story. We trust that you will enjoy your reading.

Serban F. Peteu
Sabine Szunerits
Mekki Bayachou
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CHAPTER 1
Peroxynitrite: The Basics

WILLEM H. KOPPENOL**

Institute of Inorganic Chemistry, Department of Chemistry and Applied
Biosciences, Swiss Federal Institute of Technology, Ziirich 8093, Switzerland
*E-mail: koppenol@inorg.chem.ethz.ch

1.1 History
1.1.1 Before 1990

In this section, I will focus on the early discovery of peroxynitrite, its ability
to nitrate aromatic compounds, its sensitivity to carbon dioxide and early
determination with permanganate.

More than a 100 years ago, Baeyer and Villiger' proposed that a “Nitrosop-
ersiure” (ROONO) was formed as an intermediate in reactions of nitrite, ethyl
nitrite, and amyl nitrite (R'ONO) with hydrogen peroxide and ethyl hydroper-
oxide (R’°OOH). They came to the conclusion that an adduct between R'ONO
and R’0O0H was formed that yielded R'OH and R*ONO,. Had a direct oxida-
tion of the nitrite taken place, R"ONO, and R*0OH would have been the prod-
ucts. In the case of the reaction between nitrous acid and hydrogen peroxide,
nitrate (NO,) is ultimately formed and the accompanying formula shows an
adduct between peroxynitrous acid and water."! Although they did not pro-
vide direct evidence for the structure of peroxynitrous acid, we may credit
them with the discovery of this reactive species. In 1907, Raschig? prepared
a solution of bromide in hydrogen peroxide and one of bromide in nitrous
acid. Both solutions stayed clear, but upon mixing, dibromine was formed as

RSC Detection Science Series No. 7

Peroxynitrite Detection in Biological Media: Challenges and Advances
Edited by Serban F. Peteu, Sabine Szunerits, and Mekki Bayachou

© The Royal Society of Chemistry 2016

Published by the Royal Society of Chemistry, www.rsc.org

1



07:54:07.
Published on 16 October 2015 on http://pubs.rsc.org | doi:10.1039/9781782622352-00001

View Online

2 Chapter 1

deduced from the reddish-brown color and the smell. He assumed that two
hydrogen peroxide molecules reacted with one nitrous acid and proposed
the formula HNO, and the name “Ubersalpetersiure”; apparently he was not
aware of the publication of Baeyer and Villiger." In 1922, Trifonow>* explored
the properties of the short-lived product of the reaction between nitrous acid
and hydrogen peroxide for analytical purposes. He concluded that “naszente
Persalpetersidure” (nitric acid in statu nascendi) is capable of oxidizing aniline
and nitrating aromatic compounds. He proposed using these reactions for the
detection of nitrite and aromatic compounds due to the intensively colored
products. In 1929, Gleu and Roell® reported that the reaction of azide with
ozone results in a deep orange-red solution that smells of hypochlorite and
sometimes nitrogen dioxide. Although stable in alkaline solution, the color
disappears rapidly upon neutralization by addition of hydrogen carbonate,
or by lowering of the pH. In spite of considerable efforts, they were unable to
isolate the new unstable compound, but their experiments allowed them to
exclude hydrogen peroxide as the oxidant, and they concluded that they were
dealing with peroxynitrous acid. Gleu and Hubold described in their paper of
1935 a simple synthesis of peroxynitrite from hydrogen peroxide and nitrite
at low pH: one mixes nitrite and hydrogen peroxide, adds acid followed by
base within 2 s. If done correctly, the deep yellow color of peroxynitrite is
observed.® Use of a quenched-flow reactor improves the yield.” Kortiim and
Finckh® showed in 1941 that the absorption maximum of peroxynitrite anion
(ONOO) in the UV ultraviolet range is close to that of NO; ", but the intensity
is about 15 times higher and the band is much broader. The initiation of
the polymerization of methyl acrylate and the hydroxylation and nitration of
aromatic compounds by peroxynitrous acid, reported in 1952 by Halfpenny
and Robinson,” was rationalized in terms of homolysis of the O-O bond in
ONOOH. However, in 1954, Anbar and Taube'® studied the reactions of per-
oxynitrite labeled with two O'®, and found doubly labeled NO;™ as a product
of intramolecular rearrangement of peroxynitrite and, in the presence of an
excess of unlabeled nitrite, singly labeled nitrite and nitrate as products of O'®
transfer from peroxynitrite to nitrite, a result that is not easily explained by
homolysis. The first kinetics study of peroxynitrous acid involving its isomer-
ization to NO;~ appeared in 1962 '! and the second in 1969."* The latter gives
a pK, of 6.6 and a rate of isomerization of 0.10 s, obtained at a temperature
of 1 °C and an ionic strength of 0.5 M. It also mentioned that peroxynitrite
vanishes quickly in the presence of carbonate or borate. Formation of per-
oxynitrite from nitrate in solution by ultraviolet light was demonstrated in
1964." The same study also showed that permanganate oxidized peroxyni-
trite.”> Hughes and Nicklin reported in 1968 the extinction coefficient of per-
oxynitrite at 302 nm of 1670 + 50 M cm ™', which is within the error of that
obtained by Bohle and coworkers in 1994 with pure tetramethylammonium
peroxynitrite, 1705 + 10 M"' cm™." Blough and Zafiriou made a very import-
ant observation in 1985 of a yellow color after mixing a mostly anaerobic
alkaline solution of superoxide with that of nitrogen monoxide. They con-
cluded that superoxide and nitrogen monoxide react to form peroxynitrite.'®
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As nitrogen monoxide was identified in 1987 as an “endothelium-derived
relaxing factor”,''* and SOD extends the life of nitrogen monoxide," the
finding of Blough and Zafiriou could be relevant to physiology!

We see that a few properties and reactions that have been discovered can
be used to quantitate peroxynitrite: its yellow color, its ability to nitrate
aromatic compounds and the reduction of purple permanganate to green
manganate. An excellent review on the “older” chemistry of peroxynitrite
by Edwards and Plumb appeared in 1993.%° It also discusses the role of per-
oxynitrite in atmospheric chemistry.

From 1901 until 1990, ca. 40 papers on peroxynitrite appeared. Since then,
the number of publications has sharply increased to well over 12000 as a
recent search (November 2014) on the Web of Science showed.

1.1.2 1990 and Later

Up to 1990, oxidative injury to tissues was explained with a modification of
the Haber-Weiss cycle that included catalysis by iron.*! In essence, the pres-
ence of iron(11) and hydrogen peroxide was postulated; injury was caused by
the Fenton reaction,” which, at neutral pH, yields the hydroxyl radical®® or
a higher oxidation state of iron,** as reviewed by Koppenol and Bounds.?
However, Beckman et al.*® pointed out that “generation of strong oxidants by
the iron-catalyzed Haber-Weiss reaction is not an entirely satisfactory expla-
nation for superoxide dismutase (SOD)-inhibitable injury in vivo.” Since SOD
protects, superoxide must be damaging itself—which it is not*’—or react
to form a more reactive species. Instead of a reaction between some unde-
fined iron(111) complex and superoxide, Beckman et al.,*® referring to the
work of Blough and Zafiriou,'® proposed that superoxide reacts very quickly
with nitrogen monoxide to form peroxynitrite. As the reaction in question
is a radical-radical reaction, this assumption is quite reasonable. Thus,
formation of peroxynitrous acid is kinetically far more feasible than the
“iron-catalyzed Haber-Weiss reaction”.?® Beckman et al. also described some
scavenger studies to find out whether peroxynitrous acid underwent homoly-
sis to produce nitrogen dioxide and hydroxyl radicals. They concluded that
“a potent oxidant similar to HO" in reactivity” was formed.*® Furthermore,
they pointed out that peroxynitrous acid, being long-lived, can diffuse over
several cell diameters. For that reason it is a more selective and toxic oxidant
than the hydroxyl radical. It is of importance that it also nitrates aromatic
compounds. The question of whether nitrogen monoxide and superoxide
production under pathological conditions could be high enough to generate
peroxynitrite was posed,*® and we now know that this is so.

First, what are the basics of peroxynitrite chemistry? When it became clear
in the early 1990s that peroxynitrite is biologically relevant, we prepared an
overview of its thermodynamic and kinetic properties.”® Much of what we
published is still relevant, but some important details have changed. Nev-
ertheless, the paper is still being cited and has now garnered over 1000 cita-
tions. Peroxynitrous acid isomerizes with a rate constant of 1.1 s™. Earlier
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and slightly higher rate constants have been reviewed.?® The pK, of peroxyni-
trous acid is 6.5 to 6.8, depending on the ionic strength and temperature.*
The peroxynitrite anion is fairly stable, but at pH values equal to the pkK,
and higher, there is decomposition to nitrite and dioxygen, a reaction that
proceeds via an adduct between peroxynitrite and peroxynitrous acid.**?*"3?
The spectrum of the anion has a broad maximum at 302 nm (¢ = 1705 = 10
M em™)."® Peroxynitrous acid is a powerful one- and two-electron oxidiz-
ing agent; the calculated one- and two-electrode potentials are, respectively:
E°'(ONOOH, H/NO,’, H,0) = +1.6 + 0.1 V and E°'(ONOOH, H'/NO,", H,0) =
+1.3 + 0.1V, both at pH 7.°° These electrode potentials, as all others, are given
relative to the normal hydrogen electrode. Experimentally, a one-electron
electrode potential over ca. +1 V** was measured by cyclic voltammetry in
a cell in which alkaline peroxynitrite was repeatedly mixed with acid to gen-
erate the short-lived peroxynitrous acid (¢;,, = 0.63 s at 25 °C). The lack of
pH dependence indicates that a transient HOONO"~ was formed. It is clear
that peroxynitrous acid is a potent one-electron oxidant. The notion that
30% of peroxynitrous acid undergoes homolysis to nitrogen dioxide and the
hydroxyl radical is widespread in the literature.** We reviewed all evidence,
pro and contra, extensively with the conclusion that, if any, homolysis is lim-
ited to at most 5%.** It may be appropriate to illustrate this point with an
example. Above, decomposition to nitrite and dioxygen was mentioned. One

can, in principle, explain these products by two homolyses:**~*
ONOOH — NO,’ + HO® (1.1)
ONOO™ — NO" + 0, (1.2)
followed by:
NO' + NO," — N,0, (+ H,0) — 2NO,” +2H" (1.3)
HO +H'+0,” > H,0+0, (1.4)

If this is so, then the rate of nitrite and dioxygen formation is limited by the
slowest process, which is the reaction in eqn (1.2), that is, it will not depend
on the concentration of peroxynitrite.*® The rate constant of the reaction in
eqn (1.2), as determined by the reduction of permanganate by superoxide, is
0.020 s™'.*° Furthermore, the relative yield of nitrite and dioxygen should also
not depend on the peroxynitrite concentration. However, experimentally, we
found that both the rate and the relative yield increase with the peroxyni-
trite concentration.**>** Furthermore, we showed that peroxynitrate is an
intermediate:*

ONOOH + ONOO™ — O,NOO™ + NO,” + H* (1.5)
which itself decomposes:
0,NOO™ — NO, + O, (1.6)

Thus, we concluded that peroxynitrous acid behaves like other peracids.*
Biochemically far more important is the reaction with carbon dioxide.
In 1993, Radi’s group rediscovered that peroxynitrite is not stable in the
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presence of hydrogen carbonate.*' Two years later, Lymar and Hurst** found
that the peroxynitrite anion reacts rapidly with dissolved carbon dioxide,
which leads to ONOOCO, , nitrosoperoxycarbonate or 1-carboxylato-2-
nitrosodioxidane. This compound itself, or its homolysis products, nitrogen
dioxide and trioxidocarbonate(*")*** are strongly oxidizing: E°(NO,’/NO,") =
+1.04 V and E°(CO; 7/CO;*") = +1.57 V.** Although the extent of homolysis
is generally assumed to be ca. 30%, we estimated it, using nitrogen monox-
ide as a scavenger of nitrogen dioxide and trioxidocarbonate(* ), at ca. 4%.*
Thus, peroxynitrite, itself an oxidant with an electrode potential greater than
+1 V, may cause the formation of equally strong, or even stronger, oxidants.
Reduction of peroxynitrite on a microelectrode with modified surfaces
has been used to detect it in biological samples.”*® In 2001, Amatore and
coworkers showed that it is possible to oxidize peroxynitrite at a potential
of +0.5 V,** quite close to the potential of +0.44 V estimated in 1992.?® This
method has been used to detect and quantify peroxynitrite in single fibro-
blasts®® and macrophages.” Polymerized hemin on a carbon electrode has
also been used to oxidize, and thereby, detect peroxynitrite.”’ Chemilumi-
nescence has been used to detect peroxynitrite as well. This technique is sen-
sitive, but in the case of dichlorodihydrofluorescein and dihydrorhodamine,
the reaction is zero-order in the indicator molecule,*® which detracts from
its usefulness. Detection based on fluorescence is often not specific for a
particular oxidant, and great care should be taken in the interpretation of
results.”* A direct reaction has been established for weakly fluorescent bor-
onates that become strongly fluorescent after reaction with peroxynitrite.>>>°
As these compounds also react with hydrogen peroxide, there is again the
issue of specificity. It is not important that the reaction of boronate with per-
oxynitrite is much faster than with hydrogen peroxide; it is the product of
the rate constant and concentration that counts. In the following chapters,
much more will be said about these techniques.

Tetramethylammonium peroxynitrite crystallizes in the cis-conformation®
and Raman spectroscopy studies indicate that this is also the conformation
in solution.®

1.2 Peroxynitrite In Vivo

Can peroxynitrite be formed in vivo? Under most conditions, superoxide is
disposed of by Cu,Zn-SOD, present in the cytosol at a concentration of ca.
10 pM. Is that enough to prevent the formation of peroxynitrite? Let us
assume that the concentration of nitrogen monoxide is ca. 10 nM. If we com-
pare the products of the rate constant of superoxide with Cu,Zn-SOD and
with nitrogen monoxide (ksop =2 X 10° M ' s71,°% - = 1.6 x 10" M 571!
respectively), and the concentrations just mentioned, we get 2 x 10" s and
1.6 x 10* 57!, respectively. Thus only 1% of superoxide ends up as peroxyni-
trite. However, near activated macrophages the concentration of nitrogen
monoxide may be in the micromolar region, say 10 uM, and in that case ca.
90% of all superoxide is converted to peroxynitrite. This calculation is sim-
plistic, but it illustrates why the SOD concentration has to be 5-10 uM. There
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is another reason why SOD is essential. Although superoxide reacts quite
quickly with its protonated form, this reaction is second order in superoxide:
the initial phase of the reaction is very fast but the end stage proceeds very
slowly, and a concentration of zero superoxide is “never” reached. It is the
reaction with SOD, which is first order in both superoxide and in proteins,
that finishes off superoxide.

We have now established that formation of peroxynitrite in vivo is kinet-
ically feasible. Evidence for its formation in activated macrophages was
detected by its ability to nitrate tyrosine 108 of Cu,Zn-SOD.**% At that time
it was also shown that peroxynitrous acid oxidized thiols® and lipids.®® Fur-
thermore, peroxynitrous acid not only nitrates tyrosine, it also hydroxylates
it.®® In atherosclerotic tissue, nitrotyrosine was detected by immunohisto-
chemistry,”” which is an important observation as it shows that peroxyni-
trite plays a role in that disease. Antibodies against nitrotyrosine are now
commercially available. Furthermore, nitrotyrosine can be detected by high-
performance liquid chromatography.® Interestingly, the nitration of tyrosine
is a reaction that is zero order in tyrosine, and the yield is low,*® and only
somewhat higher in the presence of carbon dioxide. By contrast, tryptophan
is nitrated in a bimolecular reaction, but with a low rate constant.%®® To the
best of my knowledge, no immunological detection method for nitrated tryp-
tophan has been developed.

As shown in a review I co-authored with Beckman,”® the bad properties of
nitrogen monoxide are nearly all those of peroxynitrite. In the title of that
review, we refer to nitrogen monoxide, superoxide and peroxynitrite as the
good, the bad and the ugly. Even before endothelium-derived relaxing factor
was identified as nitrogen monoxide, it was known that superoxide removed
it." However, it is not just the removal of a signaling molecule that is import-
ant, the reaction product is a powerful oxidizing and nitrating agent. While
formation of peroxynitrous acid is thus harmful under normal conditions,
it is used by activated macrophages to remove microorganisms and other
inflammatory insults. For the same reason, activated neutrophils make
another inorganic compound, bleach or oxidochlorate(17).”* Thus, anywhere
inflammation occurs, one may expect to find oxidized, nitrated and chlo-
rinated biomolecules. Unsurprisingly, there is a large number of diseases
where formation of peroxynitrite has been established.”?

1.3 Challenges to the Detection of Peroxynitrite

For the development of a sensor it is necessary to test it with pure peroxyni-
trite. As mentioned above, peroxynitrite can be synthesized by mixing hydro-
gen peroxide with nitrous acid, followed by rapid quenching with base.®’
Oxygenation of hydroxylamine,”” ozonization of an azide solution®’* and
treating solid potassium superoxide with nitrogen monoxide” have also
been used. None of these syntheses results in the preparation of a pure prod-
uct: common contaminants are the decay products nitrite and nitrate, and,
dependent on the synthesis, remaining reactants, nitrite, hydroxylamine,
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azide and hydrogen peroxide. In vivo one may encounter hydrogen peroxide
and nitrite. Only biomimetic synthesis in ammonia reported by Bohle and
coworkers™’® results in a pure preparation of tetramethylammonium per-
oxynitrite. Contaminants are important because they may interfere with the
detection of peroxynitrite; their presence requires control experiments.

Detection of the “footprint” of peroxynitrite, nitrated tyrosine, is well-
established. Although useful for diagnostic purposes, this method cannot be
used for time-resolved detection in cells or tissues. The remaining techniques
are fluorescence and electrochemistry. Sensitivity and selectivity are import-
ant issues. The steady-state concentration will be very low, presumably in the
nanomolar region. As one would like to determine the target of peroxynitrite
in cells or tissues, detection should not disturb that concentration, that is,
not more than 10% of the peroxynitrite should react with the reporter mol-
ecule or with the electrode. The issue of selectivity has been brought up for
methods based on fluorescence,> but it applies equally to electrochemical
detections. The importance of reliable methods to detect peroxynitrite in tis-
sues and biological samples has recently been stressed by Chen et al.”’

1.4 Nomenclature

For reasons unknown, many working in the field of radical research use the
abbreviations ROS and RNS, which stand for “reactive oxygen species” and
“reactive nitrogen species”, respectively. Generally, superoxide, the hydroxyl
radical, singlet dioxygen and hydrogen peroxide are “ROS”, and nitrogen
monoxide, nitrogen dioxide and peroxynitrite belong to “RNS”. However, as
already discussed, superoxide and nitrogen monoxide are not reactive, and
neither is hydrogen peroxide. These acronyms are thus very misleading. In
2013,acommentary in the Biophysical Journal contained the sentence: “Super-
oxide can be quite damaging because it has an extremely high affinity for
electrons, ripping them away from nearby proteins, lipids, and nucleic acids
via oxidation.””® In the 30 year old compilation of rate constants for reactions
of superoxide by Bielski and coworkers®” one finds that superoxide does not
react with amino acids. It behaves as a mild reductant, while its hydronated
form may act as an oxidant. By addressing these species collectively as ROS
and RNS one ignores the efforts of many chemists that have characterized
the different thermodynamic and kinetic properties of these molecules. The
use of these acronyms has also been lamented in a recent editorial in Free
Radical Biology and Medicine.”* Furthermore, these species have their own
names that should be used: for O, one can still use the venerable name
superoxide; the systematic name is dioxide(*1"). For other species named
in this chapter the names are, with the allowed one in italics: O,, dioxygen;
HO,", hydrogen dioxide or hydridodioxygen(‘); H,0,, hydrogen peroxide,
dihydridodioxygen or dioxidane; HO', hydroxyl radical, hydridooxygen(*) or
oxidanyl; NO', nitrogen monoxide or oxidonitrogen(‘); NO,’, nitrogen diox-
ide or dioxidonitrogen(‘); ONOO", peroxynitrite or (dioxido)oxidonitrate(1");
ONOOH, peroxynitrous acid or (hydridodioxido)oxidonitrogen; ONOOH"",
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(hydridodioxido)oxidonitrate('17); O,NOO™ peroxynitrate or (dioxido)diox-
idonitrate(17); CO; ", trioxidocarbonate(1°7); ONOOCO,, nitrosoperoxycar-
bonate or 1-carboxylato-2-nitrosodioxidane.”**° The reader will have noticed
that the systematic names are based on the selection of a central atom and
that the attached atoms are named as negatively charged groups (even if they
are not). Furthermore, one can often use names based on -ane nomencla-
ture: methane for CH,, oxidane for H,O, azane for NH;, etc. The advantage
of the new nomenclature recommendations is that the name tells you what
the chemical composition is. Names such as nitric oxide or nitrous oxide do
not do that; use of that nomenclature leads to the name “pernitric oxide” for
NO,’, which nobody uses, and there would be no name for NO;".
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2.1 General Remarks on the Concept of
“Redox Signaling”

Small chemical molecules can serve as transmitters and modulators of cellu-
lar signaling in biological and immunological processes. They can act within
a biological cell or can be produced within a cell or in the vicinity of the cell
membrane and diffuse to surrounding cells. This extracellular chemical signal-
ing in the microenvironment of biological cells is vital for cell-cell interactions
and for a functional organism. If this signaling process is out of balance, it can
result in pathological conditions for the local cells or even the entire organism.

Reactive nitrogen and oxygen species (RNS and ROS, respectively) are very
fascinating species among these chemical signaling molecules.” Due to their
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high reactivity and low biological half-life it is not trivial to distinguish which
of the numerous biological effects is affected by which molecule(s). Basically,
signaling specificity is achieved by the different chemical reactivities of the
involved RNS and/or ROS.? A systematic investigation of the complex “redox
signaling” within and in the microenvironment of biological cells is not triv-
ial. Even the quantification of these RNS and ROS represents a true analytical
challenge. Table 2.1 compiles a list of typical RNS and ROS molecules.

The effects of these chemical signaling molecules depend on the nature,
concentration, and spatial and temporal distribution of the soluble chemical
signals, as well as the identity, location, local microenvironment and state
of the responding cells. As a general concept of “redox signaling” one can
consider that there is most likely a “redox balance” between the exposure to
“oxidative stress” and the actions of “antioxidant protection mechanisms”.*
Figure 2.1(a) visualizes the general concept of the relationship between the
oxidative burden generated by RNS/ROS and the different types of “redox sig-
naling”. Certain basal concentration levels of RNS and ROS are vital for the
functionality of physiological processes (“physiological redox signaling”)—
especially at “low” concentration levels. Moderate perturbations of these
oxidant levels represent normal “signaling events”. With increasing oxidant

Table 2.1 Typical RNS and ROS molecules grouped in radical and
non-radical species.

RNS ROS

Radicals
NO'’ nitric oxide
NO,’ nitrogen dioxide

0, " superoxide
"OH hydroxyl

RO," peroxyl

RO’ alkoxyl

HO, hydroperoxyl
CO; ™ carbonate
Non-radicals

ONOO™ peroxynitrite

&

ONOOH peroxynitrous acid
ROONO alkyl peroxynitrite
NO™ nitroxyl anion

NO" nitrosyl cation

NO," nitronium anion
HNO, nitrous acid

N,O; dinitrogen trioxide
N,0, dinitrogen tetroxide
NO,Cl nitryl chloride

0; ozone

'0, singlet oxygen

H,0, hydrogen peroxide
HOCI hypochlorous acid
ONOO'™ peroxynitrite

&
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Figure 2.1 Simplified schematic overview of the different types of “redox signal-

ing”** that may occur via RNS and ROS in biological systems. (a) The
idea is that the mediated signaling type is dependent on the concentra-
tion of RNS and/or ROS and the duration of their presence. At low con-
centrations, physiological signaling that is vital for the functionality of
the biological system takes place. At moderate concentration levels, the
biological cells employ adaptive and repair signaling mechanisms. At
high concentration levels, toxicological effects occur either via apop-
totic or necrotic signaling. (b) The time course of these different “redox
signaling” types may differ significantly. Compared with low concentra-
tions of RNS/ROS at a baseline “physiologic” level, short-term oxidative
bursts may occur and lead to vital “redox signaling” events, whereas
toxic levels of RNS/ROS can accumulate over time in pathological con-
ditions. It seems that it is dependent on the production rate of these
species if the effects induced by RNS/ROS are beneficial or pathological.
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burden, severe “oxidative stress” occurs and impairs cell function and viabil-
ity. This may finally result in apoptotic and necrotic signaling.

The actual production rates and concentration profiles (fluxes) of RNS
and/or ROS are dependent on a variety of factors such as cell type and func-
tion; metabolic, immunologic and cell cycle stage; cellular interactions and
cell-to-cell variations; as well as the local microenvironment. The underlying
hypothesis is that the fate of the induced signaling effects seems to be dose
and time dependent. Figure 2.1b gives a schematic overview of how these
different signals (“oxidative bursts”) may look on a temporal sequence. The
production rate of RNS and ROS may be small and low in fluctuations at a
basal “physiological” level. During a physiological “redox signaling” event
after a certain stimulus, there may be a short-term increase of one or sev-
eral RNS/ROS levels. Since the time resolution of many methods employed
for quantification is often not sufficient enough, it is not clear if these rises
in RNS/ROS are accompanied by tiny spikes of “oxidative bursts” similar to
neurotransmitter signaling, as suggested by data from Amatore et al.> When
higher concentration levels of RNS/ROS are produced over longer time
scales, apoptotic or necrotic signaling mechanisms are induced. However, it
is important to keep in mind that the time courses of the fluxes of RNS/ROS
have often not yet been reliably determined. Furthermore, the redox signal-
ing mechanisms seem to be very complex, e.g. the balance between oxidative
stress/signaling and antioxidant responses. How the actual redox regulation
of biological systems occurs is still under investigation and controversially
discussed.

2.2 The Basic Chemical Properties of Peroxynitrite
Compared with Other RNS/ROS as Signaling
Molecules

The focus of this chapter is peroxynitrite (ONOO™), which is represented in
the cis configuration in Figure 2.2. Chapter 1 of this book refers in detail
to the chemistry and properties of peroxynitrite. In addition, the chemis-
try and biochemistry of peroxynitrite has been thoroughly reviewed else-
where.®"? Peroxynitrite plays an important role in redox biology, in health
and disease,''* and in the immune system." In this chapter certain features
of the molecule peroxynitrite are highlighted and put into perspective. The
idea is to focus on the biochemical and immunological aspects of ONOO™
that are of particular relevance for a chemist to have a basic idea and under-
standing of the underlying biology. This defines the complexity of the actual
task and conditions to quantify ONOO". For a biologist or immunologist, cer-
tain chemical and analytical principles of peroxynitrite detection are empha-
sized in order to facilitate a better understanding of the basic challenges to
realize reliable and reproducible quantification of ONOO".

Nitric oxide (NO) and superoxide anion (O, ") react at nearly diffusion-
controlled rates to peroxynitrite.'® The fast reaction rate'” implies that per-
oxynitrite is formed in vitro and in vivo despite the potential presence of RNS
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Figure 2.2 Schematic representation of peroxynitrite, ONOO", in the cis conforma-
tion, which is the more stable than the ¢rans rotamer.

and ROS scavengers, antioxidant molecules and enzymes. This reaction rate
ensures that enzymatic removal of O,”” by superoxide dismutase (SOD) can
be outcompeted provided that a sufficient source of NO" is available in the
vicinity of the O,"~ source. The history of the discovery of peroxynitrite has
been reviewed.'®' In 1990, it was published for the first time that ONOO™
could act as a biological oxidant.'**° Besides its oxidative activity, ONOO™ is
also a powerful nitrating agent.

One important feature of RNS and ROS is their relatively short half-life in
aqueous solutions, which is a result of the high reactivity of these species.
Note that peroxynitrite exhibits much higher chemical reactivity compared
with NO' and O,".'***?! Figure 2.3 summarizes the dimensions of typical
reported chemical half-lives of different RNS and ROS.

ONOO can be produced inside and outside of biological cells. ONOO™ as
well as peroxynitrous acid (ONOOH) can diffuse or be transported via anion
channels through membranes.?**’ Taking into account that the half-life of
peroxynitrite in biological systems was determined to be in the millisec-
ond region,**** peroxynitrite is able to diffuse several micrometers (in the
region of one to a couple of cell diameters). This means it can intracellularly
diffuse through cell compartments and extracellularly towards and inside
neighboring cells.”® Employing a theoretical model, it was shown that the
presence of carbon dioxide only partially alters the reactivity and diffusion
of intravascularly generated, extracellular peroxynitrite.”® Another theoret-
ical model was developed to predict intracellular concentrations and dif-
fusion rates of nitric oxide, superoxide, and peroxynitrite inside cells in
a stirred suspension cell culture exposed to nitric oxide and/or peroxyni-
trite.>” Peroxynitrite is able to diffuse up to a few micrometers, similar to
nitric oxide,”® in biological systems. Whereas O, ~ diffusion lies within
about a cell diameter. The most reactive molecule, the hydroxyl radical
(OH"), diffuses only a few angstréms.>* Hydrogen peroxide (H,0,)*° on the
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Figure 2.3 Simplified representation of the chemical half-lives of typical ROS and
RNS in aqueous and biological systems.
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Figure 2.4 Simplified representation of the dimensions of diffusion distances of
ROS and RNS in aqueous and biological systems.

other hand is a molecule that is more stable than O, ". It can diffuse over
longer distances®® given that it is not consumed, e.g. by catalase (CAT) and
myeloperoxidase, before it diffuses through cell membranes. The dimen-
sions of typical diffusion distances of some RNS and ROS are summarized
in Figure 2.4.

Furthermore, it is important to consider the ability of peroxynitrite and
other RNS/ROS to permeate cell membranes. Biomembranes can compart-
mentalize the action radii of these molecules. Note that ONOOH has a higher
permeability through cell membranes than ONOO™.*' In Figure 2.5 a compar-
ison of ONOO™ and ONOOH with several other RNS and ROS with respect to
their permeability through pure lipid membranes is given.*!
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Figure 2.5 Overview of the membrane permeability of ROS and RNS. Data derived
from ref. 31.

2.3 The Complex Interplay of Peroxynitrite and
Other RNS/ROS in Biological Systems

Once RNS and ROS are produced within or outside of biological cells, there
are complex diffusion profiles of signaling molecules such as peroxynitrite,
superoxide, nitric oxide and hydrogen peroxide generated in the vicinity of
these biological cells. Depending on the local microenvironment these mol-
ecules may react with each other or additional molecules. The subsequent
reaction products may result in a variety of ROS and RNS. Figure 2.6 schemat-
ically describes such a situation in a simplified fashion, highlighting which
species can be formed and what their chemical interplay may look like.

H,0, is generated by dismutation from O, ~ by SOD and can act as a sig-
naling molecule.”*** The actions of H,0, are biologically contained by CAT,
glutathione peroxidase, and peroxiredoxins through degradation to water.
In general, H,0, is relatively inert to reaction with biomolecules compared
with other ROS. However, it reacts with seleno-, thiol or heme peroxidases,
or other transition metal centers.*® The damaging effect of H,0, is facilitated
e.g. via transformation into hydroxyl radicals ("OH) by Fenton chemistry,
which are the strongest oxidants in biological systems.** "OH can also be
generated by radiation, reactions at transition metal ions, the decomposi-
tion of peroxynitrite, and decomposition of ozone.*

0O, is generated in biological cells e.g. by the multi-enzyme complex
NADPH oxidase (NOX),** the mitochondrial respiratory chain, xanthine
oxidase (XO), cytochrome P-450 enzymes, and autooxidation of biomole-
cules.’>*° It can act as an oxidant and reductant.*?

NO' is synthesized from the amino acid 1-arginine®” by nitric oxide synthase
(NOS)*® and serves as a physiological messenger and signaling molecule.**™!
Note that inflammatory cells also generate nitric oxide as an important part of
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from ref. 72). The diffusion coefficients were taken from ref. 148.


http://dx.doi.org/10.1039/9781782622352-00012

07:54:08.
Published on 16 October 2015 on http://pubs.rsc.org | doi:10.1039/9781782622352-00012

View Online

20 Chapter 2

the host defense mechanism.*>** Nitric oxide is a poor oxidant but reacts with
superoxide to peroxynitrite (ONOO"). The chemistry of NO* and ONOO™ is com-
plex.>*~*° Peroxynitrite is a potent oxidant and nitrating agent. It can react with
a great variety of biomolecules.*'*'*** Mitochondria are an important source
not only for NO* and ONOO™,*® but also for other ROS such as H,0, that result
from superoxide generated by the respiratory electron transfer chain.’® There
are local pH differences between cytosol (pH 7.0) and mitochondria (pH 8.0).>

It is important to note that the nature of different RNS and ROS that are
formed under certain conditions in vitro and in vivo is often still controver-
sial, and their beneficial and/or pathological effects are still subjects of inves-
tigation. One reason is that it is very demanding to define the nature of the
involved species, as well as their concentration at a defined location and in
a certain time frame. Furthermore, it is not trivial to distinguish the differ-
ent chemical, biological and immunological effects of the various molecules
involved. Are the resulting reactions direct effects of a certain signaling mol-
ecule on their biological targets, or indirect effects induced by the follow-up
metabolites of that species or by the interplay of several species?

The mixture of ROS and RNS in the vicinity of biological cells, e.g. in an
in vitro cell culture experiment with adherent cells, means that the differ-
ent species will generate diffusion profiles/fluxes around the cells (and also
within the cells). Figure 2.7 tries to demonstrate that these diffusion profiles

nature and properties of the properties of the cell surrounding

actually produced RNS / ROS buffer or cell culture media
concentration pH

diffusion coefficient temperature

half-life ionic strength

reactivity chemical composition
follow-up products movement of solution

membrane permeability

chemical crosstalk vertical diffusion

between different species
—

P e e e e

diffusion away

species (RNS or RNS)

generated within a cell

state of biological cells

cell types, cell density

metabolic, immunological, and redox state

stage(s) in cell cycle

cell-cell variations, cell signaling, cell-cell interactions
reactivity of individual cells to stimuli

production rate and location of RNS / ROS

Figure 2.7 Complex diffusion profiles of different ROS and RNS in the vicinity of
a cell monolayer (modified from ref. 72). The state that the biological
cells are in defines the nature, amount and timeline of the produced
species. The local microenvironment (surrounding cells and cell cul-
ture medium) around the cells impacts the fluxes and diffusion profiles
of ROS and RNS. A variety of parameters influence the chemical cross-
talk between the species involved as well as cell-cell signaling.
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depend on the state of the biological cells, the reactivity of the molecules
involved, their diffusion profiles and the local microenvironment.

ONOO is reported to be more toxic to cells than H,0,, O,"", or NO".>***
For example, it can generate oxidative and nitrative damage to DNA, lip-
ids and proteins.'”'® Together with other ROS and RNS, peroxynitrite is
involved in the chemical biology of inflammation.**® As one example of
a host defense mechanism, neutrophils and macrophages produce RNS
and ROS as oxidants in order to damage and kill invading microorgan-
isms. Note that the first evidence for peroxynitrite formation in biological
cells was detected in freshly isolated rat alveolar macrophages when they
produced nitric oxide and superoxide.”” Hydrogen peroxide and nitrite
are the major decomposition products of superoxide and peroxynitrite in
phagosomes.*®

Figure 2.8 highlights, as one example of the immune response, how mac-
rophages produce NO' and O,"~, which quantitatively form ONOQ™.*?7:>%¢0
The inducible NOS (iNOS) in macrophages is activated by lipopolysaccharide
(LPS) of gram-negative bacteria or by proinflammatory cytokines produced
by infected host cells, for example. Activated macrophages release a variety

activated T cell

costimulatory
molecules

viral RNA

viral polyprotein

[o}] mR*l'
5

—
@/

destabilizati
estabilization NADPH+ O,

macrophage

Figure 2.8 Schematic overview of the production of ROS and RNS by activated mac-
rophages with a focus on NO’ signaling during an immune response
(data taken from ref. 59 and 60, refer to these publications for more
detailed description of the involved signaling pathways). Note that the
species formed, such as H,0,, NO* and ONOO", induce toxic damage to
the intruding bacterium.
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of molecules—among them nitric oxide and superoxide—to inhibit the
replication of pathogens such as bacteria, fungi and viruses. The resulting
cocktail of different RNS and ROS, including H,0, and ONOO, is able to pen-
etrate bacterial and fungal cell walls and is a highly effective toxic agent for
pathogens.® Peroxynitrite can induce cell death via apoptosis and necrosis.®*
The actions and biochemical targets of peroxynitrite in disease conditions
are reviewed in detail by Pacher et al.™?

2.4 Implications of Selecting a Model System for In
Vitro, In Vivo and Ex Vivo Experiments

Some basic considerations have to be made when selecting a suitable
model system for in vitro or in vivo experiments. Figure 2.9 summarizes
the different workflow steps of designing an experimental study to quan-
tify ONOO™ in biological systems. Once the biological question of inter-
est is raised, in our case the quantification of the amount of extracellular
ONOO" produced from biological cells, it is important to decide on the
cell culture or sampling conditions and the methodology for ONOO™
detection. Once the initial experimental strategy is defined, it needs to be
reviewed for statistical soundness, taking into account that an appropri-
ate number of biological and methodological replicates and controls are
made. Now a proof-of-principle study can be performed that allows test-
ing and optimization of the selected experimental parameters. It might be
necessary to optimize the sampling or sample processing/storage process
in order to avoid changes in the redox status during sample preparation.
Cell culture conditions may have to be adjusted. After it is ensured that
ONOO™ quantification can be realized under these conditions, the detec-
tion approach can be optimized further. Besides improving key criteria
such as sensitivity, selectivity, dynamic range, response time, reproduc-
ibility, long-term stability and biocompatibility among other efforts, over-
all measuring time and cost of the measurements need to be addressed.
For instance, bringing the tip of a peroxynitrite microsensor reproducibly
close to the cell monolayer into the so-called “artificial synapse” posi-
tion"? by employing a controlled positioning device, as already performed
for other biological relevant analytes,”>''*'*” could be a useful strategy.
After a routine assay protocol is established, method validation is critical
before starting a larger set of measurements. A critical evaluation must
be achieved at the analytical as well as the biological/biochemical level.
One bias-escaping approach is the use of independent assay methods.
Note that bias is difficult to address in the design of experiments, in part
because it is often unintentional. Bias can only be minimized by careful
control and planning of the experiments. Finally, biostatistics and chemo-
metrics help to properly interpret the data obtained to address the biolog-
ical question.
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2.4.1 Use of Biological Sample Materials

Biological sample material (Figure 2.10) can be collected from humans, ani-
mals, insects, plants, cells and the environment. Human material can be
sampled during diagnostic procedures and therapeutic treatments, autop-
sies, and donation of organs and/or tissues. Tissues, organs, hair, skin, nail
clippings and cells are “solid” material. Body fluids include blood, serum,
plasma, saliva, mucosa, sweat, urine, semen, cerebrospinal fluid, milk and
feces. The performance and quality of sample processing and storage is of
great importance to obtain representative biological material with respect
to the high reactivity of RNS and ROS. Standardized procedures should be
employed. Many components of biological sample materials are relevant for
ONOO™ chemistry. Here, some abundant molecules are mentioned, including
intracellular concentrations of about 5-10 mM thiols (with glutathione as the
main component) and 5-10 pM SOD are reported.”** Due to significant CO,
(1 mM in cells,” 1.3 mM in blood plasma and 12-30 mM in blood®*) and
bicarbonate levels (12 mM in intracellular fluid and 25-30 mM in blood
plasma),** the reactivity of ONOO™ with CO, is relevant and probably a signif-
icant route for detoxification in vivo.>*>%

Humans Biological Samples Animals
Saliva
A
Cerebrospinal Brain
Fluid
| = s
Liver
Plasma/
Serum
]
Milk Heart
Semen f@
Skeletal Muscles
Urine
’
f-
= Feces Bone Marrow
..  Tissues/ ] }
< Biopsy Material

Adipose Tissue

Figure 2.10 Selection of typical biological samples employed for biological and
immunological studies.
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Note that it is also possible to mimic and create simulated or artificial bio-
logical fluids.®” This might be helpful for testing and validating analytical
approaches before starting complex studies. With respect to the scope of the
envisaged experiment, it might also be useful, if available, to use standard
reference blood or plasma (healthy vs. a defined “diseased” state).

2.4.2 Performing Cell Culture Studies

For in vitro experiments cell cultures are often used. For generating pri-
mary cell cultures, cells are sampled from a tissue and proliferated under
appropriate cell culture conditions. These conditions are dependent on the
cell type of interest. The incubator conditions should be such that the pH,
osmotic pressure, gas saturation and temperature are regulated to a selected
level. A cell culture medium, which typically consists of essential nutrients
such as amino acids, carbohydrates, vitamins and minerals, growth factors,
hormones, buffer, and gases (O,, CO,), is required. The composition of some
typical cell culture media is given in Table 2.2.

For primary cultures, cells are isolated from a tissue sample and fur-
ther proliferated and subcultured. These cell lines have a limited life span.
Immortal cells, however, are continuous cell lines because they are able to
divide indefinitely. Most cell types must grow on a solid or semi-solid sub-
strate. These adherent cells can grow as mono- or multi-layers, and may con-
sist of one or multiple cell types (Figure 2.11). Non-adherent cells float freely
in the cell culture medium in suspension, and may require sufficient mixing
to avoid clogging at the bottom of the cell culture flask.

Cell culture experiments are performed because they provide a simplified
experimental setting where at least several variables can be properly con-
trolled, and the samples can be manipulated relatively easily.*® In addition,
the amount of other sample material is often limited and can only be used
for selected targeted studies. Furthermore, researchers aim to reduce the use
of animals for experiments. Thus, cell culture studies are well-established
tools in biochemical and medical research.

On the other hand, one has to keep in mind that in vitro cell culture exper-
iments intrinsically do not reflect in vivo situations holistically. Thus, data
interpretation has to be done with appropriate care. For instance, one has
to consider that the cell culture process itself generates oxidative stress®
(e.g. by light and shear stress during the changing of medium and passaging
of cells; or temperature changes between moving the cells from the incu-
bator to ambient air). Immortal cell lines, which are cancer cell lines, are
often used. Thus, one can raise the general question whether the behav-
ior of these cancer cells indeed represents in vivo physiological behavior.
Another aspect is that cell cultures often use 95% air:5% CO, conditions,
which could be considered hyperoxic compared with many in vivo condi-
tions. During the handling of the cells, they are exposed to light, which does
not occur in vivo in most cases. Cell culture media are solutions that mimic
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Table 2.2 Formulations of selected cell culture media and physiological buffers.'*®

Minimum essential medium eagle (MEM; pH 7.0-7.4)

Compound

Concentration (g L™)

Inorganic salts
Calcium chloride

Magnesium sulfate (anhydrous)

Potassium chloride

Potassium phosphate monobasic (anhydrous)

Sodium bicarbonate
Sodium chloride

Sodium phosphate dibasic (anhydrous)
Sodium phosphate monobasic (anhydrous)

Amino acids
L-Alanine

L-Alanyl- L-glutamine
L-Arginine - HCI
L-Asparagine - H,0
L-Aspartic acid
L-Cystine - 2HCI
L-Glutamic acid
L-Glutamine

Glycine

L-Histidine - HCI - H,O
L-Isoleucine
I-Leucine

L-Lysine - HCI
L-Methionine
L-Phenylalanine
L-Proline

L-Serine

L'Threonine

L Tryptophan

L' Tyrosine - 2Na - 2H,0
L-Valine

Vitamins

Choline chloride
Folic acid
myo-Inositol
Niacinamide

D-Pantothenic acid (hemicalcium)

Pyridoxal - HCI
Riboflavin
Thiamine - HCI
Other

Glucose

Phenol red - Na

Add

L-Glutamine
Sodium bicarbonate

0.2
0.09767
0.4



http://dx.doi.org/10.1039/9781782622352-00012

07:54:08.
Published on 16 October 2015 on http://pubs.rsc.org | doi:10.1039/9781782622352-00012

Quantifying Peroxynitrite

View Online

27

Dulbecco’s modified eagle’s medium (DMEM; pH 7.0-7.4)

Compound

Concentration (g L™)

Inorganic salts

Calcium chloride

Ferric nitrate - 9H,0
Magnesium sulfate (anhydrous)
Potassium chloride

Sodium bicarbonate

Sodium chloride

Sodium phosphate monobasic (anhydrous)

Amino acids
L-Arginine - HCI
L-Cystine - 2HCI
Glycine
L-Histidine - HCI - H,O
L-Isoleucine
I-Leucine
L-Lysine - HCI
L-Methionine
L-Phenylalanine
L-Serine
L-Threonine

L Tryptophan
L-Tyrosine - 2Na - 2H,0
I-Valine
Vitamins
Choline chloride
Folic acid
myo-Inositol
Niacinamide
D-Pantothenic acid (hemicalcium)
Pyridoxal - HCI
Pyridoxine - HCI
Riboflavin
Thiamine - HCI
Other

D-Glucose
Phenol red - Na
Pyruvic acid - Na
Add
L-Glutamine

0.2
0.0001
0.09767
0.4

3.7

6.4
0.109

0.084
0.03
0.042
0.105
0.105
1.46
0.066
0.042
0.095
0.016
0.10379
0.094

0.004
0.004
0.0072
0.004
0.004
0.004
0.0004
0.004

4.5
0.0159
0.11

0.584

RPMI-1640 medium (pH 7.0-7.4)

Compound

Concentration (g L™)

Inorganic salts

Calcium nitrate - 4H,0
Magnesium sulfate (anhydrous)
Potassium chloride

Sodium bicarbonate

Sodium chloride

Sodium phosphate dibasic (anhydrous)

0.1
0.04884
0.4

2

6

0.8

(continued)
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RPMI-1640 medium (pH 7.0-7.4)

Compound

Concentration (g L™)

Amino acids
L-Alanyl-L-Glutamine
L-Arginine
L-Asparagine (anhydrous)
L-Aspartic acid
L-Cystine - 2HC1
L-Glutamic acid
L-Glutamine

Glycine

L-Histidine
Hydroxy-L-proline
L-Isoleucine
L-Leucine

L-Lysine - HCI
L-Methionine
L-Phenylalanine
L-Proline

L-Serine

L'Threonine

L Tryptophan
L-Tyrosine - 2Na - 2H,0
L-Valine

Vitamins

D-Biotin

Choline chloride
Folic acid
myo-Inositol
Niacinamide
p-Aminobenzoic acid

D-Pantothenic acid (hemicalcium)

Pyridoxine - HCI
Riboflavin
Thiamine - HCI
Vitamin B,,

Other

D-Glucose
Glutathione (reduced)
Phenol red - Na

Add

L-Glutamine
Sodium bicarbonate

0.2
0.05
0.02
0.0652
0.02
0.01
0.015
0.02
0.05
0.05
0.04
0.015
0.015
0.02
0.03
0.02
0.005
0.02883
0.02

0.0002
0.003
0.001
0.035
0.001
0.001
0.00025
0.001
0.0002
0.001
0.000005

2
0.001
0.0053

0.3

Optional additional components to cell culture media

Compound Concentration
Fetal calf serum (FSC) 10%
Penicillin 100 U mlI™
Streptomycin 100 U ml™?
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Hanks’ balanced salt solution (HBSS; pH 6.7-7.8)

Compound Concentration (g L™)
Inorganic salts

CacCl, - 2H,0 0.185
MgSO, (anhydrous) 0.09767
KCl 0.4
KH,PO, 0.06
NacCl 8
Na,HPO, (anhydrous) 0.04788
Other

D-Glucose 1
Phenol red - Na 0.11
Add

NaHCO, 0.35

Krebs-Ringer bicarbonate buffer (pH with sodium bicarbonate 7.0-7.6)

Compound Concentration (g L™)
Inorganic salts

Magnesium chloride - 6H,0 0.1
Potassium chloride 0.34
Sodium chloride 7
Sodium phosphate dibasic (anhydrous) 0.1
Sodium phosphate monobasic (anhydrous) 0.18
Other

D-Glucose 1.8
Add

Sodium bicarbonate 1.26

Phosphate buffered saline (PBS; pH 7.4)

Compound Concentration (g L™)
Inorganic salts

NacCl 8

KCl 0.2

Na,HPO, 1.44

KH,PO, 0.24

physiological conditions only to a certain extent. Components that are
part of physiological extracellular antioxidant mechanisms may not all be
necessarily present. Furthermore, their composition and concentration
might even be dynamic.

2.4.3 Use of Scavengers, Pharmaceuticals or Enzymes to Alter
Peroxynitrite Signaling Pathways
“Antioxidant” enzymes such as CATs, peroxidases and SODs are part of natu-

ral enzymatic detoxification mechanisms in biological systems together with
the actions of small antioxidant molecules such as glutathione, vitamin C,
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adherent cells non-adherent cells

monolayer

multiple layers cells in suspension

multiple layers
different cell types

Figure 2.11 Schematic representations of adherent and non-adherent growing
cells in cell culture.

vitamin E, B-carotenes and ubiquinone (Table 2.3).* Some of these molecules
or enzymes are also valuable candidates to identify the effects of the different
RNS/ROS, however, note that not all of them are selective towards a certain
molecule, and some of them also interact with each other.

Antioxidants and pharmaceuticals can serve as biological controls for per-
oxynitrite formation in validation experiments or as drugs to modulate the
actions of peroxynitrite."*’° One approach is to interfere with the peroxyni-
trite signaling pathways by reducing the amount of precursors for ONOO",
namely nitric oxide and superoxide. As NOS inhibitors for all three isoforms
of NOS, N-substituted analogs of L-arginine, which inhibit the biosynthesis
of NO' from 1-arginine by NOS can be used.’® More specific NOS inhibitors
are also available.’®’! SOD can be added to remove O, by catalyzing its
dismutation to H,0,. Allopurinol and oxypurinol inhibit the generation of
superoxide and H,O, from xanthine oxidase. CATs and peroxidases detoxify
H,0, to water.

The other approach is to use scavengers and decomposition catalysts
for ONOO'". Due to the high reactivity of ONOO™ it is not trivial to obtain
a selective, robust and fast reacting scavenger for this molecule that is
also not toxic for the system under study and may be tuned to cross cell
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Table 2.3 Molecules and enzymes that play a role in biological antioxidant defense
systems.

Antioxidants or scavengers for RNS and ROS

Molecule/enzyme Abbreviation

Dopamine

Glutathione GSH/GSSG

Nicotinamide adenine dinucleotide NAD(P)H
(phosphate)

Coenzyme Q,, (ubiquinone/ubiquinol) CoQy

Uric acid UA

Vitamin A (retinol) and carotenes

Vitamin C (ascorbic acid) AA

Vitamin E (a-tocopherol)

Enzymes that play a role in reducing oxidative stress and
detoxifying mechanisms

Molecule/enzyme Abbreviation EC number Reaction

Superoxide SOD 1.15.1.1 2H"+20,”” — H,0,+0,
dismutase
Catalase CAT 1.11.1.6 2H,0, — O, + 2H,0
Glutathione GPx 1.11.1.9 ROOH + 2GSH — ROH + GS-SG;
peroxidase ONOO™ + 2GSH — NO, + GS-SG
Peroxiredoxin Prx 1.11.1.15 Prx(red) + H,0, — Prx(ox) + 2H,0;
Thioredoxin Trx Prx(ox) + Trx(red) — Prx(red)
+ Trx(ox)
ONOOH + PrxS™ — NO,~
+ PrxSOH

Enzymes that generate RNS or ROS

Molecule/enzyme Abbreviation EC number Reaction

Xanthine oxidase XO 1.17.3.2 Hypoxanthine + H,0 + O, —
xanthine + H,0,;
Xanthine + H,O + O, — uric acid

+H,0,
Nitric oxide NOS 1.14.13.39  3NADPH + 2arginine' + 30, + H"
synthase — 3NADP" + 3citrulline + 2NO’
+20H"
NADPH oxidase NOX 1.6.3.1 NADPH + 20, — NADP*
+H" +20,"
Lipoxygenase LOX 1.13.11.12  Fatty acid + O, — fatty acid
hydroperoxide

membranes. A detailed list of potential candidates as ONOO™ scavengers
is beyond the scope of this chapter, but detailed summaries of the applica-
tion of several drugs, antioxidants and scavengers that have been hypothe-
sized to alter the ONOO™ signaling pathways can be found in two extensive
reviews.'»”?
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2.5 General Challenges of Detecting RNS and
ROS: The Complexity of the Task to Quantify
Peroxynitrite in Biological Samples

Today it is still a general challenge to monitor highly reactive species such
as RNS and ROS in biological systems.”>® As outlined in detail above, the
complex chemistry, short half-lives and high reactivity of the molecules, as
well as the complexity of the biological samples themselves are limiting their
reliable quantification in real time.

An “ideal” method to quantify ROS and RNS in biological systems would
exhibit the following characteristics:

Direct, label-free detection of the analyte of interest
Discrimination between different ROS/RNS metabolites
Measurements in vitro and in vivo possible

High selectivity

High sensitivity

Low detection limit (down to picomolar or femtomolar range)
Linear measuring range from picomolars to micromolars

Fast response time

Real-time measurements

Self-calibrating

Miniaturization possible

Suitable long-term stability

Sufficient biological compatibility and environmentally friendly
Easy to operate

Low costs

Compatible for high-throughput experiments and/or clinical studies

2.5.1 Overview of the Different Quantification Approaches

For the analyte of interest, peroxynitrite, there are several detection princi-
ples available:® both direct and indirect approaches. Each one of the ana-
lytical methods has its specific merits and drawbacks, and technological
limitations. Some of the principal advantages and disadvantages for RNS
and ROS detection, in general, are outlined in Figure 2.12. Please note that
this list is not comprehensive.

Direct quantitative electron spin resonance (ESR)—also named electron
paramagnetic resonance (EPR)—and spin-trapping studies are powerful tools
to monitor one-electron oxidation and free-radical intermediates caused by
ONOO™ in complex biological samples.’®8:8%%

Optical techniques for detecting peroxynitrite are highlighted in Chap-
ter 5 (fluorescent probes) and Chapter 6 (near-infrared and luminescent
probes), and discussed in the literature.”*® They are powerful techniques,
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Figure 2.12 Comparison of methods for the direct and indirect quantification of peroxynitrite.
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but despite great progress, still suffer from selectivity issues, which limit
the unambiguous attribution of obtained results to ONOO™. Furthermore,
if an optical probe is inserted into biological cells it has to be evaluated if
physiological behavior is altered or toxic effects occur. This holds true espe-
cially for experiments that monitor RNS and ROS over longer time periods
or that require relatively high intracellular amounts of dyes. It needs to be
checked whether the probes may change the chemical equilibrium of the
biological system. The dyes could become an artificial “sink” for RNS/ROS.
Thus, the dynamics of redox signaling could be artificially altered. Light-
induced stress or interferences by local redox and pH status may also occur.

Biochemical assays monitor the biochemical reactions upstream or down-
stream of ONOO™ generation. Generally, the time resolution of these methods
is limited and does not reach real time. Tyrosine nitration was established as
a biomarker for in vivo peroxynitrite formation, and can be monitored by
immunoassays, HPLC or mass spectrometry.””*”"*° Furthermore, the pro-
teins involved in the diverse signaling cascades can be monitored by state-
of-the-art biochemical techniques. The change in concentration of precur-
sors of ONOO™ can be tested. In addition, secondary reaction products of
ONOO™ can be measured in the bulk of the cell supernatant by indirect (often
optical) assays. The results of the different indirect approaches will give a
broad spectrum of biochemical information relevant to ONOO™ signaling,
but suffer from the fact that bias cannot be excluded due to metabolic and/
or signal transduction processes that are not directly related to ONOO™ or are
induced by artifacts.' In addition, there is a great variety of assays available
to evaluate general antioxidant activity in biological systems.'*1%?

Peroxynitrite anion (ONOO’) can be electrochemically oxidized and
detected upon release from biological cells.'® % The electrochemical detec-
tion of peroxynitrite features in Chapters 4, 7 and 8 of this book, whereas
electrophoretic methods are highlighted in Chapter 9. Note that only a lim-
ited number of studies cover the electrochemical detection of peroxynitrite
in the literature.'*'%%197115 There is a trend towards simultaneous detection
of several RNS and ROS in the literature.>’*19%107:116120 The yge of ultramicro-
electrode arrays for simultaneous detection of nitric oxide and peroxynitrite
has been reported.'?"'?*> The use of microelectrodes for direct electrochem-
ical oxidation of peroxynitrite is straightforward because the formal redox
potential E° is +0.20 V vs. normal hydrogen electrode (NHE) and it decom-
poses with sub-second kinetics.'**'**'** Electroanalytical techniques offer a
wide dynamic range, fast response time, and combine adequate sensitivity
with decent selectivity. The small size of nano- and micro-electrodes as well
as chip devices is ideal for in vitro and, with limitations, applicable for in vivo
experimental settings. The technological advantages and challenges of using
microelectrodes and microbiosensors have been reviewed with a focus on
neurophysiology.*''%2"12” The formal potentials (E° vs. NHE) of a selection
of RNS and ROS are displayed in Figure 2.13.

It is important for biologists and immunologists to understand the work-
ing principle of the selected analytical technique(s) for ONOO™ detection in
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Figure 2.13 Summary of formal potentials (E° vs. NHE) of selected ROS and RNS. Val-

ues derived from Peteu et al., Buettner and Indira Priyadarsini.””'4915

detail. It might be advantageous to work together with analytical/physical
chemists in order to employ the most optimal experimental assays for the
biological/immunological question in mind. This ensures a maximum out-
come of information and minimizes compromised or biased results. Note
that many established detection approaches have already been used in vitro
and in vivo whereas many of the novel approaches have only been tested so
far in proof-of-concept studies. This may currently limit their applicability
to clinical and pharmaceutical studies. But with more thorough future test-
ing in in vitro and in vivo settings, the amount of information generated by
these approaches will certainly increase. When it comes to in vitro and in vivo
experiments, it is indispensable for the chemists to collaborate with biolo-
gists, e.g. an immunologist or neurophysiologist, because special knowledge
is required to handle cell cultures or animals properly, and to maintain a
reproducible sample quality and processing. In addition, they know the bio-
chemistry and signal transduction of their systems best, which is of great
importance to understand the actions of peroxynitrite in more depth.

2.5.2 Parameters Impacting the Performance of ONOO™
Quantification

Designing a suitable in vitro or in vivo experimental setting requires that the
many variables that may have an impact on the performance of ONOO™ pro-
duction and quantification are carefully taken into account. In the following
section, some parameters of special importance are highlighted.

Chapter 3 of this book is dedicated to the advantages and drawbacks
of the synthesis of peroxynitrite. A reliable source of ONOO™ is indispens-
able to serve as a calibration standard to validate the performance of the
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quantification methods, but also as a positive control during biological
experiments. The employment of proper calibration procedures is a basic
prerequisite. For in vitro and in vivo experiments, it is important to calibrate
not only in simplified measuring buffers but it has to be ensured that the
analytical technique is functional and accurate under real measurement con-
ditions. Thus, the calibration conditions should match the real assay with
respect to buffer composition, pH, ionic strength, temperature, gas content
and physical force on the solution/device (if applicable).

The temperature, for instance, should be controlled because it not only
affects the metabolism and chemical reactions of the biological system but
also impacts the performance of the detection method. Thus, temperature is
a very important parameter for it not only influences the cell metabolism but
also the chemistry of RNS and ROS (e.g. solubility, diffusion, reaction kinet-
ics). The solubility of gases such as O, and NO' is temperature dependent.
The performance of electroanalytical methods is temperature dependent as
well. Detection approaches and calibration methods should be tested under
physiological, constant temperature conditions (37 °C) to mimic actual
in vitro or in vivo conditions.

Note that the pH, ionic strength and nature of the solvent impact the elec-
trochemical properties of electroactive species in solution. For instance,
dopamine with a two-electron, two-proton redox couple is an example of a
prominent signaling molecule in neurophysiology that is electrochemically
active. It shows a linear dependency between its formal potential and pH
in accordance with the Nernst equation with a slope of about 59 mV per pH
unit.'?® Thus, with decreasing pH the oxidation and reduction peaks of the
cyclic voltammograms shift to higher potentials. The equilibrium of ONOO™
with its corresponding ONOOH has a pK, of 6.8."*° This explains why under
physiological conditions (pH 7.4) the anionic form of peroxynitrite is present
at 80%.

In biological systems there may be a variety of molecules present that can
directly react with peroxynitrite and, thus, (bio)chemically interfere with the
chosen detection approach. One also has to consider that peroxynitrite can
directly react with several of the molecules present in biological cells and/
or cell culture media or buffers. The composition of some typical cell cul-
ture media is given in Table 2.2. It has been reported that ONOO™ can react
with glucose, fructose, urate, mannitol, thiols, glutathione, proteins and lip-
ids, among others.?*"*” The resulting reaction products, e.g. S-nitrosothiols
(RSNO), nitrites (RONO) and nitrates (RONO,), may become NO donors in
follow-up reactions in biological systems.

The sensitivity of detecting RNS and ROS is impacted and sometimes
biased by the composition of the cell culture media or minimal buffers (refer
also to Table 2.2). Note that added human serum albumin (HSA) or fetal calf
serum (FCS) is able to react with peroxynitrite (e.g. protein nitration). These
proteins can also react with other RNS and ROS. These proteins and other
media components may also directly interact or react with RNS and ROS, and
may generate further secondary radical molecules. These effects will alter
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the nature and concentration of the present species and impact their dif-
fusion profiles. In addition, these proteins can also contribute to electrode
fouling processes on the sensing device.

HEPES, as a buffer component in tissue culture medium, triggers, together
with light-induced riboflavin radicals and traces of metal ions, additional
superoxide generation from molecular oxygen."*® The increased superoxide
level generates subsequently higher levels of peroxynitrite upon reaction with
nitric oxide (Figure 2.14). The increased levels of peroxynitrite and hydro-
gen peroxide may be toxic for biological cells. It has also been reported that
ONOO™ can directly react with HEPES or MOPS to generate a relatively stable
NO’ donor.”*® In addition, it was shown that cytotoxicity generated by 3-mor-
pholinosydnonimine-N-ethylcarbamide (SIN-1), a compound that releases
NO" and O, ", was higher in the presence of HEPES buffer compared with in
the absence of HEPES."® Thus, it is important to keep in mind the reported
effects that are dependent on the chosen buffer system and the degree of
exposure to light, and if necessary, to perform suitable control experiments.

In addition, it has been reported that H,0, can be produced from several
cell culture media by reducing agents such as phenolic compounds (e.g
dopamine) and ascorbic acid.'"'** This can lead to artifacts if not considered

0,

light /

auto-oxidation of metal

i ?
\ ions? 0,

riboflavin / HEPES®

.)\ .
Sa

lumichrome=lumiflavine fo)
o toxicity?

/
H,0,
N

/ .

NO* donor ‘

toxicity?

NO synthase

Figure 2.14 Model of possible interactions between the HEPES buffer, riboflavin
and light with ROS and RNS. O," " can be generated by riboflavin and/or
traces of metal contaminants. Subsequently, ONOO™ is generated by the
reaction of O,"~ with NO'. ONOO' is able to oxidize HEPES to a HEPES
radical. If the HEPES radicals react with O,, the O, levels are further
increased. This results in an increase in the resulting molecules of H,0,
and ONOO’, which may be the dominant species responsible for cyto-
toxicity and other effects. Adapted from Keynes and Griffiths."*®
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properly. As one control experiment, it is possible to use CAT to diminish the
effect from H,O,.

Furthermore, some of the molecules present in biological samples, such
as ascorbic acid, uric acid, dopamine, norepinephrine, epinephrine, sero-
tonin, 3,4-dihydroxyphenyl-acetic acid, 5-hydroxyindole-3-acetic acid, acet-
aminophen (or paracetamol), nitrite, nitric oxide and H,0,, may even be
electroactive and can potentially interfere with the electrochemical detection
of peroxynitrite due to their redox potential. If these molecules contribute
to the overall current detected, the selectivity is very much dependent on
the potential window and electroanalytical technique applied. In Figure
2.15 formal potentials (E° vs. NHE) of some biologically and chemically rel-
evant substances that may potentially interfere with ONOO™ detection are
summarized. Several of the naturally occurring antioxidants can be electro-
chemically detected.'**'*’ Note that several molecules also impact each other
chemically or modulate interconnected signaling pathways relevant to their
own formation or to the formation of RNS/ROS.

One approach to reduce the impact of electrochemically relevant interfer-
ence is the use of permselective membranes as additional layers on chemi-
cal and biosensors. This enhances the selectivity by reducing the diffusion
of interfering substances to the transducer surface. This can be achieved by
charge repulsion (surface charge of the membrane), size exclusion (pore size
of the membrane), preferring certain non-covalent interactions (hydrophilic-
ity or hydrophobicity of the membrane) and significantly extending the travel
time of the interferent towards the electrode (thickness of the membrane).
Another approach is the use of chemical sensor architectures to electrocata-
lytically modify the electron transfer kinetics of ONOO™. The applied poten-
tial and type of electroanalytical technique (e.g. amperometry, differential
pulse techniques, fast scan cyclic voltammetry) are powerful tools to tune the
sensors’ sensitivity and selectivity, as well as the response and overall assay
time. Critical guidelines for validation of the selectivity of in vivo chemical
microsensors have been introduced.'*

It is, however, not so easy to define a set of parameters for testing the
impact of certain interferences. First of all, it is not always clear at which
concentration levels these molecules are present in different biological sys-
tems. What are the proper concentration values for a set of interferences that
should be used to assess the selectivity of an ONOO™ assay? Figure 2.16 tries
to compile typical concentration values of ROS and RNS reported in the lit-
erature in comparison to some other potentially relevant molecules for the
biology of redox signaling. To date, the large dynamic range (from femtomo-
lars to micromolars) of reported RNS and ROS concentration levels is one
of the greatest challenges for designing suitable methods for quantification
besides attaining suitable selectivity.

For the signaling molecule NO’, it has been questioned whether the
reported physiological concentration values are indeed realistic or overes-
timated.'”” The current methodologies were critically reviewed, and the dif-
ficulties were elaborated to define where physiological concentration levels
end and pathology levels start. If it is actually the case that physiological
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Figure 2.16 Simplified compilation of typical concentration levels of ROS and
RNS and some other molecules in biological samples such as blood,
plasma, serum, urine, different tissue samples, extracellular fluids
and cytoplasm. Note that the actual concentration levels of the differ-
ent molecules are dependent on the type of sample material, the cell
types, and the metabolic, redox and signaling state, etc. Thus, only
dimensions of the magnitude of concentration levels are given as a
general reference. In addition, great care must be taken when com-
paring concentration values of different studies because the different
experimental conditions and analytical techniques/assays employed

may lead to (slightly) varying results. Values derived from multiple
StudieS 2,10,12,51,52,65,87,106,126,130,141,147,151-155

NO’ levels are significantly lower than reported in several studies, this would
have direct implications on ONOO™ research and the design of suitable detec-
tion approaches. To avoid further long-lasting controversial discussions, it is
now time for scientists in the field of RNS/ROS research to develop a set of
standardized experiments to test the performance of the versatile analytical
approaches and biochemical assays that quantify RNS and ROS in biological
systems. Such reference scenarios could also help to address the issue of lab-
to-lab variations of results, which are often a result of the overall complexity
of detecting redox signaling.

2.6 Conclusions

To further support substantially the conceptual framework of redox cellular
signaling, more quantitative knowledge about RNS/ROS, especially ONOO",
is essential. Thus, the lack of evidence with respect to controversial stand-
points and hypotheses is mainly due to the lack of reliable, selective and
sensible methods to directly detect ONOO™ and other RNS/ROS. The urgent
need to actually quantify ONOO™ and related species in biological system still
remains. However, with the progress being made today and hopefully in the
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future, especially with respect to simultaneously detecting multiple analytes
in real time, this field of research is looking forward to exciting discoveries
and a better understanding of redox signaling.

The remaining questions are still the following: how do the ONOO™ fluxes
from different sources look in vitro and in vivo for different biological sys-
tems? Is it possible to distinguish between physiological and pathologi-
cal levels? How does ONOO™ exert signaling specificity with respect to the
resulting biological responses? Is it possible to unambiguously differentiate
between the influence of ONOQO', its precursors nitric oxide and superoxide,
or the decomposition products of ONOO™?

Electroanalytical approaches are, despite their intrinsic limitations, very
promising tools for in vitro and in vivo assessment of ONOO™ fluxes. Due to
the limited number of studies reported so far, this research field has great
promise for future developments once more effort is put into performing
substantial proof-of-principle studies in biological systems. Much can be
learned from other works related to neurophysiology, implanted (bio)sen-
sors, and electroanalytical quantification of other RNS and ROS. In particu-
lar, the capability to perform real-time measurements is very attractive and
will lead to a higher degree of information about the production and decom-
position rates of peroxynitrite.

However, answering the biological and immunological questions related
to peroxynitrite-based redox signaling also requires the use and improve-
ment of the entire arsenal of ONOO™ quantification methods in order to
benefit from the complementary sets of information that can be obtained. A
significant step forward would be to define a set of standardized experimen-
tal settings as reference experiments that can serve as platforms of perfor-
mance tests for all available quantification techniques relevant to biological
systems. Control experiments for the biology of the system but also a stan-
dardized assessment of the sensitivity and selectivity towards biologically
relevant interferences need to be defined. This would make meaningful com-
parisons of the performance of the different assay systems much easier and
rational optimization strategies much more straight forward.
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3.1 Background

Over the past 25 years, more than 7000 peroxynitrite-related papers based on
the data available in “PubMed” were published after the discovery of its mul-
tifaceted roles in pathophysiology. Peroxynitrite (ONOO™) was first identified
in 1904." Chemists, including Halfpenny and Robinson in 1952,>* Hughes
and Nicklin in 1968, Keith and Powell in 1969,° and Mahoney in 1970,
studied the chemistry of this reactive analyte, but the work of Beckman
et al. in 1990 is considered a key milestone in bringing the attention
back to this molecule through its suggested biological roles.® The TUPAC
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nomenclature system recommends oxoperoxonitrate for peroxynitrite and
hydrogen oxoperoxonitrate for its conjugated peroxynitrous acid. On a fun-
damental level, the unpaired electrons of superoxide anion and nitric oxide
radical recombine to form a new bond (ON-OO"). Two conformational iso-
mers of peroxynitrite are possible as depicted in Figure 3.1. Vibrational spec-
troscopy shows that the cis isomer is more stable than the ¢rans isomer. The
cis isomer is also the reactive species responsible for nitration of targets such
as proteins.’

Since the pK, of peroxynitrous acid (ONOOH) is in the range of 6.5-6.8,
ONOO" is protonated at physiological pH. The protonation equilibrium is
given in eqn (3.1). At pH = 7.4 about 80% of peroxynitrite is in the anionic
form.

ONOO™ +H' = ONOOH (3.1)

The conjugate acid, peroxynitrous acid, is unstable and decays rapidly
mostly through a rearrangement to give nitrate (eqn (3.2)):

ONOOH — [ONOOH] — NO;™ + H" (3.2)

In biological systems, peroxynitrite is formed mainly through the reaction
of nitric oxide (NO") with superoxide anion (0, 7).>'*" NO is generated in
a two-step catalytic oxidation of 1-arginine by nitric oxide synthase (NOS).
Superoxide ion, on the other hand, is a byproduct of side reactions of many
oxidases and complexes of the respiratory chain. Interestingly, the uncou-
pling of endothelial NOS (eNOS) also generates superoxide ion within biolog-
ical sites that also generate nitric oxide. The diffusion-controlled reaction of
nitric oxide and superoxide ion (~1.6 x 10" M* s!)' is extremely fast, and is
therefore operational even in the presence of natural catalytic detoxification
pathways by superoxide dismutases provided that nitric oxide is at the micro-
molar level. Proinflammatory conditions enhance the levels of superoxide
ion leaks, which in turn increase the levels of peroxynitrite.

Peroxynitrite reacts with many cellular targets as well as available electro-
philes such as CO, to form nitrosoperoxycarbonate adduct (ONOOCO, ). The
homolysis of the O-O bond in both ONOOH and nitrosoperoxycarbonate
(ONOOCO,") generates very reactive radicals such as ‘OH, 'NO,, and CO;"".
For this and other reasons, peroxynitrite was identified as a potent cytotoxic
compound in the early 1990s.>'*> Peroxynitrite is relatively short-lived (<1 s)
due to its multiple decay pathways.'>'®"” Despite its short physiological half-
life, peroxynitrite can still affect cells within an area of up to 10 pm in radius."”

Assessing peroxynitrite’s deleterious effects and examining hypotheses
of its potential signaling roles cannot be achieved without first accurately

N0 O\N_o\o_

Figure 3.1 Cis and trans conformational isomers of the peroxynitrite anion.
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measuring and monitoring its concentration. This task is, however, inher-
ently difficult due to its low submicromolar concentrations under physio-
logic conditions coupled with its high reactivity. The development and
validation of analytical methods to measure and monitor the formation and
reactivity of peroxynitrite under physiological conditions rely primarily on
the availability of suitable authentic sources of this analyte. In the following
section, we give a brief overview of major methods of peroxynitrite synthesis
or in situ generation that have been used over the years.

3.2 Overview of Major Methods of Peroxynitrite
Synthesis

Several methods have been developed and used for the preparation of
authentic peroxynitrite samples. However, most methods of preparation
imply the presence of unavoidable contaminants such as hydrogen per-
oxide (H,0,), sodium azide, nitrate, or nitrite. Methods that generate rela-
tively high concentrations of peroxynitrite with minimum or no secondary
interferents are the ultimate goal. In this section we will summarize, com-
pare, and contrast various published synthesis methods and their potential
limitations.

3.2.1 Peroxynitrite from the Reaction of Nitrite with
Acidified Hydrogen Peroxide

In acidic solutions, the reaction of nitrous acid with hydrogen peroxide
yields the short-lived peroxynitrous acid, which is then quenched to give per-
oxynitrite anion. The latter is relatively stable in alkaline solutions.'® This
method uses a quenched-flow reactor to give relatively high yields of sodium
peroxynitrite. The method is based upon mixing two streams of reactant
solutions. The resulting reaction flow is quenched downstream with a flow
of high concentration sodium hydroxide (NaOH; Scheme 3.1).

Typically, an aqueous solution of 0.6 M sodium nitrite is rapidly mixed
with 0.7 M H,0, containing 0.6 M hydrochloric acid (HCl). The reaction flow
is immediately quenched with the same volume of 1.5 M NaOH. The reaction
is performed on ice.?>'9%°

HNO, + H,0, ——— HOONO + H,0

Rapid
Alkaline Quench

ONOO"

Scheme 3.1 Peroxynitrite synthesis from the reaction of nitrite and acidified H,0,
followed by fast quenching in concentrated NaOH solution.
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Saha et al.®' further improved the synthesis of peroxynitrite from acidic
hydrogen peroxide and sodium nitrite based on earlier procedures. They
were interested in optimizing the conditions to maximize the yield of per-
oxynitrite and to minimize the unreacted H,0, and nitrite in the reaction
mixture. They described the synthesis process of peroxynitrite via an effi-
cient double mixer with a quenched-flow reactor. Nitrite and acidified H,0,
are mixed through the first mixing chamber, then the reaction mixture is
run through a short connector to the second mixing chamber, where NaOH
is added to quench the reaction. The yellow peroxynitrite is formed and col-
lected through the outlet tube. An optimum flow rate of 162 mL min™" at
20-25 °C was found to produce ~178 mmol L™ of peroxynitrite as determined
by measuring the absorbance at 302 nm.*" With this optimized setting, they
achieved an 85-90% yield of peroxynitrite at room temperature with residual
nitrite. It was also shown that the conventional use of ice-cold solutions of
the reactants and the alkali solutions was no longer necessary if an efficient
mixer and appropriate quenching times are used.*'

3.2.2 Synthesis of Peroxynitrite in a Two-Phase System
Using Isoamyl Nitrite and H,0,

Uppu and Pryor reported a method for the synthesis of peroxynitrite based
on two-phase displacement.?* The hydroperoxide anion in the alkaline aque-
ous (pH 12.5-13) phase reacts with isoamyl nitrite in the organic phase for
the preparation of up to 1 M of peroxynitrite.>*

The buffered H,0, solution is stirred vigorously with an equimolar
amount 0.02-0.20 mol of isoamyl nitrite for 1-15 h at room temperature.
The peroxynitrite product remains in the aqueous phase, and isoamyl alco-
hol forms in the organic phase along with the unreacted isoamyl nitrite
(Scheme 3.2).

The formation of peroxynitrite is monitored using reaction aliquots as a
function of reaction time using the peroxynitrite maximum absorbance at
302 nm (¢ = 1705 M ' em™), as shown in Figure 3.2, from a typical prepara-
tion in the authors’ laboratory. The aqueous phase contains some isoamyl
alcohol and the unreacted H,0O,, but no isoamyl nitrite.

Removal of isoamyl alcohol, and traces of isoamyl nitrite, is typically
accomplished by washing the aqueous phase with dichloromethane and

RONO + HOO® — y»  HOONO + RO-

ONOO- 4+ ROH

Scheme 3.2 Peroxynitrite synthesis via the reaction of hydroperoxide anion and
alkyl nitrites.
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Figure 3.2 The increase in absorbance of peroxynitrite as the reaction between
hydroperoxide anion in the alkaline aqueous phase and isoamyl nitrite
in the organic phase proceeds. The inset shows the absorbance at 302
nm as a function of time.

chloroform. The aqueous phase is further filtered through a column filled
with granular MnO, to efficiently remove any unreacted H,0,.*

This method is reported to give peroxynitrite solutions containing less
nitrite when expressed as a fraction of the peroxynitrite formed compared
with samples prepared by the ozonation of azide (described in Section 3.2.4),
or the reaction of nitrite with acidified H,0,, or even the autooxidation of
hydroxylamine.*

The same class of reaction can also be carried out in one phase using sol-
vents of intermediate polarities such as alcohols.

3.2.3 The Reaction of H,0, and Water Soluble Nitrites such
as 2-Ethoxyethyl Nitrite in Basic Medium

The two-phase displacement reaction by hydroperoxide on isoamyl nitrite
described in Section 3.2.2 is actually a modification of a prior procedure
described by Leis in 1993.%

The method also produces stable ONOO™ but in homogeneous alkaline
solution as a result of the nucleophilic attack of hydroperoxyl radical (HOO")
on the nitroso group of alkyl nitrites (Scheme 3.2). Normally, under such
conditions, alkaline hydrolysis of the alkyl nitrile is expected to take place.
However, the reaction with HOO™ outperforms the simple reaction with
hydroxide ion (HO"). In fact, kinetic studies have shown that the bimolecu-
lar rate constant between HOO™ and 2-ethoxyethyl nitrite is ~3 x 10* higher


http://dx.doi.org/10.1039/9781782622352-00048

07:54:12.
Published on 16 October 2015 on http://pubs.rsc.org | doi:10.1039/9781782622352-00048

View Online

Methods of Peroxynitrite Synthesis 53

than that of the reaction with HO", which essentially eliminates interference
from the competitive process of alkaline hydrolysis of the alkyl nitrite.>* The
reaction is usually carried out with equimolar amounts of H,0, to avoid large
amounts of peroxide in the final solution.

3.2.4 The Reaction of Ozone with Azide Ions in the Presence
of a Low Concentration of Alkali

Ozonation of an aqueous solution of azide is perhaps one of the oldest meth-
ods on record for the preparation of peroxynitrite. This 1929 method was
reexamined by Pryor et al. in 1995 and was found to provide a great source
of peroxynitrite solution that is free from H,0, contaminant. This method
offers a way to prepare clean peroxynitrite that is useful for biological stud-
ies. The starting concentration of azide dictates the final concentrations
of peroxynitrite that is formed. Some azide stays in the final solution, but
continuing ozonation towards the end of the conversion tends to lower the
final amount.”* Based on kinetic observations and the fact that nitrous oxide
(N,0) is observed as a byproduct, the mechanism likely involves two sequen-
tial reactions. First, ozone reacts with azide to provide N,O and a postulated
nitrogen peroxide (NOO") intermediate; the latter further reacts with O; to
give ONOO™ and dioxygen (O,; Scheme 3.3).

Apparently, peroxynitrite solutions prepared from ozonation of azide at
PH 7.0 do not show detectable levels of H,0,, and even with partial consump-
tion, the concentration of peroxynitrite in these solutions is still 200-3500
fold higher than H,0O,. Unlike other methods of preparation such as the two-
phase displacement reaction of hydrogen peroxide anions and alkyl nitrite
under alkaline conditions, this method of preparation does not require fur-
ther removal of excess hydrogen peroxide.>

3.2.5 Other Methods of Peroxynitrite Synthesis

Other methods of peroxynitrite synthesis that have been described include
the oxidation of hydroxylamine by oxygen in alkaline solution® (Scheme
3.4), and the reaction of potassium superoxide with nitric oxide.*

Ny + O3 ——= NOO- + N,O

0,

ONOO™ + O,

Scheme 3.3 Ozonation of aqueous solutions of azide results in ONOO™ with no
detectable levels of H,O,.
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NI [20” + 02 _(i"' ”202 + NO_

O,

ONOO-

Scheme 3.4 ONOO synthesis through the oxidation of hydroxylamine under alka-
line conditions.

Similarly, a solid-phase synthesis of peroxynitrite by the reaction of solid
potassium superoxide dispersed in quartz sand flushed with an inert gas and
then exposed to nitric oxide gas has also been described.?® The correspond-
ing reaction of tetramethyl ammonium superoxide with nitric oxide gas was
also reported to yield relatively pure tetramethyl ammonium peroxynitrite
([N(CH,;),]" [ONOO]).?”*® Sturzbecher-Hohne et al. described an efficient
method based on cation exchange to swap the tetramethyl ammonium cation
with Li* or Na* ions, which are more relevant to biological investigations.*
The cation exchange method seems to preserve the purity of peroxynitrite.

Although the bimolecular reaction of N-acetyl-N-nitrosotryptophan and
H,0, was recently reported to generate peroxynitrite at a wide range of pH
values,* the system would not be a viable source of peroxynitrite for vali-
dation purposes. In fact, the bimolecular reaction is relatively slow and of
course yields samples that are not free of contaminants.

3.2.6 Generation of Peroxynitrite from 3-(4-Morpholinyl)
Sydnonimine Hydrochloride

3-Morpholinosydnonimine-N-ethylcarbamide (SIN-1; Figure 3.2A) belongs to
the family of sydnonimines, which were first prepared by Peter Brooks and
independently by Masaki Ohta in 1957.%' These compounds, and particularly
the parent compound (molsidomine; Figure 3.2B), have been viewed and
used as NO donors in the treatment of angina pectoris. Molsidomine is just
the stable prodrug form of SIN-1 that is acylated at the exocyclic nitrogen to
stabilize the oxadiazolium ring against hydrolysis. The prodrug is deacylated
by host esterases and converted to the active metabolite SIN-1, which then
releases its biological activity.

As shown in Figure 3.3A, the decomposition of SIN-1 leads to the release of
0, " radical and NO, which quickly combine to form ONOO™.**7*

Although this method of in situ generation of peroxynitrite is becoming
widespread because of both ease and convenience, it is not always straight-
forward under all conditions, particularly in the presence of redox agents. In
fact, literature shows that the same molecule (SIN-1) was also labeled as an
NO donor® or behaved as though it predominantly releases NO.** More infor-
mation about the limitations and known controversies of SIN-1 as a blind
source of peroxynitrite are addressed in the next section.
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Figure 3.3 (A) Formation of peroxynitrite via spontaneous decomposition of
SIN-1. At physiologic or alkaline pH, SIN-1 undergoes rapid hydrolysis
and opening of the oxadiazolium ring. The ring-opened intermediate
reduces molecular oxygen to generate superoxide and the oxidized
form, which further releases one equivalent of nitric oxide. The latter
quickly combines with superoxide anion to generate peroxynitrite.
(B) SIN-1 is the active metabolite of the parent prodrug molsidomine,
which undergoes deacetylation to give SIN-1.

3.3 Advantages and Limitations of the Various
Peroxynitrite Synthesis Routes

As we briefly surveyed in the previous section, there are several established
methods for peroxynitrite synthesis.”’** Obviously, the method of prepa-
ration and associated impurities play a key role in peroxynitrite quantifica-
tions and assay validation. Impurities in peroxynitrite solutions produced by
typical methods include nitrite, nitrate, peroxide, and azide. The variation
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in assays may also come from assumed peroxynitrite levels and assumed
purity levels based on side products that are specific for each method of
preparation. It is therefore very important to ensure the quality and know
the composition of the peroxynitrite solutions used. This may be crucial par-
ticularly in attempts to validate methods of determination at very low limits
of detections.

The method of peroxynitrite synthesis or peroxynitrite generation may
also dictate the conditions under which assays are run, and may limit reli-
able extensions to settings suitable for measurements under biological
conditions. The medium in which (and for which) methods of peroxynitrite
determination are developed and validated may also impose its own limita-
tions and constraints. We will give two examples of buffer-based limitations
before we address the limitations of synthetic procedures themselves.

3.3.1 Characterization of Peroxynitrite Sensors and
Evaluation of Performance: Are Buffers Indifferent?

Before addressing issues that are related to methods of peroxynitrite prepa-
ration, it is important to note that in comparing reports about limits of detec-
tions and sensitivities of probes and sensors, one has to pay close attention
to the nature of the buffers used between reports. In this regard, it has been
shown that tris(hydroxymethyl)aminomethane (TRIS) buffer significantly
accelerates the decomposition kinetics of peroxynitrite compared with phos-
phate buffer.®® Considering these differences, it is conceivable that the effec-
tive peroxynitrite concentrations in the two buffer systems, with otherwise
identical conditions, will be different, and may indeed affect measured lim-
its of detection and reported sensitivities.

Along the same lines, but for a different reason, tertiary amines, includ-
ing piperazine-type buffers such as HEPES (4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid), react with and consume peroxynitrite, and generate
instead significant amounts of H,0,."" The group led by Herbert de Groot
investigated this problem very closely in order to explain the observed H,O,-
like cytotoxicity of the murine fibroblast-derived cell line L929 in the pres-
ence of a source of peroxynitrite.”"** In the presence of HEPES, not only did
the H,0, levels and cytotoxicity increase, but also the amount of peroxyni-
trite (authentic or generated in situ) was significantly lower than expected. It
turns out that in the presence of HEPES, a peroxynitrite-mediated 1-electron
oxidation of the piperazine ring generates the corresponding radical cation,
which loses a proton and forms the corresponding a-aminoalkyl radical that
transiently reacts with molecular oxygen and ultimately yields a superoxide
radical anion. The latter undergoes dismutation to give molecular oxygen
and hydrogen peroxide (Figure 3.4). This proposed mechanism is not spe-
cific to HEPES but would be operational with other tertiary amines.

The two examples cited above (TRIS and HEPES) highlight the influence
of buffer systems and show that the conditions used in the development and
validation of methods for peroxynitrite determination should be considered
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Figure 3.4 Simplified scheme outlining the reaction of an oxidant such as per-
oxynitrite and piperazine-based buffers such as HEPES. The redox pro-
cess ultimately consumes peroxynitrite and generates instead H,0,.*>

when one compares reported values of sensitivity and limits of detection of
various methods.

3.3.2 Advantages and Limitations of the Various Methods
of Peroxynitrite Synthesis and Generation for
Sensing Purposes

Let us now turn to the various methods of synthesis of authentic peroxyni-
trite and their respective limitations in the development and validation of
peroxynitrite sensing. The first is the general method of synthesis of per-
oxynitrite from acidic hydrogen peroxide and nitrite followed by fast base
quenching. As we reported in Section 3.2.1, the method seems to be relatively
simple and, if the timing of the quenching step is optimized, can yield only
residual nitrite in the sample. However, there is variability in yields of per-
oxynitrite and levels of residual nitrate and nitrite as a result of PON isom-
erization or decomposition under experimental conditions. Some levels of
hydrogen peroxide in the peroxynitrite samples obtained by this method also
persist in the final sample.** Both nitrite and hydrogen peroxide can affect
the validation of peroxynitrite determination, particularly for methods based
on electrochemical detection. Hydrogen peroxide can also interfere with
fluorescence-based assays. In fact, the dioxaborolane moiety attached to
some fluorescent probes for peroxynitrite determination** is the same tar-
get on other fluorescent probes developed to measure hydrogen peroxide
itself.* The same is true for dichlorodihydrofluorescein-based probes.****
While excess H,0, can be removed using filtration through MnO, or addition
of MnO, followed by centrifugation, there is a concern that MnO, treatment
itself may introduce metal ions as contaminants in the peroxynitrite sam-
ple. This of course would not be desirable because many metal complexes
are known to facilitate the decomposition of peroxynitrite.*>** The residual
metal ions not only enhance peroxynitrite decomposition,” but they can
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also—conceivably—interfere with catalytic peroxynitrite detection, particu-
larly when using electrochemical sensors.

The same is true for the method of synthesis using the nucleophilic attack
of hydroperoxide anion (alkaline H,0,) on alkyl nitrites both in one- or two-
phase reactions. The method also results in H,0, and nitrite as contam-
inants despite the post-reaction processing. While the two-phase reaction
of hydroperoxide with isoamyl nitrite introduced by Uppu and Pryor results
in relatively less nitrite as a fraction of peroxynitrite formed compared with
other methods,*® the hydrogen peroxide and nitrite may still interfere with
the validation of methods of peroxynitrite determination.

Peroxynitrite samples that are prepared by ozonation of azide** contain
variable levels of azide depending on the extent of the ozonation. Amper-
ometric sensors for peroxynitrite based on metalloporphyrin and metal-
lophthalocyanine films have been proposed.’>® Conceivably, many anionic
ligands, including azide, can bind to the transition metal catalytic center in
these systems, and thus present a potential interference with amperometric
signals in electrochemical methods. Azide anion is known to bind to vari-
ous metalloporphyrins and metalloproteins. For instance, it readily binds to
iron and manganese porphyrins.’**® It also binds to the manganese center in
manganese superoxide dismutase (MnSOD),*! and in fact interferes with its
peroxynitrite-driven self-nitration. Similarly, azide binds to iron heme pro-
teins®*® as well as to metal-substituted hemoproteins such as manganese
myoglobin.®®®” In addition, membrane sensors based on the use of manga-
nese(1r)porphyrin and cobalt(1r)phthalocyanine ionophores dispersed in
plasticized poly(vinyl chloride) have actually been used in potentiometric
determination of azide.®® Therefore, the synthetic source of exogenous per-
oxynitrite used in methods of determination and validation of this analyte
is critical, and the effects of interferents such as azide, if present, need to be
carefully assessed.

While this may not be directly related to validation of methods of determi-
nation of peroxynitrite, azide impurities left in prepared samples may also
interfere with fluorescence studies that measure the extent of protein nitra-
tion after exposure to synthesized samples of peroxynitrite. In fact, sodium
azide has been reported as a chemical agent used in fluorescence microscopy
to reduce photobleaching of fluorescein isothiocyanate (FITC).* On the other
hand, FITC-conjugated secondary antibodies have been used as fluorescent
probes associated with polyclonal anti-nitrotyrosine antibodies to detect and
measure nitrated proteins after exposure to exogenous peroxynitrite.”” In
biological settings, either in cell culture or in animal models, nitration of
select proteins mediates cellular responses to peroxynitrite-driven oxidative
stress. These select proteins may act as in situ peroxynitrite sensors.”'”* The
variability in the levels of azide in the peroxynitrite samples used in valida-
tion steps will therefore introduce variability in fluorescence if FITC-based
fluorescence is used as the measured signal. This, in turn, may bias conclu-
sions about the levels of peroxynitrite-driven nitration of proteins used as in
situ biological peroxynitrite sensors.
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Sources such as SIN-1°*7%174 that continuously generate exogenous per-
oxynitrite have been used to deliver this reactive species at physiologic pH in
a way that mimics its in situ biological generation. In fact, the bolus addition
of authentic aliquots of peroxynitrite from prepared stock solutions is often
not considered reflective of the continuous flow of peroxynitrite under phys-
iologic conditions.” However, the SIN-1 system is not an innocuous source of
peroxynitrite, and reports using this system to generate peroxynitrite under
physiologic conditions showed conflicting results.”>’® The multistep chem-
istry of peroxynitrite generation from SIN-1 may introduce a level of compli-
cation in the use of this system to characterize the performance of sensors
and probes.

The rate of generation of peroxynitrite from the decomposition of SIN-1 in
the presence of oxygen has been estimated at 1 pM min™ from 1 mM SIN-1
solution.”” The half-life of steady-state production of peroxynitrite was mea-
sured in select buffers and was found to range from 14 to 26 min depending
on the buffer used. The maximum peroxynitrite levels that can be achieved
depend on the concentration of SIN-1.”® When SIN-1 is used as a precursor of
peroxynitrite in the validation of methods of determination of this analyte,
experimental details, including concentration of the precursor,”® levels of dis-
solved oxygen,’ incubation time prior to injections, and controls for peroxyni-
trite sinks such as carbon dioxide,’ all have to be very carefully described in
order to compare performance reports of different sensors and probes. Redox
agents and precursors of radical species may interfere with the continuous
fluxes of superoxide and nitric oxide, particularly at low levels, which may
affect the amount of peroxynitrite that is potentially expected.**’>® Further-
more, while steady-state levels of peroxynitrite from a given in situ amount of
SIN-1 may be determined, peroxynitrite levels from aliquots transferred from
external SIN-1 stock solutions into separate buffers where sensor characteri-
zation takes place may not accurately be known. Unless the assumed added
concentration levels are carefully confirmed by independent means, the sen-
sor responses observed may not reflect the stated performance. Also, as we
discussed earlier, experimental conditions may affect the ultimate levels of
peroxynitrite released.’”** Assumptions based on stoichiometry alone and
the expected spontaneous decomposition yield may be misleading, and may
seriously bias the reported sensitivities and limits of detection for sensors
and sensing systems that use SIN-1 as a source of peroxynitrite.
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4.1 Introduction: Challenges for the Formation
of Selective and Sensitive Matrices for
Peroxynitrite Detection

Over the years, a variety of approaches for the sensitive and selective detec-
tion of peroxynitrite have been developed. Most of the techniques for assay-
ing peroxynitrite are, however, indirect methods, relying on measurements
of secondary species. The widely used biochemical assays are thus based on
the nitration of tyrosine by peroxynitrite resulting in 3-nitrotyrosine, which
is then detected by immunochemical or chromatographic techniques.'” The
oxidation of chromophores, fluorescent and chemiluminescent probes by

RSC Detection Science Series No. 7

Peroxynitrite Detection in Biological Media: Challenges and Advances
Edited by Serban F. Peteu, Sabine Szunerits, and Mekki Bayachou

© The Royal Society of Chemistry 2016

Published by the Royal Society of Chemistry, www.rsc.org

63



07:54:13.
Published on 16 October 2015 on http://pubs.rsc.org | doi:10.1039/9781782622352-00063

View Online

64 Chapter 4

peroxynitrite, routinely used for in vivo peroxynitrite analysis under physio-
logical conditions, is another indirect detection approach.”” The most nota-
ble drawback of these methods is that selectivity towards peroxynitrite alone
is often not ensured as other reactive oxygen and nitrogen species can con-
tribute to the results of the assays.

Recently, much effort has been put into the development of fluorescent
probes capable of reacting exclusively with peroxynitrite (for more details see
Chapters 10 and 11 of this book).” Such probes are, unfortunately, not com-
mercially available and require advanced skills in organic chemistry for their
synthesis. It has also been speculated that introduction of any organic probe
(a fluorescent ligand in this case) into a biological environment can create
unwanted alterations of cell functions. Electrochemical sensing strategies
have consequently been seen as a viable alternative when it comes to real-time,
label-free and direct quantification of peroxynitrite. The problems to over-
come here were related to fouling of the sensor interface, moderate sensitivity
and low selectivity. The use of adapted surface chemistry approaches, making
the electrode more selective and in addition less prone to nonspecific adsorp-
tion events, is one of the strategies employed to overcome these shortcom-
ings. This chapter will look at the different approaches currently available and
in use. Surprisingly, only a limited number of research groups have attempted
to fabricate peroxynitrite-selective matrices (Figure 4.1). While platinized car-
bon micro- and nano-electrodes were extensively used by Amatore et al.®"?
and showed that the direct oxidation of peroxynitrite takes place at 0.27 V vs.
saturated calomel electrode (SCE; for more details see Chapter 6 of this book),
this chapter exclusively investigates electrodes coated with polymers, metal-
lophthalocyanine (MPc) films and modified reduced graphene oxide (rGO)
nanostructures. This chapter might motivate researchers to implement their
most recent knowledge in this area and help advance the field.

4.2 Polymeric Films

The use of electrodes modified with polymeric films is a widely developed
and used approach for the selective detection of biologically relevant spe-
cies. Such an approach has also become popular for peroxynitrite. Some of
the first examples date back to the beginning of the 21st century,"*** and are
based on polymeric films of phthalocyanine™'® and porphyrin'* derivatives,
notably hemin.

4.2.1 Metallophthalocyanine Films (MPCs)

MPcs are transition metal complexes that have a number of characteristic
properties that contribute in a major way to their extraordinary versatility.
One research field where MPcs have found a wide range of applications is the
development of electrochemical sensors, where MPcs are employed as elec-
trocatalysts. Electrodes modified with phthalocyanine-based macrocycles
have shown to be outstanding sensors for a variety of analytes, including oxy-
gen,'” hydrogen peroxide,'® nitrite,"*”' nitrate*” and nitric oxide (NO).>* Most
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Figure 4.2 (A) Chemical structure of MnPc. (B) Consecutive cyclic voltammograms
of MnPc (5 mM) in dimethyl sulfoxide on a platinum microelectrode
(15 pm diameter) at a potential of -0.5 to +1.0 V (vs. Ag/AgCl) with a
scan rate of 100 mV s *. Reprinted with permission from J. Xue, X. Ying,
J. Chen, Y. Xian, L. Jin and J. Jin, Anal. Chem., 2000, 72, 5313. Copyright
2000 American Chemical Society.

of the applications rely critically upon the redox properties of MPcs.?***%7

Due to their macrocyclic nature with extended n-systems, phthalocyanines
are capable of undergoing fast redox processes.

Manganese(11)-coordinated tetraaminophthalocyanine films (MnPc;
Figure 4.2A) were one of the first phthalocyanine films reported to allow
the detection of peroxynitrite.”” Modification of platinum microelectrodes
was achieved through electropolymerization of MnPc by potential scanning
between —-0.5 and +1 V at a scan rate of 100 mV s for 30 cycles (Figure 4.2B). On
the first scan, a cathodic peak at —0.35 V was observed. Upon scan reversal to
1.0V, three significant anodic peaks were observed at —0.23, +0.1 and +0.75 V.
The redox waves at 0.1 and 0.75 V disappear gradually and the anodic cur-
rent related to the oxidation of the phthalocyanine cycle around 0.8 V gently
increases. On further potential scanning, two additional anodic peaks shifted
to potential values of -0.16 and +0.02 V and the cathodic peak at -0.35 V
shifted negatively. Another broad cathodic wave around 0.0 V was observed.
The current of both redox waves increased because the redox processes of
Mn""™ and Mn""" increased with continued potential cycling. Cyclic voltam-
metry suggests the formation of a redox-active polymer film on the electrode
surface that reacts catalytically with peroxynitrite as described in eqn (4.1),
where peroxynitrite is oxidized to nitric dioxygen and nitrite.*

Poly(TAPc)Mn™)(H,0) + O=N-0-0" — [poly(TAPc)Mn™-OONO] + H,O
2[poly(TAPc)Mn"™-O0ONO] — 2poly(TAPc)MnY)=0 + NO,” + NO,
poly(TAPc)Mn™)=0 +2e +2H" — poly(TAPc)MnY(H,0) (4.1)
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Under optimal conditions, this sensor exhibited a detection limit for per-
oxynitrite of 18 nM with a sensitivity of 2.4 x 10~ nA nM . However, the
origin of the signals attributed to peroxynitrite is questionable under the
chosen conditions.?® Bedioui and co-workers reconsidered this peroxynitrite
sensor in alkaline solutions in order to ensure the performance of the poly-
tetraaminophthalocyanine manganese(111) [poly-Mn(TAPc)] modified elec-
trode and reported a 5 uM detection limit with a sensitivity of 14.6 nAmM '

4.2.2 Porphyrins

Porphyrins are structurally related to other macrocycles, both featuring
four pyrrole-like subunits linked to from a 16-membered ring. Metallopor-
phyrins of iron and manganese have been shown to react directly with per-
oxynitrite in bimolecular reactions with the transition metal centers in one
or two electron redox processes. One of the most widely used porphyrins is
hemin (Figure 4.3A), an iron protoporphyrin shown to have peroxidase-like
activity®® with the Fe™/Fe" redox center being the electrocatalytic site for
the reduction of peroxynitrite.’**' Carbon fiber electrodes (CFEs) modified
with electro-polymerized hemin (Figure 4.3B) have been shown to mediate
the oxidation of peroxynitrite (Figure 4.3C).*? In a typical cyclic voltamme-
try response of the electro-polymerized hemin film added to peroxynitrite
(0.45 mM, pH 10.5), the hemin-modified electrode shows an oxidation peak
at +1.07 Vvs. Ag/AgCL. This peak is neither observed for the bare glassy car-
bon electrode (GCE) nor for the protoporphyrin modified GCE, confirming
the role of the iron redox center (Figure 4.3D). In fact, in the same condi-
tions, the direct oxidation of peroxynitrite on GCE is rather sluggish, with
a less well defined peak, and occurs at potentials above +1350 mV vs. Ag/
AgCl.*? A series of controls examined the effect of nitrite or nitrate on the
voltammetric waves. Thus, the response of hemin-modified electrodes to
1 mM nitrite and 1 mM nitrate was compared with the typical response
observed with 400 pM peroxynitrite (Figure 4.3E). The peak current
recorded with the 400 uM peroxynitrite is over seven times bigger than that
obtained with 1 mM nitrite. Furthermore, the response to 1 mM nitrate is
relatively silent. These results suggest selectivity against nitrite or nitrate.*

4.2.3 Conducting Polymers

The electrochemical polymerization of thiophene and its derivatives is
well documented and widely used for the construction of biosensors. The
advantage of using conducting polymers is that very thin films (nanometers
thick) can be prepared reproducibly, ensuring a rapid and stable response of
the electrochemical sensor to the analyte. Organic functional groups such
as amine or carboxylic acid can be used for further anchoring of analyte-
specific ligands. This approach was used by Koh et al. who modified plati-
num microelectrodes with a conducting polymer formed electrochemically
from [(2,5-di(2-thienyl)-1H-pyrrole)-1-(p-benzoic acid)] (Figure 4.4A).* The
polymer backbone provides binding sites for Mn>" ions, which interact with
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Figure 4.3 (A) Chemical structure of hemin. (B) Cyclic voltammograms of the
electropolymerization of hemin in dichloromethane (0.1 M TBABF,).
(C) Response of hemin and protoporphyrin (no iron center) modified
electrodes to the addition of peroxynitrite. (D) Cyclic voltammograms of
a bare GCE and a protoporphyrin modified GCE towards peroxynitrite.
(E) Cyclic voltammetry of hemin/GCE in pH 10.5 3-(cyclohexylamino)-
1-propanesulfonic acid (CAPS) buffer in the presence of 400 pM peroxyni-
trite, 1 nM nitrite and 1 mM nitrate; scan rate = 150 mV s . Reprinted from
ref. 58: Anal. Chim. Acta, 780, 81, S. F. Peteu, T. Bose and M. Bayachou,
Polymerized hemin as an electrocatalytic platform for peroxynitrite’s oxi-
dation and detection, copyright 2013 with permission from Elsevier.
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Figure 4.4 (A) Chemical structure of (2,5-di(2-thienyl)-1H-pyrrole)-1-(p-benzoic
acid). (B) Electrode architecture for peroxynitrite detection.
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peroxynitrite by being oxidized to Mn** (Figure 4.4B). The amperometric cal-
ibration showed a dynamic range from 2 x 107® to 3 x 10~ M with a detection
limit of 1.9 nM.

The other conducting polymer matrix investigated was polyethylene-
dioxythiophene (PEDOT). PEDOT has received a significant amount of
attention in recent years as a redox active, low potential and highly sta-
ble conducting polymer. In a follow-up work by Peteu et al. on the use of
hemin-modified electrodes, a PEDOT/hemin matrix was used for the elec-
trocatalytic oxidation of peroxynitrite (Figure 4.5A). Figure 4.5B displays
the scanning electron microscopy (SEM) image of CFEs after modifica-
tion with PEDOT/hemin, revealing a 3D branched multi-globular surface
with features 100-300 nm in size.** The energy dispersive spectrum of the
same PEDOT/hemin matrix showed a sulfur peak (S = 16.04 wt%), charac-
teristic of PEDOT, and an iron peak (Fe = 2.30 wt%), present in hemin, but
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Figure 4.5 (A) Structures of PEDOT and hemin. (B) SEM image of a CFE electro-
chemically modified with PEDOT/hemin. (C) Energy dispersive spec-
trum of PEDOT/hemin. (D) Cyclic voltammograms of the electrodes
upon addition of peroxynitrite at pH 10.5. Reprinted from ref. 34:
Biosens. Bioelectron., 25, 1914, S. Peteu, P. Peiris, E. Gebremichael and
M. Bayachou, Nanostructured poly(3,4-ethylenedioxythiophene)-metal-
loporphyrin films: Improved catalytic detection of peroxynitrite, copy-
right 2010 with permission from Elsevier.
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absent in protoporphyrin. The electrochemical response of this interface
to the addition of peroxynitrite resulted in an increase of the redox cur-
rent at 0 V, assigned to PEDOT, and 1.25 V characteristic of hemin with
a sensitivity of 13 nA pM ™" and a detection limit of 200 nM at the more
anodic potential (Figure 4.5D).>* These results supported the “synergy”
hypothesis between the conductive PEDOT matrix and hemin electrocat-
alyst. The high sensitivity is believed to be a result of the morphology of
the interface, which is highly nanostructured and porous.

4.3 Graphene-Based Matrices

Carbon materials have been widely used in both analytical and industrial
electrochemistry, out-performing traditional noble metal electrodes in many
areas. This stems largely from their carbon structural polymorphism, chem-
ical stability, low cost, wide potential window, rich surface chemistry and
electro-catalytic activities for a variety of redox reactions.*> More recently,
graphene, a new allotropic form of carbon, has started to dominate and
replace other carbon based nanomaterials as its potential for designing low
cost, sensitive and selective sensors is enormous. The term graphene refers
to a planar monolayer sheet of sp*> bonded carbon atoms that are densely
packed into a 2D honeycomb lattice. It is essentially a very large polyaro-
matic hydrocarbon and the building block for all fullerene allotropic dimen-
sionalities. Thus, in addition to its 2D planar form, graphene can be rolled
into carbon nanotubes or stacked into graphite (Figure 4.6). There is still
some disagreement in the literature regarding the point at which graphene

graphite graphene Carbon nanotube
(multilayered graphene) (Rolled graphene)

Strong oxidizing agents
(KMNO,, H,50,, fuming
HNO;, NaNO;, etc;)

HOOC

Hydrazine orother

8@8@8’g coon  reducing agents
PRy —

COOH
. reduced Graphene oxide
Graphene oxide (rGO)
(GO)

Figure 4.6 Structure of graphene and its derivatives.
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becomes graphite. Geim and Novoselov have reported that structures com-
posed of up to around ten graphitic sheets have electronic properties suf-
ficiently different from bulk graphite to be classified as graphene.*® Pumera
recommended that structures consisting of up to 100 layers should be
thought of as graphene.”’

This 2D structure offers a unique environment for electron transport with
fast heterogeneous electron transfer at the edges.*® The electrochemical prop-
erties are similar to those of carbon nanotubes, with one huge advantage of
not containing any other heterogeneous materials (metal contamination).
Carbon nanotubes are typically grown from carbon-containing gases with
the use of catalytic nanoparticles, which remain in the nanostructures even
after extensive purification procedures.* Such residual metallic impurities
can dominate the electrochemistry of carbon nanotubes and thus represent
a problem for the construction of reliable sensors and energy devices.*>*! In
addition, these metallic impurities possess toxicological hazards within bio-
logical samples even for concentrations as low as 50 ppm.*!

For the integration of graphene into electrochemical devices it is essential
to have a simple, reproducible and controllable technique to produce large-
area graphene sheets on a large scale. The use of chemically derived rGO
rather than graphene appears to be a promising alternative (Figure 4.6). It
is based on the chemical oxidation of graphite to graphene oxide (GO) via
one of the three principle methods developed by Brodie,”> Staudenmeier,*
and Hummers.** The Hummers method is probably the most widely used
and involves graphite soaking in a solution of sulfuric acid and potassium
permanganate (Figure 4.6).*" Stirring or sonication of the resulting graphite
oxide is then performed to obtain single layers of GO. GO consists of oxidized
graphene sheets with the basal planes decorated mostly with epoxide and
hydroxyl groups, in addition to carbonyl and carboxyl groups located pref-
erentially at the edges.**® These oxygen functions render GO layers hydro-
philic and water molecules can readily intercalate into the interlayers. As GO
is insulating, it is necessary to restore its conductivity for electrochemical
applications by reducing it to rGO using different reducing agents.*’

The interest in using rGO for the detection of peroxynitrite is linked
to the fact that organic molecules such as hemin and other porphyrin
species interact strongly with rGO through n-n stacking. Their electron
rich character also makes them ideal candidates for the reduction of GO
to rGO. Indeed, electron donating molecules such as dopamine,*® tetra-
thiafulvalene,””° 4-aminophenylbenzoic acid,”" or tyrosine®* have shown
their ability to work as reducing agents for GO, while being incorporated
via n-n stacking interactions into the rGO matrix. We have recently used
this approach for the construction of a peroxynitrite sensitive matrix (Fig-
ure 4.7A). A rGO matrix with incorporated hemin can be easily obtained
by mixing an aqueous solution of GO with hemin and sonicating the sus-
pension for 5 h at room temperature. The incorporation of hemin in the
rGO matrix is evidenced by the presence of the Fe2p band (2.3%) at 710.16
eV (Fe2p,,,) and 723.16 eV (Fe2p;,,) and of the N1s band (8.3%) at 398 eV
(Figure 4.7B). The rGO/hemin modified electrode shows an irreversible
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Figure 4.7 (A) Preparation of rGO/hemin matrix. (B) High resolution Fe2p XPS
spectrum of rGO/hemin composite. (C) Cyclic voltammograms of
rGO/hemin modified GCE under N,-saturated phosphate-buffered
saline buffer (0.1 M, pH 7.4); scan rate: 100 mV s™. (D) Amperometric
response curve obtained at +1.1 V vs. Ag/AgCl polarized interface upon
subsequent addition of peroxynitrite. Reproduced from ref. 54 with per-
mission from The Royal Society of Chemistry.

wave at about E = +0.95 V vs. Ag/AgCl assigned to ring oxidation of the
pyrrole macrocycle in hemin to its radical cation and a reversible redox
couple at -0.3 V of the Fe’'/Fe** hemin redox center. Application of
a potential of 1.17 V vs. Ag/AgCl results in oxidation of the Fe** hemin
center to the high valent iron form (e.g. iron oxo intermediate [Fe*'=0]),
which in the presence of ONOO™ is reduced back to Fe** for further turn-
over. Indeed, subsequent additions of peroxynitrite at this potential result
in oxidation current increases (Figure 4.7C). This interface exhibited an
electrocatalytic reaction towards peroxynitrite at a potential of +1.1 V and
from chronoamperometric response curves one can see that the current
response scales linearly with the concentration of peroxynitrite. A detec-
tion limit of 5 + 0.5 nM and sensitivity of 7.5 nA nM ™" were recorded on
such an interface.’

A similar strategy was recently investigated using cobalt phthalocyanine
(CoPc) complexes to reduce GO to rGO and as electrocatalysts for peroxynitrite
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Figure 4.8 (A) Synthesis of rGO/CoPc-COOH. (B) Cyclic voltammograms recorded
on GCE modified by drop-casting rGO/CoPc-COOH in 3-(cyclohexyl-
amino)-1-propanesulfonic acid (CAPS) buffer (pH 10) in the absence
(left) and presence (right) of 15 nM peroxynitrite; scan rate: 100 mV s™.
Reproduced from ref. 58 with permission from the Royal Society of
Chemistry.

(Figure 4.8). One major limitation of electrodes modified by physically
adsorbed CoPc is that the complex detaches from the electrode surface with
time and the complex has relatively low conductivity. Host matrices such
as graphene are thus required to form stable electrochemically active elec-
trodes.””” As unmodified phthalocyanine derivatives exhibit a high aggrega-
tion tendency that makes them insoluble in almost all organic solvents and
in aqueous solutions, we used a CoPc-tetracarboxylic acid (COOH) complex
(Figure 4.8), which is soluble in dimethylformamide (DMF).

The electrochemical behavior of rGO/CoPc-COOH modified GCE in DMF
shows an irreversible redox band at 0.72 V vs. Ag/AgCl attributed to the Co™/
Co" redox couple, and two redox bands at —0.31 V and -0.53 V vs. Ag/AgCl are
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seen on the cathodic scan (Figure 4.8B). The first band is attributed to multi-
layer stacking of CoPc-COOH complex, while the band at the more negative
potential was attributed to the Co"/Co' redox couple. Addition of peroxynitrite
results in an increase in the oxidation current from 0.72 Vvs. Ag/AgCl onwards
that is related to the electrocatalytic oxidation of peroxynitrite (eqn (4.2)):

Co"Pc-COOH — Co™Pc-COOH + e~
Co™Pc-COOH + O=N-0-0" — C0"Pc-COOH-OONO°
Co"Pc-COOH-OONOQ° + ¢~ — Co™Pc-COOH + ONOS
20NO? — 0, + NO, (4.2)

The sensitivity towards peroxynitrite was ~11.5 + 1.0 nA nM " with a limit
of detection of ~1.7 nM and a linear range up to 20 nM with good selectivity.

4.4 Conclusion and Perspectives

Chemically modified electrodes have undergone significant progress, mainly
regarding lowering the detection limit and increasing selectivity. These
results open an interesting perspective for the use of such electrodes in real
biological samples. Miniaturization of the sensor might be an important step
for achieving this goal. It is known that ultra-small sensors can afford rapid
responses and better analyte sensitivity along with high spatial resolution
and use in non-stirred solutions or soft solid matrices. Ongoing work aims
to miniaturize these peroxynitrite and hydrogen peroxide sensitive/selective
electrocatalytic interfaces. Indeed, there are currently no miniaturized rGO
based sensors reported. The knowledge gained on macroelectrodes can eas-
ily be transferred to microelectrodes and (micro)sensor arrays able to mea-
sure nitric oxide, superoxide, and peroxynitrite simultaneously.

While significant progress has been made in the development of
peroxynitrite-sensitive methods, the quantitative determination of peroxyni-
trite continues to be a challenging task. One of the inherent difficulties that
has not been entirely overcome concerns the accurate production of the true
in vivo kinetics of peroxynitrite in model experiments. The use of rGO matri-
ces, graphene modified with catalytic molecules towards peroxynitrite, might
be one way to go in the future for in vivo applications. Questions such as sta-
bility of the peroxynitrite-sensitive matrix and cytotoxicity of such matrices
are still not answered and certainly need further investigations.

The development of methods for real-time in vivo monitoring of peroxyni-
trite in very complex media or for clinical tests remains a significant chal-
lenge and could benefit largely from a multidisciplinary and meticulous
approach through the application of recent advances in nanotechnology,
physics, materials science, chemical engineering, and biology.

Meanwhile, the quantification of peroxynitrite in in vivo relevant condi-
tions still provides ample room for work and advances. Beside such tech-
nological advances, there is still scope for the development of selective and
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sensitive peroxynitrite matrices that would allow a simple method to make
peroxynitrite sensors. In addition, the efforts to develop individually address-
able microelectrode arrays are expected to be further refined. These methods
could not only prove useful for the detection of early disease states, but could
also allow for a screening-type analysis of potential signal transduction path-
ways in cells.
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Electrochemical Detection of
Peroxynitrite in Biological
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5.1 Challenges in the Detection of Peroxynitrite in
Biological Conditions

In biological systems, peroxynitrite (PON) is the product of a very fast reac-
tion between two radicals, namely nitric oxide (NO) and superoxide (0, "):*

NO +0, =ONOO (k=4-16x10°M's™")

From a physico-chemical point of view, PON possesses both redox and acido
basic properties: it is a strong biological oxidant and is the conjugated base of

RSC Detection Science Series No. 7

Peroxynitrite Detection in Biological Media: Challenges and Advances
Edited by Serban F. Peteu, Sabine Szunerits, and Mekki Bayachou

© The Royal Society of Chemistry 2016

Published by the Royal Society of Chemistry, www.rsc.org

78



07:54:15.
Published on 16 October 2015 on http://pubs.rsc.org | doi:10.1039/9781782622352-00078

View Online

Electrochemical Detection of Peroxynitrite in Biological solutions 79

peroxynitrous acid [ONOOH; pK,(ONOOH/ONOO") = 6.8]. Both ONOO™ and
ONOOH have high and complex chemical reactivity in biological systems®
(Scheme 5.1). In biological systems, PON mainly reacts with carbon dioxide,
thiols, metalloproteins and glutathione peroxidase, or undergoes hemolytic
cleavage. PON is thus highly reactive and possesses a short half-life (<1 s)

(A) L-arginine 0,

D - fAJ | -
Citrulline «— NOS Mitochondria
(8) NADPH oxidases

=

v 5-lipoxygenase
NO .
SOD GPX
(1s,10 prp_} 02‘— > H202 - > H2O
/7 oss,102um) (9 (10951 pm) (P
(GM
v H* () Fe2*
ONOO- — \_(H) |
(102s, 10 pm) ‘\.‘ > HO*
COZ{aq} {G)‘ NOZ' (10-%s, 103 pm)
Y
NO,*+ CO5*-
(B) Myocardial infarction Chronic heart failure

\N 7/

Diabetes — Peroxynitrite - Cancer

/ "\

Neurodegenerative Circulatory shock
disorders

Scheme 5.1 (A) Scheme of the main ROS and RNS found in cells and their reaction
pathways. (a) NO is formed upon oxidation of 1-arginine by NO-synthases
(NOS). (b) O, is generated mainly in mitonchondria or by NADPH
oxidases and 5-lipoxygenase, and (c) then transformed into H,O, by
superoxide dismutase (SOD). (d) H,0, is reduced in water by glutathi-
one peroxidase (GPX). (e) Reactive hydroxyl radicals are produced via
a reaction between H,0, and Fe** following a Fenton-type reaction. (f)
Through the reaction between NO with O,””, ONOO' is generated. (g)
PON reacts quickly with CO, leading to nitrite and carbonate radicals
while (h) ONOOH decomposes to nitrite and hydroxyl radicals. The esti-
mated half-lives and mean travelled distances before decay by chemical
reaction are provided in parentheses. Adapted from Erdmann et al.* (B)
Main pathophysiological effects of PON. Adapted from Pacher et al.’
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in vivo at physiological pH. Despite its short half-life, PON is able to diffuse
outside the cell within a distance equivalent to one to two cell diameters and
induce damage to surrounding cells.? The role, main reaction pathways and
biological actions of PON have been reported and can be found in several
reviews.>"® PON mainly acts as a nitrooxidative agent, and interacts (either
by itself or via its degradation products such as NO,’) with DNA, lipids and
proteins, leading to several injuries summarized in Scheme 5.1B.">** Thus
there is a need for its accurate and specific detection in vitro and in vivo in
order to have a better insight into its variations in level in human diseases
and to be able to propose appropriate medical therapies.

The ideal method to detect and quantify PON in vivo should thus be sen-
sitive, selective, real time, minimally invasive to avoid perturbation of the
studied biological samples and direct (without the need for labeling or chem-
ical probing). One of the most used approaches for PON detection in cells
consists of using fluorescent or chemiluminescent probes, which may lack
specificity and/or disturb the redox state of the cell.*® We describe and dis-
cuss here the significant research contributions towards the development
of electrochemical miniaturized sensors for PON with particular emphasis
on the importance of understanding the reactivity of this molecule and the
potential interference when developing such sensors.

5.2 Challenges in the Preparation and
Storage of PON

Several protocols exist for the synthesis of PON solutions or PON-based salt
that can be used for the preparation standard solutions of PON for the evalu-
ation of a sensor’s performance in different media. The preparation of these
standard solutions is of the utmost importance and necessitates detailed
and meticulous protocols.

A simple way to prepare large volumes of stock solutions of PON consists
of reacting nitrite and hydrogen peroxide in acid conditions followed by
quenching.””® The method proposed by Robinson and Beckman led to highly
concentrated alkaline PON solutions (180-190 mM). However, the solutions
contain unreacted hydrogen peroxide and nitrite, and also nitrate. Hydrogen
peroxide is eliminated from the solutions by the addition of a manganese
dioxide (MnO,) catalyst. The levels of nitrite and nitrate should be carefully
quantified before use of the PON solution, since nitrite can interfere with
some of the electrochemical detection techniques (as detailed below). Thus
accurate analytical controls should be performed to ensure the purity of the
stock PON solution being used. Another method for the preparation of stock
solutions of concentrated PON (~30-80 mM) is the ozonation of slightly
alkaline azide ion solutions.'® This allows the PON solutions being prepared
to be free from hydrogen peroxide, nitrite or other potential interfering
species. However, it necessitates the use of ozone, which is known to be a
strong irritant for the lungs and eyes. Whatever the method of preparation,
PON solutions have to be kept at low temperatures (<-20 °C) and the initial
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concentration of PON (as well as contaminants) should be controlled spec-
trophotometrically at 302 nm (¢ = 1700 L cm ™" mol™) at the beginning of each
experiment.'""?

Addition of PON aliquots to mimic a “pulse” or “bolus” of PON to bio-
logical systems can be achieved by using PON-releasing molecules (or PON
donors) such as 3-morpholinosydnonimine-N-ethylcarbamide (SIN-1). SIN-1
spontaneously decomposes in aqueous solution at neutral pH by releasing
NO and O, ", thus generating PON with a rate of decomposition dependent
on time. The maximal flux of PON generation is obtained after 20-30 min
and ranges from 1.2 to 3.6% of added SIN-1 per minute (for a SIN-1 concen-
tration of 0.1 mM).">'* The actual concentration of PON at a given time will
be dependent upon the kinetics of its rate of formation by SIN-1 and its rate
of decomposition in a given milieu. It is worth noting that it is not possible
to obtain a steady concentration of PON using SIN-1 as a donor since the rate
of formation changes with time, unless sequential SIN-1 injection pulses are
used, as proposed by Martin-Romero and co-workers.'* Finally, PON concen-
tration in solutions is generally controlled by ultraviolet (UV)-visible spectro-
photometric measurements at 302 nm. However, SIN-1 presents two bands
of absorption, one of which has a maximum located at 296 nm. Therefore,
the spectrophotometric signal measured at 302 nm is most likely not free
from interference coming from remaining SIN-1 and from its products of
degradation such as SIN-1C."

Recently, photocontrollable PON donor molecules have been synthesized
(P-NAP), allowing the generation of PON under UV-A irradiation (330-380
nm), leading to photodecomposition.'® Due to the recent development of
these compounds, no electrochemical sensor has yet been calibrated with
solutions of such photocontrollable compounds.

5.3 Main Electrochemical Approaches for the
Detection of PON in Biological Solutions

5.3.1 Electrochemical Strategies for the Detection of PON

The electrochemical detection of PON constitutes an attractive strategy for
its direct, real-time, in situ and in vivo detection, generally coupled to the
use of micro- and nanometric electrodes. From a general point of view, min-
iaturized electrodes can be positioned in the vicinity of cells to perform
measurements at the unique cell level with optimal detection of released (or
consumed) species thanks to the minimized distance between the receptor
(the electrode) and the generator (the cell). Only a limited number of elec-
trochemical methods have been described in the literature compared with
wider reported techniques such as the use of fluorescence. As illustrated in
Figure 5.1, these strategies are either based on direct oxidation or reduction
or on electrocatalytic approaches (as described below). It should be noted
that most of these detection methods have been detailed in several reviews,
so only the basic principles of detection will be reported here.'>"’
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Figure 5.1 The main electrochemical strategies for PON sensing and voltammo-
grams obtained at these electrodes. (A) Detection at a platinized (Pt)
electrode. Reprinted with permission from C. Amatore, S. Arbault, C.
Bouton, K. Coffj, J.-C. Drapier, H. Ghandour and Y. Tong, ChemBioChem,
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5.3.1.1 Electrochemical Detection of PON at Metallic Electrodes

Amatore and co-workers have developed an electroanalytical methodology for
the amperometric detection of PON released by biological cells by inducing
direct electrochemical oxidation at carbon microfiber or micro-wire platinum
electrodes covered by a thin platinum black coating.'®?! In fact, the oxida-
tion potential of the main reactive oxygen species (ROS; O, and H,0,) and
reactive nitrogen species (RNS; NO and ONOO™) was shown to be in a poten-
tial range where the detection of these species suffers from interference. As
illustrated in Figure 5.1A, the resolution between two oxidation waves is large
enough (half-wave potential separation ~0.2 V, except for H,0, and ONOO")
that it is possible to make amperometric measurements at several potentials
where either two (H,0, and ONOO™ at lower potential) or all species (at higher
potential) are detected. The obtained signals can be deconvoluted using an
algorithm to calculate each analyte flux. The originality of this approach is
thus linked to the use of several working potentials to detect selectively ROS
and RNS at miniaturized platinized electrodes. This electroanalytical method
is very attractive due to its quick response time, the relative simplicity of elec-
trode preparation, its high sensitivity and the quantitative input of several
short-lived analytes simultaneously. It was applied to the study of ROS and
RNS release by different biological systems, as explained below.

Amatore’s group has also developed microfluidic chips with integrated
microelectrodes to analyze simultaneously H,0,, ONOO™, NO and NO,” using
platinized microelectrodes (as shown on Figure 5.2).*>** The microelectrodes
possess high sensitivity and a good detection limit for PON (40 nM at pH 8.4).
This approach has recently been applied to the detection of ROS and RNS
released by macrophages.*

Another approach using microchips was proposed by Hulvey et al., by
developing microfluidic-based electrophoresis for the separation of PON
from other electroactive species of the sample, and PON amperometric
detection at bare Pd electrodes (aligned in an end-channel configuration).*
The strategy was applied to the analysis of artificial samples at pH 11 using
either PON standards or SIN-1 as a PON donor molecule. The amperometric
detection was conducted at several potentials and a comparison with current
ratios was used to identify the nature of each peak. PON was detected without

7, 653-661. Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. (B) Detection at a bare electrode. Reprinted from Electro-
chemistry Communications, vol. 12, D. Quinton, S. Griveau, F. Bedioui,
Electrochemical approach to detect the presence of peroxynitrite in
aerobic neutral solution, 1446-1449, Copyright (2010) with permission
from Elsevier. (C) Detection at MN, modified electrodes. Reprinted
from Analytica Chimica Acta, vol. 780, S. F. Peteu, T. Bose, M. Bayachou,
Polymerized hemin as an electrocatalytic platform for peroxynitrite’s
oxidation and detection, 81-88, Copyright (2013) with permission from
Elsevier. (D) The detection potential range available for electrochemical
detection of PON at pH 7. The arrows represent the foot of the wave
potential for the interfering species considered.
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Microchips with integrated platinized working microelectrode for the
simultaneous amperometric detection of ROS and RNS in vitro. (A)
Scheme of the microchannel with an integrated sensing platinized
electrode. PDMS: poly(dimethylsiloxane). (B) Position of the individ-
ual oxidation waves for main ROS and RNS at the platinized platinum
microelectrode. The dashed line indicates the optimal potential for
sensitivity and selectivity by amperometry. (C) Amperometric detection
of a mixture of H,0,, ONOO ", NO and NO, (0.1 mM each) at several
potentials at pH 8.4. Reprinted from Electrochimica Acta, vol. 144, Y. Li,
C. Sella, F. Lemaitre, M. Guille-Collignon, L. Thouin and C. Amatore,
Electrochemical Detection of Nitric Oxide and Peroxynitrite Anion in
Microchannels at Highly Sensitive Platinum-Black Coated Electrodes,
Application to ROS and RNS Mixtures prior to Biological Investigations,
111-118, 2014 with permission from Elsevier.
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significant degradation. The comparison of microchip performance with
capillary electrophoresis showed shorter separation times (~25 s) and higher
temporal resolution. At this stage, this approach was not applied to the study
of biological samples. For real biological sample analysis, the presence of
other “unknown” species would lead to optimizations for separation and the
short PON half-life at physiological pH should be carefully considered.

Building on the studies by Kurz et al. related to the reduction of PON in
acidic solutions,*® Quinton et al. have recently explored the detection of
PON in aerobic neutral solutions (pH = 7.1) by analyzing the direct elec-
trochemical reduction of its conjugated acid at a rotating millimetric bare
gold electrode at —0.1 V vs. saturated calomel electrode (SCE), as shown in
Figure 5.1B.” Since the use of bare gold electrodes may give rise to inter-
ference from other electroactive molecules (NO, H,0,, ascorbic acid, dopa-
mine and glutamate), the authors optimized the operating potential for the
detection of PON by performing a precise evaluation of amperometric behav-
ior. The optimized working potential for amperometry was —0.1 V vs. SCE,
leading to the selective amperometric detection of PON (Figure 5.1B). The
sensitivity of the gold electrode towards the reduction of ONOOH was not
accessible due to the evanescent nature of PON at pH 7.1.

Direct electrochemical detection of PON was also reported by Compton
et al., who evaluated its electrochemical reduction at mercury film electrodes
in alkaline solutions (pH 9-13) by voltammetry.*® The presence of PON was
detected via a cathodic inverted peak observed at ~0.1 V vs. Ag/AgCl and the
mechanism was studied in detail. The observed peak current varied linearly
with PON level in the range 10 to 100 uM; no selectivity study was performed
at this stage. This approach would have limited application for PON detec-
tion in real biological matrices due to the low response at a high scan rate,
the potential interference with other biological species such as dioxygen and
the toxicity of mercury.

5.3.1.2 Electrocatalytic Detection of PON at Chemically
Modified Electrodes

Several studies report on the use of chemically modified electrodes with MN,
complexes such as metalloporphyrins and metallophthalocyanines, or other
complexes for the electrocatalytic detection of PON. Such macrocycles have
already been adapted for the modification of the electrode surface for the
electrochemical detection of other RNS such as NO. The first strategy was pro-
posed by Xue et al. concerning the modification of a carbon fiber (CF) elec-
trode surface with a thin electropolymerized film of manganese(11) tetraamino
phthalocyanine (poly-MnTAPc) and poly(4-vinylpyridine).*® The reported data
make the participation of PON itself in the electroanalytical measurements
taken when using this modified electrode questionable. Indeed, the key data
were obtained by amperometry, and show a plateau-like shape without any
decay, which is expected due to the very short half-life of PON. These data
suggest that PON remains stable at pH 7.4 for more than 400 seconds, which
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contradicts all the previously reported data about the stability of PON at phys-
iological pH. Later, Kubant et al. also reported on the use of CF modified with
a thin polymerized film of manganese(111)-[2,2]paracyclophenylporphyrin.*
However, in both approaches, the conditions of calibration were not detailed
enough. Therefore, the calibration of the poly(MnTAPc)-modified platinum
microelectrode in alkaline solutions was re-investigated by Cortes et al., using
conditions where PON is stable enough to ensure the accuracy of the evalua-
tion of the performance of the electrode.’® The detection of PON was observed
at —0.5 V vs. Ag/AgCl (in anaerobic alkaline solutions) and the performance
evaluated. Such a detection potential avoids amperometric signals from oxi-
dizing interfering compounds but not the reduction of dioxygen. Thus, this
approach was not fully satisfactory for in vitro or in vivo detection.

Koh et al. reported an attempt to prepare an electrochemical ultrami-
crosensor for the detection of PON in physiological solution [phosphate-
buffered saline (PBS) at pH 7.4] using a platinum microelectrode modified
with an electropolymerized manganese-[2,5-di-(2-thienyl)-1H-pyrrole)-1-(p-
benzoicacid)] (Mn-pDPB) complex, gold nanoparticles and polyethyleneim-
mine.** However, missing information, inconsistencies and contradictions
cast doubt on the origin of the measured electrochemical signals, and thus
the performance of the proposed method and the conclusion of the work.
This work is introduced to alert the readers to some missing details.*?

Peteu et al. have studied the modification of carbon-based electrodes [glassy
carbon (GC) and CF] with iron protoporphyrin IX (hemin). The electrode was
modified either by trapping the metalloporphyrin in a nanostructured elec-
trodeposited coating of poly(3,4-ethylenedioxythiophene) (PEDOT) or by
direct hemin electrodeposition.**** The electrocatalytic oxidation of PON was
observed at ~1.2 V vs. Ag/AgCl at pH 10.5 at the hemin-PEDOT-modified elec-
trode.** The authors reported a synergetic effect between PEDOT and hemin in
the catalysis'” and they later re-investigated electrocatalysis at electrodes modi-
fied with hemin only, for which the catalytic oxidation occurred at ~1.0 Vvs. Ag/
AgCl at pH 10.5 (Figure 5.1C). The catalytic effect was attributed to the forma-
tion of an iron-oxo intermediate that acts as mediator of PON oxidation. Lower
current intensities were obtained for PON oxidation at hemin compared with
hemin-PEDOT electrodes for the same PON level,*® which could be attributed
to the larger surface : volume ratio of the latter. The selectivity of detection at the
hemin-modified electrode was analyzed against NO, nitrite and nitrate, despite
the fact that nitrate is not electrochemically active. This analysis should have
been completed with other interfering species to confirm the selectivity of the
proposed electrodes. It should also have been performed at lower pH values.

Later, Peteu’s group studied the catalysis of PON oxidation at physiological
pH at GC electrodes modified with reduced graphene oxide functionalized
with hemin (GC/graphene/hemin).’® The study was conducted using SIN-1 as
a PON donor at physiological pH. A large oxidation current starting at ~0.9 V
vs. Ag/AgCl was observed at the GC/graphene/hemin electrode, and chrono-
amperometry was conducted at +1.1 V vs. Ag/AgCl to assess the sensitivity of
the electrode at pH 7.4 (Table 5.1). It is notable that the concentration of PON
in solution was deduced from UV-visible measurements at 302 nm. However,
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Table 5.1 Main electrochemical sensing approaches developed for the detection of ONOO™ in biological samples.*

Detection potential

Medium and biological

Linear dynamic range, LOD

Sensor type (vs. Ag/AgCl) sample and sensitivity Ref.
Platinized carbon 10 pm diameter ~ +750 mV Unique human fibroblast Specific amperometric 18-21
microfiber cell in PBS technique providing
10 pm diameter ~ +450 mV Macrophage RAW 264.7 selectivity via the chosen
in PBS applied potential
Platinized platinum 120 nm diameter +850 mV Nanoelectrode inside a  Detection of ROS and RNS 37
nano- and single macrophage
microelectrode RAW 264.7 (in PBS)
and microelectrode
positioned ~5 pm
above the same
macrophage
Platinized platinum 200 pm width and +450 mV Alkaline solution (pH Linear range 100 nM to 5 mM 23
microband 200 um length 11.1) LOD =40 nM
electrode No biological sample Sensitivity = 2.64 AM ™ em ™
studied
Gold micro- and 3 mm diameter ~ -500 mV PBS (pH 7.4) Selectivity provided by the 27
millimetric electrode 50 pm diameter ~ -500 mV working potential (against 41

Carbon microfiber/
poly-MnTAPc/
poly(4-vinylpyridine)

Carbon microfiber/polymeric
film of Mn(111)-[2,2]paracy-
clophenyl porphyrin

Platinum microelectrode/
poly-MnTAPc

7 pm diameter

Not reported

25 pm diameter

+200 mV (DPV)

-350 mV

-500 mV

Single myocardial cell

HUVEC cells

Invivo: implantation in
femoral artery

Alkaline solution (pH 12)

No biological sample
studied

H,0,, nitrite, O,, DA and AA)
Selectivity against H,0,, NO, 29
nitrite, O,, O," 7, DA, AA, 1-
arg, GSH and GSSH
LOD ~1 nM 30

Linear range 12-500 uM 31
LOD = 5000 nM
Sensitivity = 14.6 nA mM™*

(continued)
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88

Detection potential

Medium and biological

Linear dynamic range, LOD

Sensor type Dimensions (vs. Ag/AgCl) sample and sensitivity Ref.
Platinum microelectrode/ 100 pm diameter +200 mV PBS Selectivity tested against NO, 32
manganese-[poly-2,5- Spiked rat plasma with H,0,, 0," 7, serotonin, AA,
di-(2-thienyl)-1H-pyr- PON DA, bilirubin and O,
role)-1-(p-benzoicacid)]/ Rat glioma YPEN-1 cells
polyethyleneimmine in HBSS buffer
Carbon microfiber/(PEDOT/ 30 uM diameter  +750 mV CAPS buffer (pH 10.5) LOD =200 nM 34
hemin) No biological sample Sensitivity =13 nA pM !
studied
Carbon microfiber/polymer- 30 pm diameter ~ +700 mV CAPS buffer (pH=10.5) LOD=5nM 35
ized hemin No biological sample Sensitivity = 7.5 nAnM*
studied
Glassy carbon/reduced 5 mm diameter +1100 mV pH7.4 LOD =11 nM 36
graphene oxide/hemin Sensitivity = 5 nA nM™
Carbon nanofiber/ 300 nm diameter -300 mV HUVEC cells in MCBD-  Linear range=20nMto 1 uM 39
Mn(111) [2,2] paracyl- 131 medium LOD =1 nM
cophenyl-porphyrin/

poly(4-vinylpyridine)

“Abbreviations: AA: ascorbic acid; CAPS: 3-(cyclohexylamino)-1-propanesulfonic acid; DA: dopamine; DPV: differential pulse voltammetry; GSH: reduced
glutathione; GSSH: oxidized glutathione; HBSS: Hank’s Balanced Salt Solution; L-arg: 1-arginine; LOD: limit of detection; PBS: phosphate buffer saline.

G 423dpyD
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as explained above, such analyses are not free from interference. In addition,
to confirm the nature of the electrochemical signal attributed to the electro-
catalytic oxidation of PON, a study of the evolution of the voltammograms as
a function of elapsed time after addition of SIN-1 in the medium should have
been used to demonstrate this hypothesis.

5.3.1.3 Summary of Electrochemical Approaches

Table 5.1 summarizes the various electrodes conceived for the detection of
PON. Most of the developed sensors are amperometric, the detection being
performed at a given applied potential. However, few studies have reported
or discussed the selectivity of the proposed sensors, which should have been
assessed because of the high operating potentials.’?” Additionally, due to the
short half-life of PON at physiological pH, the main performance of the sen-
sors has been reported in mild alkaline or alkaline solutions. Users should
be aware of this shortcut since both sensitivity and selectivity may be affected
by the pH of the medium in which the sensors will be used. In order to gain
strength, the proposed methods for PON detection should take into account
the analysis of the selectivity of the sensors against the main known interfer-
ing species in a given biological environment, as illustrated in Figure 5.1D.

Furthermore, it should be noted that in some of the reported electrochem-
ical methods, the experimental details regarding the preparation of the PON
stock solutions are occasionally missing or not comprehensive enough.
These experimental data are, however, key for the justification and validation
of the performance of the sensors. Indeed, as indicated above, the detection
of PON in neutral solution cannot give rise to stationary current in long time
scales (in amperometry) due to its short half-life (~1 s at pH 7.4), so reported
electrochemical data should be considered with care.

5.3.2 Significant Examples of In Vivo Electrochemical
Sensing of PON

Amatore and co-workers have worked intensively on the elaboration of pla-
tinized ultramicroelectrodes (UMEs) and electroanalytical methodology to
simultaneously detect reactive RNS and ROS released at the single cell level,
as indicated above. The authors developed a configuration similar to an “arti-
ficial synapse” where the UME is positioned in close proximity to the cell
under investigation (distance <5 pm). Next, the cell being studied is stimu-
lated either by mechanical or chemical stress and the fluxes of endogenously
released reactive species are analyzed through successive short time frame
measurements at several potentials corresponding to the detection of the
reactive species (multiple potential step chronoamperometry).?! Using this
smart strategy, the authors have explored several biological systems: human
fibroblast, skin cells and murine macrophages. They have, for example,
reported for the first time the production of PON by immunostimulated mac-
rophages and the evolution of the ratio between H,0,, NO and PON as a func-
tion of time after stimulation.?" Recently, intracellular measurements of RNS
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and ROS, taken by inserting a nanoelectrode inside a macrophage cell, were
reported for the first time by the same group.’” Similarly to previous studies
on UME, the nanoelectrode (~120-180 nm diameter platinum disk) was plati-
nized with caution to obtain the optimal sensitive layer.*® The nanoelectrode
was introduced into one macrophage and amperometry was performed to
monitor ROS and RNS inside the cell. In order to study concomitantly intra-
and extracellular bursts of species, a platinized UME was positioned above
the cell to detect extracellular released species (Figure 5.3A). Due to the high
working potential (+0.85 Vvs. Ag/AgCl), the obtained signals were representa-
tive of the totality of ROS and RNS collected intra- and extracellularly (Figure
5.3C). The position of individual voltammetric waves of ROS and RNS may
vary with the properties of the platinized layer. This can be seen by compar-
ing the responses of micrometric and nanometric electrodes (Figures 5.1A
and 5.3B), so the position of the voltammetric wave for each analyte has to
be examined for each prepared electrode. In addition, the position of the
electrochemical wave may also vary with pH, so it would be interesting to
measure simultaneously the pH outside and inside the cell.

( A) Platinized carbon fiber
microalectrode (10 pm)

(€)

ONOO- NO H,0, NO,

o
o2]
-
o o =
o ® o

o
=

normalized current
o
L]

Time (s) Time (s)

=
o

02 00 02 04 06 08 10
Potential (V / Ag/AgCl)

Figure 5.3 Detection of ROS and RNS by platinized nano- and microelectrodes
positioned inside and in the vicinity of a single macrophage, respec-
tively. (A) Schematic view of the sensors positioned inside and outside
the macrophage. (B) In vitro analysis of the main ROS and RNS, giv-
ing the detection potentials for each analyte. (C) (i) Photograph of the
nanoelectrode implanted into a single macrophage, (ii) amperometric
monitoring at +850 mV vs. Ag/AgCl with the platinized microelectrode,
and (iii) with the implanted platinized nanosensor. Reprinted from
Y. Wang, J.-M. Noél, J. Velmurugan, W. Nogala, M. V. Mirkin, C. Lu, M. G.
Collignon, F. Lemaitre and C. Amatore, Proc. Natl. Acad. Sci., 2012, 109,
11534-11539, with permission.
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Malinski’s group has reported on in vivo simultaneous detection of PON
and its precursors, NO and O, ", through the use of nanosensors positioned
above a single endothelial cell (cell-sensor distance ~5 pm or less) as well as
inside the wall of the femoral artery of rats. This was aimed at analyzing the
PON:NO balance in different models of vascular diseases (ischemia/reperfu-
sion, dysfunctional endothelium) in order to use this ratio as a marker of cell
function or dysfunction.*>* Concurrent measurements of NO, O, and PON
were performed with electrochemical nanosensors combined into one work-
ing unit (Figure 5.4A). Each nanosensor was conceived to selectively detect
a given analyte (PON, NO and O,7; Table 5.1). Illustrative curves obtained

(A)

(Bio)chemically
modified
Carbon nanofibers

m— NO sensor

s O, sensor

memss ONOO-sensor
S
H
(B) Normotensive (€) oo n Hypertensive
"C’Imo nmoliL Iwo molL
ONOO ONOO

G.Iw nmoliL o..:[zs nmoliL

T T T

Time (s) Time (s)

Figure 5.4 PON/nitric oxide balance in an ischemia/reperfusion injury nano-
medical approach. Concurrent measurements of NO, O,"~ and ONOO~
were performed with electrochemical nanosensors combined into
one working unit. (A) Scheme of the three sensors’ configuration for
the simultaneous detection of NO, O,”” and ONOO". (B) Simultaneous
chronoamperograms of NO, O, and ONOO™ near the surface of a sin-
gle endothelial cell (aorta) of normotensive rats and (C) same as (B) for
hypertensive rats. Stimulation of NO, O," " and ONOO' releases a calcium
ionophore. Reprinted with permisson from R. Kubant, C. Malinski, A.
Burewicz, T. Malinski, Electroanalysis, 2006, 18, 410-416. Copyright ©
2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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above single aortic endothelial cells of normo- (WKY) and hypertensive
(SHR) rats are shown in Figure 5.4B. The curve shapes for WKY and SHR
cells demonstrate differences in the kinetics of production of each analyte as
well as in their level of production between cells. It should be noted that very
few experimental details are given concerning the fabrication of the sensors,
their surface modification and calibration, or the specificity of each sensor,
meaning that it could be very difficult to reproduce these sensors and accu-
rately analyze the obtained results.

Bedioui’s group has recently reported on the development of new assem-
bled arrays of UMEs for the simultaneous and real-time sensing of NO and
PON released by cultured cells.””*>*! The use of arrays was able to improve
the sensitivity of detection of both species, which are known to be produced
at low basal concentrations in real biological systems. The detection of both
species was conducted by amperometry: NO was detected at the modified
electrode array (at +0.8 V vs. Ag/AgCl); and PON was detected at the bare
gold electrode array (at —0.1 V vs. Ag/AgCl; Figure 5.5A and B). The proof of
concept was developed by mimicking PON production through the reaction
between exogenous NO (released by a NO-donor molecule, diazeniumdio-
late) and endogenous O, (released by activated HL60 cells). The formation
of PON was followed in real-time at both NO and PON sensing arrays (Figure
5.5C, reduction signal for PON). The observed signal at the PON sensors was
attributed to PON reduction since no variations in current were observed in
the presence of excess superoxide dismutase, which induces quick removal
of O,". This device shows the ability to detect both RNS species in real time
without crosstalk between the two sensing arrays. The developed devices
could be adapted for the extracellular detection RNS in other cell lines or
perfused slices of tissue. They constitute an attractive alternative to study
the key roles of these two RNS where a chemical imbalance is implicated in
several pathologies and physiological disorders.

5.4 Conclusion and Perspectives in the Detection of
PON and Related Species

The electrochemical strategies developed for PON detection as well as their
application to the study of in vitro and in vivo biological systems are reviewed.
The advantages of electrochemical detection are mainly related to its direct
(no labeling), real-time and in situ monitoring of PON through the use of
miniaturized electrodes located in the vicinity of one (single electrode) or
several (electrode arrays) biological cells. Using this approach, the detection
of PON was demonstrated under several physiological and pathophysiolog-
ical conditions. However, due to the reactive nature of PON, it is difficult
to calibrate the electrochemical sensors at physiological pH due to the very
rapid evolution of PON’s concentration with time. Furthermore, the electro-
chemical detection of PON is generally not free from interference from other
electroactive species present in the media, meaning that an accurate study of
the sensor’s selectivity should always be conducted, whatever the sensor, to
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(A) (B)

Two sets of modified 1. Addition of HEPES 2. Addition of HEPES
UMEs for NO detection buffer (500 uL) buffer containing HLG6O
cells (500 pL)

Counter
electrode ™
~

Reference
electrode -

Two sets of bare 617 UMEs
(total 1234 UMEs) for PON detection

(C)  Addition of NO donor

v
Y

[
[ \ (i) NO sensor

-4 nA

(ii) PON sensor in
\ presence of SOD

\

',

(i) PON sensor

Figure 5.5 Simultaneous monitoring of NO and PON at ultramicroelectrode (UME)
arrays. PON is formed by the reaction between O, produced by DMSO-
treated HL60 cells and NO (released from a NO donor species). (A) Con-
figuration of the array of gold ultramicrosensors: two sets of chemically
modified electrodes are dedicated to NO sensing (oxidation at +800 mV
vs. Ag/AgCl) while the two bare others sense PON (reduction at 100 mV
vs. Ag/AgCl). (C) Real-time and simultaneous amperometric detection of
(i) NO and (ii) PON produced by the reaction between NO and O,’~ gen-
erated by activated HL60 cells (iii) control measurement at PON sensor
in presence of SOD. Adapted from ref. 40 and Reprinted from Electro-
chimica Acta, vol. 140, L. T. O. Thi Kim, V. Escriou, S. Griveau, A. Girard,
L. Griscom, F. Razan and F. Bedioui, Array of ultramicroelectrodes for
the simultaneous detection of nitric oxide and peroxynitrite in biologi-
cal systems, 33-36, Copyright (2014) with permission from Elsevier.

guarantee its performance. In the future, in order to have a deeper analysis of
PON production/consumption in biological systems, it would be interesting
to couple electrochemical detection to another technique, such as fluores-
cence, to simultaneously monitor electrochemical and fluorescence events
and thus obtain more information about intra- and extra-cellular behavior of
PON with enhanced sensitivity and selectivity.
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6.1 Introduction

Oxidative stress is a hazardous situation mainly related to a side route of
dioxygen metabolism, which leads to oxygen reduction into superoxide
anion (O, ") probably as a result of the NADPH oxidase (NOX) type enzymes
(eqn (6.1)). Moreover, nitric oxide (NO) can also be produced from the activa-
tion of the NO synthases (NOS) (eqn (6.2)).

20, + NADPH — 20, + NADP' + H' (6.1)
r-arginine + 20, + 2NADPH + 2H" — NO + citrulline + 2NADP" + 2H,0  (6.2)

Indeed, superoxide and NO are relatively weak oxidants by themselves and
are also involved, if their production is controlled, in signaling pathways.
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However, both primary species can rapidly evolve into more oxidant and del-
eterious species. Superoxide can thus disproportionate into hydrogen per-
oxide (H,0,) through a catalyzed reaction by superoxide dismutase enzymes
(SOD; with a reactivity constant k = 2 x 10° mol™* L s at 25 °C and pH 7.4).
H,0, can then lead to hydroxyl radical (OH") formation. Subsequently, the
reaction between O,”” and NO can lead to the harmful peroxynitrite anion
(ONOO") and its derivatives by a diffusion-limited reaction (k= 10" mol™ L s™).
These reactive oxygen species (ROS) and reactive nitrogen species (RNS) are
able to oxidize cell membranes, proteins and DNA (Figure 6.1). Fortunately,
there are many efficient protection pathways (antioxidants or metalloen-
zymes) that can limit and control ROS/RNS production. However, when such
protection pathways are overwhelmed, the oxidant forces exceed the antiox-
idant defenses and induce what is called an “oxidative stress situation” that
is suspected to be involved in many pathologies (e.g. aging, Parkinson’s and
Alzheimer’s diseases, and cancers). Among all of the ROS/RNS, peroxynitrite
appears as a central species because its formation rate is about three to five
times faster than superoxide disproportionation by SOD."* Although very
unstable at physiological pH (¢,,, = 1 s),’ peroxynitrite is the source of many
oxidative, nitrating, and nitrosating processes. In this way, peroxynitrite may
decompose through the formation of its conjugated acid ONOOH (pK, = 6.8),
which can then evolve into very reactive radicals NO,” and OH'. Additionally,
peroxynitrite can also react with carbon dioxide, leading to the formation of
the short-term intermediate ONOOCO, ", which gives rise to the formation of
the powerful nitrating and carboxylating radicals NO," and CO;"".

Due to its great instability,” real time detection of peroxynitrite remains chal-
lenging because it requires a fast response time from the analytical method in
addition to a good selectivity. This is why, as recently reported in the excellent
review of Peteu et al., the many analytical developments that have been achieved
for the quantification of peroxynitrite are notably based on the use of optical
(e.g. fluorescence and chemiluminescence) and electrochemical techniques.?

Optical detection of peroxynitrite is beyond the focus of the present chap-
ter and we will instead emphasize its electrochemical monitoring. As stated

Catalase
’/Nox ) SOD\HO Fe?* .
rRos{ © 0 222 OH
%; \
s .. 0s
[ L-Arginine — ==~ NO ~ ONOO" = ONOOH
II 2
RNS { 021 Co, l
'. |
NO,, N,O;, NO,  NO,°,NO,* NO,°, N,O,
COSO_

Figure 6.1 Schematic representation of ROS/RNS production via the side routes of
oxygen metabolism.
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above, peroxynitrite is an important but not primary species generated by
an oxidative stress situation. Electrochemical detection and quantification
of such a species thus imposes specific and contrasting conditions. On the
one hand, the electrochemical sensor obviously needs to be sensitive and
selective towards the analytical target, .e. ONOO™. On the other hand, moni-
toring peroxynitrite alone does not provide enough information in a biolog-
ical context. It is thus advisable to consider a sensor prone that can report
altogether on primary species and by-products to better understand how
ONOO" was produced in order to successfully monitor its dynamic flux. Such
a compromise with regard to selectivity obviously determines the nature of
the working electrode and particularly its surface modifications. Simultane-
ously, the electrode surface should be modified to allow real time detection,
i.e., not reducing the response time of the sensor too much. In addition, the
electrode material/surface modifications are not the unique analytical key-
stone. The great instability of peroxynitrite means that the electrochemical
probe must be positioned in close vicinity, or at least, as close as possible to
the release site. Finally, analysis of peroxynitrite production should be done
with biologically relevant models, that is, with living cells and possibly at the
single cell level. All these requirements are difficult to reconcile but are glob-
ally combined concomitantly in the case of the analytical “artificial synapse”
configuration using platinized carbon (C-Pt) ultramicroelectrodes (UMEs).

6.2 Electrochemical Detection Using C-Pt UMEs
6.2.1 The “Artificial Synapse” Configuration

The “artificial synapse” configuration corresponds to a peculiar experimen-
tal situation for which the release of given molecules by a single emitting
cell is electrochemically monitored. In practice, an UME is positioned in
the close vicinity, i.e., a few hundred nanometers above the investigated
single cell (Figure 6.2). If molecules released by the cell are electroactive,

UME

/ Biochemical messengers

* % released by the cell

* *
****

Figure 6.2 Schematic representation of the “artificial synapse” configuration.
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electrochemical methods [e.g. chronoamperometry, and cyclic voltammetry
(CV)] can thus be applied to allow one to quantify the kinetics of release and/
or the amount of species emitted. Indeed, such a situation mimics the chem-
ical synapse involved during neural communication and for which an emit-
ting neuron releases neurotransmitters at the synaptic knob of its axon in
the close vicinity of the dendrite of the receiving neuron. As described below,
the “artificial synapse” configuration takes full advantage of the chemical
synapse but also of the UMEs themselves.

6.2.1.1 Analytical Properties of UMEs

Electrochemical analysis at the single cell suggests the need to work with an
electrochemical sensor whose size directly corresponds to the usual micro-
metric cell dimensions. This is why UMEs are well adapted for investigations
at the single cell level. What is an UME? The precise definition is not elemen-
tary and one can consider that an UME is an electrode that reaches spherical
steady-state diffusion in usual electrochemical experiments. It has to be empha-
sized that such a definition should not be related to the electrode dimen-
sions. Yet, in practice, only electrodes for which at least one dimension is less
than a few microns can be considered as UMEs. In order to better understand
this notion, it is necessary to make comparisons between millimetric and
micrometric electrodes (see a summary in Table 6.1).

In this manner, for usual millimetric electrodes within a solution contain-
ing a species “R” and possibly oxidized at the electrode surface (R = O + ne’)
in a diffusion controlled way, diffusion mainly proceeds along the perpendic-
ular axis to the electrode surface because the micrometric thickness of the
diffusion layer is significantly lower than the electrode size. In this case, the
diffusion layer thickness [~(D¢)"? where D is the diffusion coefficient of
the electroactive species] increases as a function of time but will never exceed
the micrometric range due to the convection-free domain (a few hundred
micrometers) and the relatively short duration of experiments. A linear dif-
fusion thus applies at the surface of a millimetric electrode. Conversely, if
considering micrometric electrodes, the diffusion layer still increases as
a function of time but can quickly reach the electrode dimensions while
it remains contained within the convection free-domain. In this case, the
radial diffusion cannot be neglected, thus leading to a convergent diffusional
regime, i.e. steady-state spherical diffusion with a constant diffusion layer. As
a consequence, spherical diffusion can only be reached for an electrode that
has at least one dimension comparable to (or smaller than) the micrometric
diffusion layer dimensions. Thus, UMEs are practically (sub)micrometric in
size in usual electrochemical experiments.

In order to evaluate the analytical properties of UMEs, analytical proper-
ties of millimetric and micrometric electrodes are compared in Table 6.2.

Let us consider a chronoamperometry experiment, i.e. the working elec-
trode (disk radius r,) potential is kept constant (vs. a reference electrode)
to perform R oxidation. For millimetric electrodes, the faradaic current (i)
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Table 6.1 Comparison of milli- and micrometric electrodes (disk radius r,) in a solution containing a species “R” (D = 10° m* s™") and
oxidized at the electrode surface (R = O + ne’) in a diffusion controlled way. The working electrode potential is maintained con-
stant (vs. a reference electrode) at the appropriate value to perform R oxidation (chronoamperometry).

Millimeter sized electrode (r, = 1 mm) Micrometer sized electrode (7, =1 um)
Expected switching time between linear and (r, )2 (r )2
spherical diffusion = 1000s ‘= 0T —1ms
Expected diffusion layer thickness (dgiz) for  Jgi ~ mm > gy, ~ 100 pm Odie ~ KM < Jeony ~ 100 pm

a spherical diffusion vs. convection-free
domain thickness (J¢ony)

IR AR AR AL SRR m § SR
" h i

~pm
Conclusion Spherical diffusion can never be reached: ~ Linear diffusion is only transient. A spheri-
only a linear diffusion regime applies cal diffusion regime is quickly reached

9 493dvyD
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Table 6.2 Analytical properties of a usual millimetric electrode and a UME (disk
radius r,) in a solution containing a species “R” (concentration Cg)
and oxidized at the electrode surface (R = O + ne’) in a diffusion con-
trolled way. The working electrode potential is maintained constant (vs.
a reference electrode) at the appropriate value to perform R oxidation
(chronoamperometry).

Millimeter sized electrode (r,=1 mm) UME (r, =1 um)

P : -
Diffusion layer thickness Sy = NTDE S = %
Faradaic current n Fn(ro )2 DC, 1= 4nFDCgr,

[=— -7 =

NmDt

Time constant T=RC>1,
Ohmic drop Rior, Ri #f{(r,)
S/N SIN = f{r,) S/N«1/r,

follows the law of Cottrell. It is thus proportional to the electrode surface, i.e.
ro,> and decreases with time (occt /) in relation to the linear diffusion regime.
Conversely, for an UME, the spherical diffusional regime leads to a steady
state (with a constant diffusion layer) and a constant faradaic current that
only depends on r,. Therefore, such differences drastically modify the elec-
troanalytical properties of the working electrodes. First of all, the undesired
capacitive current i; (related to the double layer formed at the electrode-
solution interface) is lower with an UME since it is governed by an exponen-
tial decay whose time constant r = RC (R being the resistance of the solu-
tion and C the electrical capacitance) depends on r,. As a consequence, the
electroanalytical sensitivity of an UME is particularly high since the signal-
to-noise ratio (S/N ie. iy/i;) for an UME is proportional to 1/r,. Finally, UMEs
represent a convenient tool to limit the problems related to the ohmic drop
(Ri), which can prevent the control of the working electrode potential vs. that
of the reference electrode. Indeed, for a millimetric electrode, the ohmic
drop directly depends on the electrode radius and decreases when the elec-
trode dimensions are reduced. For an UME, such an ohmic drop value is min-
imized and constant. The usual counter electrode needed for limiting the
ohmic drop with a millimetric electrode is thus no longer required for an
UME and a two-electrode configuration may be used, thus facilitating biolog-
ical experiments at the single cell level.

6.2.1.2 Intrinsic Advantages of the “Artificial Synapse”
Configuration

The “artificial synapse” configuration takes great benefits from the analyt-
ical properties of UMEs, but offers other major advantages related to the
experimental conditions themselves. Indeed, in such a configuration, the
UME is positioned at a submicrometric distance from the single cell being
investigated. Therefore, the volume of the cleft in which the molecules are
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released will be restricted to a few femtoliters. It thus means that even min-
ute amounts of electroactive species released will lead to significant local
concentration variations that are particularly well adapted to electroanalysis
since the faradaic current recorded is proportional to the concentration of
the electroactive species and not to the amount.

Finally, the “artificial synapse” configuration is appropriate for detecting
unstable species because a minimized electrode—cell distance helps the quan-
titative collection of the electroactive molecules released within the cleft,
thus limiting their decomposition before reaching the electrode surface.

6.2.1.3 Electrochemical Detection of Oxidative Stress: What
Type of Technique and Which Electrode Materials
Should be Used?

As described above, UMEs involved in the “artificial synapse” configuration
allow one to monitor minute amounts of species released by a single living
cell. It has to be emphasized that the spherical steady-state diffusion regime
is rapidly reached (ca. milliseconds). Therefore, concentration changes in
the milliseconds range can be measured with an excellent S/N. As such, exo-
cytosis has been widely investigated using carbon fiber UMEs in this experi-
mental configuration.”*”’

Nevertheless, such an ability to resolve fast kinetics of cell secretion has
to be tempered in the context of oxidative stress. Indeed, contrary to exo-
cytotic release for which a unique kind of electroactive species (e.g., cat-
echolamines) can be considered in a given biological context, many more
species are believed to be involved during an oxidative stress situation than
just ONOO™ alone. Beyond the fact that the potential window is restricted
at potentials positive to oxygen reduction, various electrode materials and
surface modifications can be used to selectively detect the species of interest.
As suggested above, ONOO™ should not be detected alone because it is not
a primary species of oxidative stress. Such a compromise between moderate
selectivity and high sensitivity can be obtained if considering carbon fiber
platinized UMEs that are able to detect four species involved in an oxidative
stress situation: H,0,, ONOO™ and NO, which have been described above,
and nitrite (NO,"), which is not a deleterious RNS but is a decomposition
product of NO and ONOO'.

Carbon is a suitable material for cellular detection in biological media
because it is inexpensive, robust, easily hand-made and provides a stable
noise background. However, H,0, and NO, two species belonging, respec-
tively, to the group of ROS and RNS, are not easily oxidizable at bare carbon
surfaces. Appropriate surface modifications are, therefore, required. In this
way, carbon fiber surfaces can be platinized by reducing hydrogen hexachlo-
roplatinate in the presence of lead acetate. Thus, using this type of dendritic
platinum (Pt) deposit, a stable surface was created, as well as a high number
of electroactive sites (which prevents the passivation phenomena) and lower
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applied potentials for hydrogen peroxide, peroxynitrite, NO and NO, (com-
pared with a bare carbon surface). It has to be noted that such an additional
Pt layer will increase the time constant of the UME from 1 ms (for a usual
10 um diameter carbon fiber) to around 100 ms. Temporal resolution remains
adapted to real time analysis because the ROS/RNS delay of release for the
cell models described here ranges from several dozens of seconds to up to
an hour.

Beyond the nature of the UME surface and the species monitored in the
“artificial synapse” configuration, the question remains regarding the most
appropriate electroanalytical technique between amperometry and CV.

In CV, the potential between the working electrode and the reference
electrode is usually applied in a voltage ramp, the corresponding current
being concomitantly measured. The cyclic voltammogram (position and
shape of the peaks) characterizes a given electroactive species and is a
potent method to identify and quantify the species analyzed. Nevertheless,
if dynamic changes of the electroactive species concentration occur during
the experiment (which is the case for a cell in the artificial synapse config-
uration), many cyclic voltammograms should be recorded consecutively at
relatively high scan rates. However, even at UMEs, capacitive currents at
high scan rates significantly alter the S/N and have to be subtracted after
the recordings have been made in a data treatment process. While CV is
an important technique involved in electrochemical detection of exocyto-
sis, it cannot be achieved in the context of ROS/RNS detection. Indeed, for
electroanalyses with not enough stable capacitive currents and/or relatively
slow electron transfer processes—as is typically the case for detection of
H,0,, ONOO", NO and NO, at C-Pt UMEs—CV has too many drawbacks to
be considered.

In amperometry, the potential of the working electrode is held at a con-
stant value that corresponds to the oxidization potential of the species ana-
lyzed (since the reduction window is precluded to avoid the signal caused by
oxygen reduction) and the corresponding current is recorded as a function of
time. Thus, the capacitive charging current is reduced by applying the poten-
tial value long enough before the cell analysis. The current corresponding to
the electroactive species is thus not altered, leading to a high S/N.

Therefore, because the potential applied is constant such that no charging
current is involved, the temporal resolution is better (submillisecond) in
amperometry than for CV, which is a great advantage for single cell electro-
analysis. Additionally, since the current is proportional to the concentration
(see above), it gives direct access to the dynamics and to the amount of species
involved during cell release. Indeed, knowing the number “n” of exchanged
electrons in the oxidation process and Faraday’s law (Q = nNF, where F is
Faraday’s constant and N is the species amount), the I =f{t) curve can be con-
verted into fluxes @ (= I/nF) or into the amount of matter, N (N = Q/nF, where
Q is the area below the I(¢) curve). Despite the fact that amperometry is not
able to distinguish different oxidizable species, such an analytical tool is pre-
ferred to monitor real time ROS/RNS release, and particularly peroxynitrite
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production, by a single cell in the “artificial synapse” configuration. In this
method, all species that could be oxidized at the held potential value have to
be known beforehand. Therefore, different potential values will have to be
considered in order to separate the peroxynitrite release from the other ROS/
RNS, and also to estimate the contribution of H,0,, NO and NO,™ to better
analyze the involved enzymatic systems during an oxidative stress situation.

6.2.2 Identification of Peroxynitrite Among the ROS/RNS
Detected on Single Cells with C-Pt Fiber UME

Early measurements of oxidative stress were carried out by our group in 1995
when an UME was used to probe the response of a biological cell without
electrical or chemical stimulations.® In this work, C-Pt fiber microelectrodes
were used to monitor the dynamics of electroactive species contained inside
cultured simian virus 40 human fibroblasts, known to possess deficient
catalase activity (the enzyme that catalyzes the disproportionation of H,0,
into water and oxygen), and thus supposed to produce larger amounts of
H,0,. In all of the following work on oxidative stress detection published by our
group, the same type of carbon UME with a modified surface made of black Pt was
employed. In this early work, two series of experiments aimed at stimulating
oxidative stress responses were performed. (The authors remarked that, in
any case, the amount of H,0, released naturally by cells was undetectable
with their electrodes.) One method involved positioning a microelectrode
(set by amperometry to an appropriate potential of +600 mV vs. Ag/AgCl) over
the living cell, locally rupturing the cell membrane by forcing the electrode
tip into the cell via micromanipulator control, and measuring the transient
current corresponding to the complete electrolysis of electroactive species
inside the cell. The second series involved puncturing the cell membrane
with a closed-tip pulled glass capillary. In this arrangement, the H,0, flux
leaking out of the cell through the hole created was measured with an elec-
trode (10 or 20 um diameter) positioned 4 um above the cell in the “artificial
synapse” configuration described previously. The selectivity of the amper-
ometric measurements was demonstrated through the addition of known
H,0, scavengers to the media that bathed the cells. The great reduction or
abolition of the amperometric signal when either of these specific scaven-
gers was added suggested that H,O, was the primary substance detected. The
use of specific enzymes (catalase) or substrates (o-dianisidine) enabled the
authors to determine that an important proportion of the detected current
corresponded to the oxidation of H,O,. This work formed the basis for what
was called “physical stimulation” (operated with a full glass microcapillary
with a <0.5 pm diameter tip) from 1995, and “biochemical stimulation” from
2006 onwards vide infra. Here, it is important to emphasize that the oxida-
tive stress measured is provoked by the capillary intrusion, which depolar-
izes the cell membrane and thus allows the entry of calcium, and this rise
in concentration is what the enzymes responsible for oxidative stress are
dependent on. Thus, this is not a basal oxidative stress measurement but
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an active process, as will be shown below. In other words, the H,0, detected
here represents an active biological response and its production from the cell
is a result of its aggression and injury. Finally, in this work, only H,0, was
cited and detected a priori as a mediator of oxidative stress. In 1997, Arbault
et al. measured, with the same established technique, the effects of phenylar-
sine oxide (PAO; considered to be a potent inhibitor of the NOX enzyme) on
human cell lines containing the HIV-1 genome. They showed that PAO, also
described as an inhibitor of tyrosine phosphatase activity, inhibited H,O,
release from human peripheral blood mononuclear cells triggered by elec-
trochemistry. This work was the first application of the above-cited method
using C-Pt fiber UMEs to detect oxidative stress species such as H,0, in defi-
cient and HIV-1-infected cells.’

The two following pieces of works from our group started to identify one
of the enzyme actors (NOX) of oxidative stress. Our work used the new tech-
nique involving C-Pt fiber UMEs for electrochemical detection and “physical
stimulation” to mimic a particle intrusion within the cell and was achieved
using the full glass microcapillary controlled by micromanipulators. First, in
carcinogenesis, Arbault et al. activated NOX in human fibroblasts by mechan-
ical intrusion of a single cell with an UME. At this point, it should be empha-
sized that this study was carried out in real time and at the single cell level
(human fibroblasts, studied one by one). The mechanical intrusion induced
the emission of large quantities (femtomoles) of H,0, by a unique single cell
within a short time frame (less than half a second). Moreover, possible impli-
cations of NOX enzymes (which produce O, ", which quickly dismutates into
H,0, and 0,) in H,0, production were deduced by measuring the effects of
NOX inhibitors (PAO)." Second, in the Journal of Virology the authors con-
firmed the role of membrane-bound NOX in cellular responses to immune
activation and they analyzed in real time, lymphocyte per lymphocyte, the
T-cell response following activation in relation to the redox state."!

In 2000, despite the apparent ubiquity and importance of the phenome-
non called “oxidative stress” or “oxidative burst”, there was almost no expla-
nation in the literature about the intensity and duration of these “ROS and
RNS cocktails”, or their nature or chemical composition. However, to identify
the exact composition of the oxidative bursts there were two issues.

The first issue is cellular variability: in the experiments with fibroblasts
reported here, the variability of current intensities at each potential required
the averaging of 25-40 individual cell responses to produce small enough
deviations to observe meaningful results at each potential. Besides, tran-
sient techniques, such as CV (at 100 V s'), to investigate the nature of the
species were impossible because of the capacitive current changes induced
and the slow scans (a few volts per second or less) were not meaningful
because the scan duration was comparable to the signal half-width. Owing
to these intrinsic constraints, electrochemical detection and analysis of
oxidative bursts were carried out at constant potentials above 0.275 V vs.
silver-silver chloride electrode (SSCE; to avoid electrochemical consump-
tion of oxygen above the cell), step by step, every 5 mV up to 0.850 V vs.
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SSCE in order to reconstruct the corresponding voltammogram and thus
identify the species in the bursts. This necessitated the averaging of 25-40
individual cell responses at a given electrode potential depending on the
cell culture examined (in this case fibroblasts). Interestingly, the different
"'t = f{¢) curves or “amperometric spikes” obtained, when normalized by
their maximum intensity (I""™),,.., showed a similar time course. The over-
all reconstructed curve of the ("™, as a function of the detection poten-
tial demonstrates the presence of a least three electrochemical waves labeled
I-1II. Furthermore, independent in vitro voltammograms with the same UMEs
on four different synthetic solutions of H,0,, ONOO~, NO and NO," allowed
electrochemical identification of the species detected in the cellular bursts.
Wave I was attributed to accidental superimposition of those of H,0, (E;), =
0.250 + 0.005 V vs. SSCE; two-electron oxidation) and ONOO™ (E;, = 0.350 +
0.005 V vs. SSCE; one-electron oxidation), wave II corresponded to those for
NO (E,, = 0.555 + 0.005 V vs. SSCE; one-electron oxidation), and wave III to
those for NO,™ (E;;, = 0.730 + 0.005 V vs. SSCE; two-electron oxidation). Indeed,
at the surface of C-Pt fiber microelectrodes, H,O, and ONOO™ are simultane-
ously oxidized at the potential values of 300 and 450 mV vs. SSCE, whereas
NO is oxidized at 650 mV vs. SSCE and NO,  is oxidized at 850 mV vs. SSCE
(Figure 6.3). The amount of released H,0, and ONOO™ is determined by
comparing the currents observed at 300 and 450 mV vs. SSCE since each
species contributes in different proportions at each of these potentials. How-
ever, before assigning definitively ONOO™ to wave I, its electrochemical sig-
nature was obtained. In vitro voltammetric measurements were performed

600 -
500 -
400 -
300 -
200 -

100 -

Maximum burst current (pA)

200 400 600 800 1000
Potential (mV vs SSCE)

Figure 6.3 Reconstructed steady-state voltammograms from the maximum inten-
sity obtained for each burst at a given potential value [waves I. (trian-
gles), II. (circles) and III. (squares)] and from the arithmetic addition of
the individual steady-state voltammograms of the four species: H,0,,
ONOO", NO and NO,". Adapted from Amatore et al.*®
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in moderately basic aqueous media of peroxynitrite, produced by ozonation
of slightly alkaline azide solutions, in which the ONOO™ concentration did
not reasonably evolve (t;/, ranging from a few minutes at pH 9 to an hour at
pH 12). A strict correlation with the absorbance of the respective solution
measured at ,,,, = 302 nm, which is characteristic of ONOO™, was observed.*?
The electro-oxidation reported was obtained on the same C-Pt fiber UME
used on the fibroblasts and corresponds to the following equation:

ONOO™ - e~ — ONO,’ (6.3)

The electrochemical parameters (E° = 0.27 V vs. SSCE, a,, = 0.45, k%, =
10~ cm s7') have been determined, as well as an estimate (¢,, = 0.1 s) for
the lifetime of the electro-generated ONOO’ radical in phosphate-buffered
saline (PBS)."”

After this important electrochemical identification step, the spatial origin
of the oxidative bursts was established to consist mostly of a spherical diffu-
sion wave emitted by the punctured hole made by the physical stimulation
of the glass microcapillary at the cell membrane. Spatial features of the oxi-
dative bursts from fibroblasts were investigated later, in 2008, and step-by-
step geometrical mapping was used to show that the emission of ROS and
RNS occurred from a disk surface of the membrane limited to ~15 pm in
radius centered at the puncture hole created by the capillary with a 1 pm tip
diameter."*

All four species identified above (H,0,, ONOO™, NO and NO,") derive from
the spontaneous evolution of cross-reactions of the initial tandem produc-
tion of NO and O, ", as described in the introduction. Indeed, H,O, results
from the spontaneous evolution of O, 7; similarly, ONOO™ is formed by the
diffusion-limited coupling of NO and O, "; and NO, results from the spon-
taneous decomposition of ONOO™ (Figure 6.4). Therefore, the individual

Diffusion/Dismutation (SOD) H,0,

/ \(15 fmol, 20 %)E
02 NOX - 0'2' Diffusion ONOO-
60 fmol, 50 % \(15 fmol, 20 %),

(0 fmal, 50%) ONOO- : :

L-Arginine NOS ; .o
+ gO NO D P N02 '

2 (60 fmol, 50 %) ©ComPpOSition 5 fmo, 20 %):

». NO '

Diffusion (30 fmol, 40 %):

Extracellular burst detected
through the “artificial synapse
configuration”

Figure 6.4 Reaction scheme describing the behavior of ROS and RNS during an oxi-
dative burst when a single human fibroblast is physically stimulated.'*®
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quantities of each species indirectly reflect the release of equimolar amounts
of superoxide and NO by the fibroblast cell (60 fmol of each).

The simultaneous detection of ONOO™, NO and H,0, is proof that the NO
and O, sources are actually different and located in different cellular com-
partments approximately 700 nm apart (Figure 6.5). At the same time, the
central involvement of NOX and NOS in the oxidative burst was proved by
studying the effects of catalase or peroxidases (scavengers of H,0,), as well as
N-ethylmaleimide (NEM; inhibitor of NOX) and N°-monomethyl-r-arginine
(NMMA; competitive inhibitor specific to NOS).'>'®

It is important to note that, in 2007, Bedioui and coworkers presented
an electropolymerized manganese (Mn) tetraaminophthalocyanine thin
film C-Pt UME for the electrochemical detection of ONOO™ in solution. The
authors demonstrated a real- time calibration curve of the amperometric
determination of a stable ONOO™ aqueous solution at pH 10.2 with a sensi-
tivity of 14.6 nA mM " and detection limit of 5 uM."”

In conclusion, it was established by our group in the early 2000’s that:

(i) The use of a C-Pt fiber UME in an “artificial synapse” configuration above
a cell, together with micromanipulator-controlled stimulation using a
capillary to puncture the cell membrane, triggers oxidative stress (or
“oxidative bursts”) in different cells types (originally fibroblasts).

(ii) These ROS and RNS bursts are not composed of species present below
the cell membrane ready to be delivered upon stimulation, but are

H202
T ONOO  —» NO,°

/L

NADP* NADPH

L-Arginine L-Citrulline

Figure 6.5 Simplified scheme of ROS/RNS production through the NOX and NOS
enzymes in the cell membrane. Adapted from Verchier et al.”*
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actually active secretions triggered by the physical stimulation, as
shown by the intensities and duration of the oxidative spikes monitored.

(iii) Itis possible to identify the exact nature and composition of the burst,
that is to say, the four species NO, , NO, H,0, and ONOO", which can
be identified through reconstructed voltammograms (by amperome-
try step by step every 5 mV) obtained in vivo on a single cell (direct vol-
tammetry being impossible because of the too high capacitive current
offered by the platinized black Pt modified surface of the UME).

(iv) Two enzymes, NOS and NOX, are implicated in the production of the
original primary species of the oxidative burst, NO and O," ", respectively.

(v) The advantages of this method operating at the single cell level are that
measurements are taken in real time, it is sensitive, the fast response
time is adapted to the kinetics of the oxidative phenomenon, and it is
selective for the four aforementioned species. On the other hand, the
single cell level has the drawbacks of long procedures and the selectiv-
ity is offered by the potential.

(vi) ONOO, a very unstable species, can be identified and monitored
directly with the desired sensitivity on a single living cell with C-Pt
fiber UMEs provided that one uses the “artificial synapse” configura-
tion (because of its half-life of less than a second at 25 °C) and a carbon
UME modified with an electrodeposition of black Pt.

Such results, especially taking into account the rather short activation
time (initiated by the physical stimulation of less than one tenth of a sec-
ond), appear to be extremely important owing to the likely involvement of
peroxynitrite in several human pathological conditions.

6.2.3 Implications of Peroxynitrite in Numerous Biological
Mechanisms as Detected by Electrochemistry

In this section, we would like to emphasize different studies in which the
biological role of peroxynitrite species is highlighted during the burst of
other ROS and RNS. We also wish to shine more light onto important discov-
eries regarding the biological synthesis of ONOO™ that were made possible
by treatment with the enzyme inhibitors NOS and NOX, and development
of different types of stimulation methods: either physical stimulation with
the plain glass capillary method described above or biochemical means
with interferon-y (Int-y)/lipopolysaccharide (LPS) for inducible NO synthase
(iNOS) activation and also possibly phorbol 12-myristate 13-acetate (PMA)
for NADPH activation."'®"

6.2.3.1 Physical Stimulation

In all of the following examples, physical stimulation was used to initiate ROS
and RNS secretion in the “artificial synapse” configuration and their secre-
tion was measured with C-Pt fiber UMEs. In 2004, our group investigated
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oxidative stress in cancer prone xeroderma pigmentosum (XP) fibroblasts.
Indeed, sun exposure is clearly implicated in premature skin ageing and
neoplastic development. These features are exacerbated in patients with XP,
a hereditary disease associated at the cellular level with DNA repair defects
and low catalase enzyme activity. The implications of oxidative stress in the
defects and cancer proneness of XP skin cells (keratinocytes, fibroblasts) are
multiple and remain unclear. They were investigated in our study at the level
of a single fibroblast by the electrochemical method already described above,
i.e., using a C-Pt fiber UME in the “artificial synapse” configuration and phys-
ical stimulation with a capillary. The oxidative bursts produced by fibroblasts
from normal strains were compared with those of fibroblasts from abnor-
mal ones. All abnormal strains provided responses of higher amplitude and
duration than controls. The nature of these species was investigated and it
was revealed that cancer prone XP fibroblasts produced higher amounts of
0, and H,0,, and lower amounts of NO and ONOO™ than normal fibro-
blasts. Yet the kinetics of release of H,0, are directly related to those of O, ",
while the kinetics of ONOO™ are a function of the kinetics of both O,"” and
NO release. A faster decrease in NO production than O,”” was observed in
abnormal fibroblasts, with ONOO™ kinetics following NO kinetics, suggest-
ing that ONOO™ was probably generated in shorter time periods and then in
lower quantities than H,0,. However, this explanation does not sufficiently
account for the observed 50% decrease in ONOO™. Thus, the authors suggest
that other conditions govern the production of peroxynitrite; for example,
the production of NO by iNOS in conjunction with or as a replacement of
constitutive NO synthase (cNOS). The simultaneous production of H,0, and
ONOO' further implies that the cellular location of NO generating systems
may vary so that diffusion of NO towards O, ~ generating sites takes more
time when the paths leading to cross-coupling are longer. This would lead to
lower quantities of peroxynitrite because of the competitive disproportion-
ation of O, into H,0, vs. its reaction with NO. These hypotheses will be
tested and confirmed in later publications by the group.*

The group of Amatore published a paper in 2006 in which they monitored
in real time the release of ROS and RNS by a single macrophage stimulated
by mechanical depolarization of its membrane. Macrophages are key cells
of the immune system and during phagocytosis they engulf a foreign bacte-
rium, virus or particle into a vacuole, the phagosome, wherein oxidants are
produced to neutralize and decompose the threatening element. In the work
by Amatore and colleagues, RAW 264.7 macrophages were shown to secrete
ONOO" (9 fmol), NO (14 fmol) and NO,™ (6 fmol), while H,0, (5 fmol) was
produced at lower levels. Evaluation of the original O, and NO production
by macrophages was calculated using two equations:*'

(@0 )™ =2(@0)" + (P onoo )™ + (@) (6.4)

(@00)™ = (o)™ + (P onoo ) +(P o) (6:5)


http://dx.doi.org/10.1039/9781782622352-00096

07:54:18.
Published on 16 October 2015 on http://pubs.rsc.org | doi:10.1039/9781782622352-00096

View Online

Real Time Monitoring of Peroxynitrite by Stimulation of Macrophages 111

Under the experimental conditions, macrophages were not preactivated by
immune factors but through sudden physical depolarization of their mem-
brane. In this case, the observed NO production necessarily arises from a
constitutive pool of NO synthase (NOS) enzymes (also named eNOS for endo-
thelial NOS or NOS-III type). This line of evidence, in terms of the kinetics
of activation of the cell response, is supported by the known effect of NOS
inhibitors. Therefore, the ability of RAW 264.7 macrophages to produce
ONOO™ was clearly established in this work. In a subsequent study, the oxi-
dative response of macrophages was examined under conditions of immu-
nological activation in order to offer a comprehensive view of the dynamics
of O,"” and NO derivatives during phagocytosis (vide infra).>* PLB-985 cells,
originating from a myeloid cell line prone to differentiate into neutrophils or
monocyte-like phagocytes, were investigated with real time selective electro-
chemical detection of each ROS or RNS using a C-Pt fiber UME and physical
stimulation. The results showed that there was high NOS activity in these
cells (means of 14 fmol of NO vs. 7 fmol of O,"” for the reconstructed primary
fluxes for individual cells) and, even more surprisingly, NOS was able to pro-
vide NOX activity in cells where NOX2 was knocked out.

Indeed, deactivation of the enzyme NOX leads to annihilation of the for-
mation pathway of NO,” and peroxynitrite because they arise from the reac-
tion of NO and O, ". However, in this study, superoxide was still produced
on cells where the NOX system was knocked out. This was confirmed using
inhibitors of ¢cNOS and iNOS by, respectively, .-NAME and 1400W.** A study in
2008 showed that vitamin C, known as ascorbic acid, acts as an antioxidant
agent in these PLB-985 cells but as a pro-oxidant in RAW macrophages. Incu-
bation of each cell type with ascorbic acid appears to have an effect mainly on
the production of primary RNS, that is to say NO, and only a small effect on
peroxynitrite production.”* Antioxidant and pro-oxidant activities of B-lapa-
chone and a-lapachone were also investigated in macrophages. Once again,
the technique allowed the detection of ONOO™ and the reconstitution of the
original O,"” and NO fluxes. Different mechanisms involving opposite reac-
tivities of quinones in living cells mainly depending on incubation times and
the quinone formula (pharmacologically active or inactive isomer forms of
lapachones) were proposed.” Another similar work implicated the azido moi-
ety in oxidative stress when studying the pro-oxidant properties of azidothy-
midine (AZT; the first drug approved for HIV treatment) and other thymidine
analogs in macrophages. Owing to the presence of peroxynitrite detected with
the electroanalytical method, nitrative and nitrosative properties were sug-
gested for one of the thymidine analogs.?® Another study examined the oxida-
tive stress responses of MG63 osteosarcoma cells and showed, on average per
single cell, a prominent release of RNS (5 fmol of NO, ", 6 fmol of ONOO™ and
17 fmol of NO) with a small quantity of H,0, detected (2 fmol). This work
confirms, via the important NO/O,"~ and NO/H,0, ratios, that the ability of
the osteosarcoma cells to form malignant bone was related to a high level of
secretion of NO and a low level of O,"~.*” Finally, quantitative analysis of ROS
and RNS production in breast cancer cell lines incubated with ferrocifens
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(an original class of ferrocifen-type breast cancer drug) demonstrated that
peroxynitrite plays a role in this context, in particular for MDA-MB-231 cells
after incubation with the ferrocifen Fc-OH-Tam (corresponding to the struc-
tural combination of hydroxytamoxifen and ferrocene).?®

All of these results shine more light on the role of peroxynitrite (detected
by amperometry with physical stimulation using a plain glass capillary and
a carbon fiber platinized UME in the “artificial synapse” configuration) in
various physiological mechanisms, diseases and biochemical studies of anti-
oxidant molecules including, respectively, phagocytosis, HIV, breast, skin or
bone cancers, lapachones and the anti- or pro-oxidant effects of vitamin C, as
well as the cooperative roles of NOS and NOX, the two enzymes responsible
for, in fine, the formation of ONOO™ from NO and O,"".

6.2.3.2 Biochemical Stimulation

In a study by Nathan and colleagues, biochemical stimulation was employed
to elicit secretion of ROS and RNS. Notably, macrophage cells were activated
by Int-y and LPS in order to induce expression of iNOS (NOS-II type), which has
been shown to produce large amounts of NO over a long time period.*® Indeed,
Int-y and LPS are required for synergistic activation of the iNOS promoter. The
reactive mixture released by single cells was analyzed, in real time, by amper-
ometry at C-Pt microelectrodes. In 2008, the sequence of work on peroxyni-
trite detection in macrophages involved in phagocytosis changed the method
of stimulation to these biochemical means rather than the physical stimula-
tion described above. All of the electrochemical considerations reported in
Section 6.2.2 led the authors to propose a system of four equations with four
unknowns to determine the contribution of each of the four oxidative stress
species detected (ONOO, H,0,, NO and NO, ) using the measurements of the
currents at the four potentials (300, 450, 650 and 850 mV vs. SSCE):

™ =Lio, + oo + o + Ino + 1y, (6.6)
™ =Ly +1 0 + Iy (6.7)
™™ =0.991, , +0.90I_ (6.8)
r'"™ =085, , +0.29I_ (6.9)

This system of linear equations is readily solved to provide the individual
current contributions of each of the four individual species for carbon pla-
tinized fiber UME with a charge of black Pt at the tip of 5 pC. The emission
fluxes of each species (Pgpecies) can then be calculated from their respective
current intensities obtained above, by using Faraday’s equation:

Ispecies

djspecies = pecics < F (610)
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where 7, 1S the number of electrons per molecule exchanged for oxida-
tion and F is the Faraday constant. Moreover, the current may be time inte-
grated to provide the overall detected charge over any time interval. Thus,
direct evidence for the formation of ONOO™ in stimulated macrophages has
been presented. Measurements of the ROS and RNS released by a single
biochemically stimulated macrophage were obtained and compared with
those from physical stimulation (Table 6.3).

In this case, amperometry offered the possibility of real time detection
with a much better time resolution than the fluorometric method, for exam-
ple. Indeed, the amperometric responses presented two distinct behaviors of
release: weak broad secretions and sharp amperometric spikes (Figure 6.6).

Interestingly, the large and wide peaks could feature the quasi-continuous
detection of ROS or RNS, such as NO or ONOO", which are known to freely
diffuse across cellular membranes,’** while the keen ones could suggest
cellular events such as exocytosis of phagolysosomes.*** In the same work,

Table 6.3 ROS and RNS released by a single stimulated RAW 264.7 macrophage
depending on the stimulation (biochemical vs. physical).

ROS/RNS
stimuli H,0, (fmol) ONOO™ (fmol) NO (fmol) NO,™ (fmol)

Int-y/LPS bio- 0 7.5+0.9 8.9+1.9 4.0+1.3
chemical
stimulation

Physical 5+1 9+1 14+2 6+1
stimulation

14 I gZ g 10
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0 . 07 N
10 1 1105 1110 1115 2300 2350 2400
—_— Time (s) Ti
<& 8 " ; me (s)
S 6
5
O 4
2 L] m ‘
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Figure 6.6 Representative amperometric response from a single Int-y/LPS-stim-
ulated macrophage (450 mV vs. SSCE after 19.5 h stimulation). Two
amperometric spikes are displayed as insets. Adapted from Amatore et al.**
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under conditions mimicking an in vivo inflammatory situation, the presence
of ONOO', but not H,0,, was again detected amongst the complex cocktail
of ROS and RNS produced. The lack of H,0, is probably due to the absence of
NOX stimulation by Int-y/LPS biochemical means that led consequently to
very low fluxes of O, ~ (which later gives H,0, by disproportionation) and
thus non-discernible fluxes of H,0, even with the low S/N ratio reached here
(0.3 pA). Finally, the presence of 1400W, a selective iNOS inhibitor, or per-
oxynitrite scavengers led to almost complete attenuation or at least diminu-
tion of half of the amperometric response of activated RAW 264.7 cells. The
majority of the reactive species released by a macrophage are thus likely to
be derived from NO and O,’” that have been co-produced by iNOS. This is
likely to be the first direct evidence that ONOO™ is released by immunologi-
cally activated macrophages.** Next, the effects of SOD mimics, either Mn"
pentaazamacrocyclic or 1,2-diaminoethane based Mn(11) complexes, on mac-
rophages’ production of ROS and RNS were studied. These SOD mimics are
metalloenzymes involved in the control of O,"” concentration and, as a con-
sequence, the limitation of ONOO™ production. Efficient SOD mimics need
to combine important properties such as choice of the metal, ligand, redox
potential and chemical activity towards O,"", etc. In the studies reported
here, estimation of the efficiency of Mn-SOD mimics (Scheme 6.1) in real
conditions towards an oxidative stress situation at the single cell level (mac-
rophages) was proposed using amperometry.

The first complex tested (Mn" pentaazamacrocyclic SOD mimics) had a
rigid pentadentate ligand, relatively good SOD activity of 10’ L mol™ s™ and,
interestingly, NO dismutase activity (of 10° L mol™ s™). Pre-incubation with
RAW 264.7 macrophages under the biochemical stimulation cited above (Int-
y/LPS) showed a total disappearance of ONOO™ and NO, consistent with its
chemical properties. This is probably the first time that a chemical compound
with promising pharmacological properties (protective effects for the treat-
ment of inflammation and inflammation-related diseases) has been reported
to efficiently remove both O, and NO, and thus ONOO", by transforming
them into more benign species and without altering the normal enzymatic
pathways for their production. The direct reaction of the complex itself with
ONOO" was also proved by CV.** The other 1,2-diaminoethane based Mn(11)

_ - 2@

Scheme 6.1 Structures of the two Mn-SOD mimics whose activities have been
investigated in real biological conditions by using the “artificial syn-
apse” configuration.?>3¢


http://dx.doi.org/10.1039/9781782622352-00096

07:54:18.
Published on 16 October 2015 on http://pubs.rsc.org | doi:10.1039/9781782622352-00096

View Online

Real Time Monitoring of Peroxynitrite by Stimulation of Macrophages 115

complex (SOD activity of 7 x 10° L mol™* s™") was tested in the same conditions
of incubation with Int-y/LPS for iNOS and PMA for NADPH activation. This
SOD mimic was shown to reduce the flux of ONOO™ by a factor of five and,
surprisingly, with a smaller increase in H,O, than would have been expected
in the case of pure SOD activity. This suggests again a direct reaction of the
complex with ONOO™ and H,0, (catalase activity).*

All the examples presented here, either with physical or biochemical stim-
ulation of single cells, established the power and versatility of direct amper-
ometric measurements by “artificial synapses” coupled to the modification
of carbon UMESs by the black Pt dendritic deposit for the detection of ROS/
RNS such as ONOO".

6.3 Analytical Evolution of Electrochemical
Detection

6.3.1 Adapted Protocols from the “Artificial Synapse”
Configuration

As described in the previous sections, many benefits can be taken from the
electrochemical detection of peroxynitrite during an oxidative stress situa-
tion by using C-Pt fiber UMEs in the “artificial synapse” configuration: real
time measurements, quantification of fluxes and amounts of matter, and
detection of peroxynitrite with other important reactive species. Unfortu-
nately, two main drawbacks remain and possibly limit the use of such meth-
odology in certain cases. The first drawback is related to the analysis at the
single cell level by chronoamperometry. In order to overcome the cell vari-
ability, between 30 and 50 measurements are needed for each potential value
in order to provide statistically significant information. Because four species
are considered, this means that examining the effect of a single experimental
condition or treatment requires from 120 to 200 measurements at the sin-
gle cell level, which is time consuming, especially in the case of biochemical
stimulation (length of time of release being ~1 h for one cell). The second
drawback is related to the experimental configuration. The electrochemical
sensor is located in the extracellular medium and is thus unable to detect
intracellular ROS/RNS production, which can be a matter of interest espe-
cially in the case of phagocytosis.

One way to reduce the number of experiments with single cells is to mod-
ify the electrochemical technique involved in the methodology from single
applied potential chronoamperometry to triple-potential-step chronoamper-
ometry." In this way, a repetitive sequence of three potentials (+300, +450 and
+650 mV vs. SSCE) can be applied to the C-Pt fiber UME in order to achieve,
on the same single cell, measurements usually performed on three differ-
ent cells. The analytical feasibility of this strategy has been demonstrated
on Int-y/LPS/PMA-stimulated macrophages and consistent amounts of ROS/
RNS (H,0,, ONOO™ and NO) were found after appropriate data treatment.
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However, each change of working potential during the recording induces a
significant and undesired charging capacitive current that combines with the
faradaic information. As a consequence, the relatively large time constants
for C-Pt fiber UMEs impose a “blank-time” period in which the capacitive cur-
rent cannot be neglected and thus limits the temporal sampling resolution
(optimized here to one point per 60 s). This rather weak sampling frequency
thus limits the scope of the triple step method to slow kinetics of release, but
remains suitable for immune-stimulated oxidative stress situations. Further-
more, the fourth potential value (+850 mV vs. SSCE) was not included into the
sequence due to great dispersion from the baseline current. Therefore, the
potential-step method did not measure NO,™ in this case.

A second and complementary strategy to prevent long and tedious mea-
surements is to extend the protocol to a cell population without losing
the analytical benefits of the “artificial synapse” configuration.*” It can be
done by using a microfluidic device made with a detection chamber con-
taining a three electrode system (including a Pt band working electrode)
in which macrophages can be cultured before appropriate stimulation.
ROS/RNS production was thus measured by amperometry at the surface
of the platinized microelectrode at the cell population level with good
reproducibility.

As stated above, depending on the stimulation, ROS/RNS can be partially
produced in the intracellular medium, while the “artificial synapse” configu-
ration involves an extracellular sensor. This is why inserting a nanoelectrode
within a single cell has recently been considered and has been demonstrated
as a noninvasive technique.*® However, electrochemically detecting the four
species mentioned above (H,0,, ONOO", NO and NO,) still necessitates a
black Pt surface. Such modification was performed through the etching of
the nanoelectrode glass tip and subsequent black Pt electrodeposition within
the recessed cavity.*® The ability of corresponding black Pt nanoelectrodes
to electrochemically detect H,0,, ONOO™", NO and NO, has been demon-
strated with good reproducibility. Finally, the manual insertion of such a
nanoelectrode within a single living macrophage has also been performed
and allowed a first comparison between intracellular and extracellular ROS/
RNS production.

6.3.2 Other Examples

While they will be mentioned in more details in other chapters of this
book, complementary approaches have been considered by other groups.
As an example, Bedioui and colleagues reported recent studies related to
the use of microelectrode arrays for which NO and ONOO™ are the two spe-
cies of interest.” Arrays (from 7 to 110 UMEs) were designed to gather two
networks, each one devoted to the detection of only one species, NO,™ or
peroxynitrite. The whole strategy consisted of associating two selective elec-
trochemical methods of detection at two different parts of the microdevice.
On the one hand, selective oxidation of NO was allowed through a chemical
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modification of the gold (Au) surface electrodes [thin layers of poly(eugenol)
and poly(phenol)] at +0.8 V vs. Ag/AgCl, while on the other hand, electro-
chemical detection of peroxynitrite was ingeniously performed on uncoated
Au electrodes without any further chemical modification of the surface
through reduction of ONOOH in PBS at a moderate potential value (0.1 V
vs. Ag/AgCl).*! The simultaneous and selective detection of NO and ONOO™
has thus been demonstrated with standard solutions or precursors in the
presence of interferents (H,0,, dopamine, ascorbic acid, NO,). It is import-
ant to note that the electrochemical detection of oxidative stress strongly
depends on the purpose of the study and that H,0, and NO, are viewed
here as interferents while they are considered as species of interest in other
investigations.

This type of microelectrode array has been extended to the detection of
NO/ONOO™ at the cell population level with arrays containing over 2400 Au
UMEs.* Suspensions of PMA-activated HL60 cells (3 million) producing O, "
were tested in the presence of an exogenous NO donor. The feasibility of
using such devices for biological systems was shown through the successful
simultaneous recording of NO/ONOO' in that study. It is worth noting that
the inter-electrode distance is significantly larger (at least ten times) than
the UME dimensions (r = 20 um) to avoid coupling of the diffusion layers
and to ensure that the obtained current will only track the concentration of
the species released and no cross-electrochemical feedback. Other recent
works have examined peroxynitrite coupled detection with electrophoresis
and electrochemistry,* electrochemical detection of NO, superoxide and per-
oxynitrite," and electrochemical monitoring in microchannels with highly
sensitive Pt-black coated Pt electrodes for NO, , NO, H,0, and peroxynitrite
analytical detection.”*® These studies suggest that many more works deal-
ing with detection of peroxynitrite from cells in microsystems will blossom
in the near future.

6.4 Conclusion

In this chapter we have tried to show how peroxynitrite emerged as an
important contributing agent in oxidative stress thanks to the development
of electrochemical measurements with “artificial synapses” at platinized-
carbon UMEs. This methodology has indeed provided many examples of the
unsuspected biological involvement of peroxynitrite, whose role in oxidative
stress is now considered to be as important, if not more, than that of H,0,.
However, as discussed in this chapter, the “artificial synapse” methodology
is restricted to single cell analysis. Single cell analysis provides information
on cellular variability, but this is not really a drastic piece of information at
the present level of research on oxidative stress. Conversely, with single cell
measurements a huge amount of experimental data is required to produce
statistically significant information, precisely to eliminate the effect of cellu-
lar variability. This has stimulated the development, in our group and among
others, of microchips in which a batch of a few tens of cells can be analyzed
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in

order to produce information insensitive to cellular variability and rela-

tive to the action of antioxidants or drugs effecting oxidative stress. These
microchips are opening a new era and we have no doubt that their tandem
use with single cell analysis will open new perspectives of ONOO™ and its role

in health.
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7.1 Introduction

Peroxynitrite (ONOO") is a powerful oxidant produced from the reaction of
nitric oxide (NO) and superoxide (O, ). In healthy cells, a balance exists
between endogenous antioxidants and pro-oxidants to prevent oxidation,
nitrosation, and nitration reactions with cellular macromolecules, as well as
reactions of peroxynitrite with small molecules such as carbon dioxide. How-
ever, when this system is not in homeostasis, ONOO™ can cause cytotoxicity
by reacting with important biomolecules such as proteins, nucleic acids, and
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lipids, resulting in inhibited or altered function."” For this reason, peroxyni-
trite has been linked to a number of disease states including cancer, stroke,
myocardial infarction, atherosclerosis, hypertension, chronic heart failure,
Alzheimer’s disease, Parkinson’s disease, multiple sclerosis, and amyotrophic
lateral sclerosis."*

Peroxynitrite is known to react with numerous intracellular molecules or
degrade to produce other reactive nitrogen and oxygen species (RNOS), includ-
ing nitrite (NO,"), nitrate (NO;"), nitrogen dioxide, NO, carbonate radical, and
hydroxyl radical (Figure 7.1)."*°® Many of these species interfere with fluores-
cence and electrochemical detection methods for peroxynitrite.’ Therefore, to
better understand the role of ONOO™ in disease, a separation method to iso-
late peroxynitrite from potential interference is necessary. Peroxynitrite natu-
rally degrades into NO,” and NO;".” Several capillary electrophoresis (CE)- and
microchip electrophoresis (ME)-based methods have been reported to mea-
sure these two degradation products in biological matrices.'”" Less work has
been done on the separation and direct detection of ONOO".

Peroxynitrite is difficult to detect directly in biological samples due to its
very short half-life (<10 ms), which is due to its many reactions with intracel-
lular macromolecules and small molecules. However, under alkaline condi-
tions, the half-life is greatly increased because the compound is kept in its
more stable anionic form.'® At pH values lower than 10, a significant amount
of the protonated form of peroxynitrite [peroxynitrous acid (ONOOH)] exists
that readily degrades into NO,™ and isomerizes into NO;"."” CE and ME meth-
ods are particularly well suited for separations at a high pH because, in con-
trast to most chromatographic methods, there is no silica stationary phase
that can be dissolved. Additionally, electrophoresis typically provides faster
and more efficient separation for small ions than chromatography. There-
fore, the use of CE and ME is advantageous for peroxynitrite separations
because the sample can be analyzed quickly in a high pH run buffer.

Currently, only ultraviolet (UV) absorbance and electrochemical detection
(EC) have been used to directly detect peroxynitrite following CE and ME."$2°

*NO 0,

\ / ONOO~
H+

ONOO~ <= ONOOH NO,™ + 0, + H*

7 NO,™ +H*

[ONO#*OH]
[ONOOCO,] ™~

co,

‘NO, + *OH

NO;™ + CO, *NO, + CO5*" 7-’3-Nitrotyrosine

Tyrosine

Figure 7.1 Diagram of ONOO reaction pathways. Adapted from ref. 8 with
permission from Elsevier.
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These two techniques are easily coupled to conventional CE, while electro-
chemical detection is more compatible with ME. This is because the planar
format of ME makes it more challenging to incorporate absorbance detec-
tion without the use of fiber optics.

This chapter reviews the electrophoretic methods that have been devel-
oped for the separation and subsequent detection of peroxynitrite as well as
its metabolites and degradation products.

7.2 Electrophoresis

Electrophoresis describes a family of techniques that separates molecules
based on the ratio of their charge-to-hydrodynamic radius. In this method,
the capillary or channel is first filled with a buffered solution, followed by the
injection of sample and subsequent application of a high voltage to induce
the separation. In conventional slab gel electrophoresis, the gel is incorpo-
rated into the system to cause molecular sieving of large molecules as well as
to reduce Joule heating. CE and ME can be used to separate both large and
small molecules.”’?® Once the capillary or channel is filled with run buffer,
the sample is injected at one end and then a voltage is applied across the sep-
aration region. Following the application of an electric field, anions migrate
toward the positive electrode (anode) and cations migrate toward the nega-
tive electrode (cathode). Neutral molecules will not move because they are
unaffected by the electric field (Figure 7.2A). The velocity at which the ion
will migrate toward its respective electrode (v) is defined as:

v=uE (7.1)

where E is the strength of the electric field and y is the ion’s electrophoretic
mobility.”"*? Since each ion has a unique electrophoretic mobility, it is possi-
ble to separate multiple ions simultaneously in an electric field. The electro-
phoretic mobility is defined as:

__4
# é6nnr

(7.2)

where g, 5, and r are the net charge of the molecule, viscosity of the run buf-
fer, and solvated ionic radius of the molecule, respectively.*?

7.2.1 CE

CE is a commonly used separation technique, and, therefore, its theory and
applications have been heavily reviewed.*'

In CE, separations are performed in a fused silica capillary that is typically
20-100 cm long with an internal diameter of 10-200 pm (Figure 7.2B). A bulk
flow called the electroosmotic flow (EOF) is generated due to the presence of
an electric double layer (EDL) at the wall of the fused silica capillary. The wall
is negatively charged above pH 3 due to the presence of ionized silanol groups.
As the pH increases, more silanol groups are deprotonated, resulting in a more
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Figure 7.2 (A) Diagram of the separation of molecules in an electrophoretic system
based on their charge-to-hydrodynamic radius ratio. (B) Schematic of a
typical CE setup. (C) Schematic of the electrical double layer on a fused
silica capillary. (D) Sample electropherogram obtained under normal
polarity separation conditions. OHP: outer Helmholtz plane.

negatively charged wall and thicker EDL. It is the attraction of the solvated cat-
ions present in the background electrolyte (BGE) to the capillary wall that forms
the EDL. The EDL consists two parts: (1) a compact layer of solvated cations
that are strongly attracted to the negatively charged wall; and (2) a diffuse layer
of solvated cations that have a weaker attraction to the wall (Figure 7.2C). When
avoltage is applied across the capillary, the solvated cations in the diffuse layer
migrate toward the cathode and drag the bulk solution with them, causing the
EOF. In the presence of this EOF, the apparent (experimental) mobility of a mol-
ecule (u,,p) in the capillary will be the vectorial sum of the molecule’s actual
electrophoretic mobility (x.,) and the mobility of the EOF ().

ﬂapp ::uep +/ueof (73)

In “normal polarity” CE, a positive voltage is applied across the capillary
and detection occurs at the cathode. In this case, cations are moving in the
same direction as the EOF and, thus, will be detected first. Meanwhile, anions
will be attracted to the anode but will still be dragged to the cathode by the
EOF as long as the g, is larger than the g, of the compound of interest.
The EOF also causes the movement of neutral species down the capillary at
the same velocity as the bulk flow (Figure 7.2D). The major advantage of EOF
for CE separations is the ability to detect most of the molecules present in a
system at one end of the capillary in a single run regardless of their net charge.
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The magnitude of the EOF is dependent on a number of factors. In partic-
ular, the ionic strength of the run buffer used for the separation will change
the magnitude of the EOF because it directly influences the zeta potential
of the EDL. The zeta potential is defined as the potential at the shear plane
between the adsorbed and mobile layers of the EDL. Therefore, it describes
the strength of electrical attraction between the buffer ions and the charged
wall. A decrease in the ionic strength will cause an increase in the zeta poten-
tial, thus increasing the magnitude of the EOF. This faster EOF will lead to
shorter migration times; however, it could also lead to decreased resolution.
Additionally, high ionic strengths can lead to Joule heating within the cap-
illary, causing convection and a reduction in the separation efficiency. In
extreme cases, the temperature increase can cause the buffer to outgas and
form bubbles, which will interrupt the electrical current through the capil-
lary. Therefore, the run buffer must be optimized to produce the ideal EOF
strength and provide the best separation possible.

Surfactants can be added to the CE run buffer to dynamically modify the
EOF within the capillary. A cationic surfactant, consisting of a positively
charged head group and a nonpolar tail, can be added to the run buffer to
reverse the EOF. These surfactants adsorb to the walls of the capillary and
form a bilayer that creates a positively charged wall. When using reverse
polarity (applying a negative electric field across the capillary), the EOF will
flow toward the anode, and the order in which the molecules migrate will
be reversed. This approach is ideal for the separation of small, negatively
charged molecules such as ONOO", as well as its anionic metabolites and
degradation products.

7.2.1.1 Sample Injection in CE

Samples are introduced into the capillary for CE by either hydrodynamic or
electrokinetic injection.*” Hydrodynamic injections are based on a pressure
difference between the sample and the capillary. The amount of sample that
enters the capillary is dependent on the injection time, pressure, and run
buffer viscosity. On the other hand, electrokinetic injections use an applied
voltage to introduce ions into the capillary. This form of injection is size and
charge biased because each sample component is injected based on its elec-
trophoretic mobility, which leads to higher amounts of small ions of the same
charge being injected compared with larger ions.>” Therefore, this approach
can be advantageous for some analyses because the injection process can be
used to selectively inject small anions while minimizing the amount of large
anions, neutral molecules, and cations that are injected into the capillary.

7.2.2 ME

ME separations are based on the same principles as those in CE.>* Analytes
are separated based on their electrophoretic mobility, while also taking the
EOF into consideration. However, separations on microchips are accom-
plished in a separation channel that has been fabricated in a planar substrate
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instead of a capillary.”**® Therefore, ME has some distinct advantages and
disadvantages compared with CE.

The separation channels used in ME are normally much shorter than
capillaries used in CE. Typical channel lengths are 5-15 cm compared with
the 20-100 cm capillaries needed for CE. However, the electric field applied
across the separation channel is still comparable to that of a CE system,
making it possible to perform sub-minute separations on these devices.
This makes it an ideal approach for the separation of unstable or highly
reactive species, such as ONOO™. A simple-t microchip design, as shown in
Figure 7.3, is commonly used for ME. Typically, the separation and sampling
channels and reservoirs are filled with run buffer and sample, respectively,
and a high voltage is applied across the sample and separation channels,
using a high-voltage power supply, by placing platinum (Pt) electrodes in
reservoirs at both ends of the channels.*

Microchips can be fabricated from glass, silicon, low-temperature co-fired
ceramics (LTCC), and polymer materials, such as poly(dimethylsiloxane)
(PDMS), poly(methyl methacrylate) (PMMA), cyclic olefin copolymers (COC),
and polyesters, among others.>”** Conventional microfluidic devices made of
glass or polymers are commercially available and can be fabricated in-house
using photolithography or, for some polymeric substrates, hot embossing
techniques.

The fabrication of microchips for electrophoresis consists of transferring
micrometric structures, such as reaction microchambers and microchannels,
from a photolithography mask to a substrate. For example, glass microchips
are produced by exposing a glass substrate previously coated with a positive
photoresist layer and a chromium layer to UV radiation. Next, the patterned
structure on the substrate is removed using a photoresist developer and the

Sample Sample
Buffer . Reservoir Waste
Reservoir (HV) (GRD)

PDMS
microchip

Figure 7.3 Schematic of a ME system that utilizes a simple-t microchip design with
a gated injection system. GRD: ground; HV: high voltage.
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exposed chrome surface is etched with an etchant. The exposed glass is then
etched with buffered oxide etchant to provide the channels. To complete the
microdevice, the substrate containing the channels is sealed against a second
piece of glass. This process usually requires the exposure of both substrates
to high temperatures inside a vacuum oven, which creates an irreversible
bond between the two glass substrates.?! Figure 7.4A summarizes the fabri-
cation of glass microdevices.

The major advantage of glass-based microchips is that the surface chemis-
try of the separation channel is similar to that of a fused silica capillary. This
makes transferring methods from CE to ME easier, and also, the presence of
the free silanols leads to a generally reproducible EOF. However, the fabrica-
tion process for these microchips is time-consuming and costly. Additionally,

(A) (B)
_~ Positive photoresist )

™~ Chrome layer

(U] Gli\‘SS ! '““*Negativephotaresist
¢¢¢‘i" light UV light
Livl||Livd L [

(m Glass () Si substrate

o [ o "

(v) ‘GI ' PDMS

ass {\” e
| | Si master

v Glass

vi v

Vi) Glass PDMS

Glass vy
Glass

Figure 7.4 (A)Fabrication of glass microfluidic devices. (I) Soda-lime glass is coated
with chromium and positive photoresist. (II) The substrate is covered
with a mask containing the microfeatures and exposed to UV. (III) The
photoresist is developed to remove UV exposed photoresist. (IV) The
unprotected chrome layer is etched. (V) Glass is etched. (VI) Photore-
sist and chromium layers are removed to reveal the microfeatures. (VII)
The substrate is sealed against a flat glass substrate to form the final
microdevice. (B) Fabrication of PDMS microdevices. (I) A silicon sub-
strate is used as the master substrate. (II) The negative photoresist layer
is deposited. (III) The substrate is covered with a mask containing the
microfeatures and exposed to UV to polymerize the photoresist. (IV)
Development of photoresist removes all non-exposed photoresist, leav-
ing only the microfeatures. (V) PDMS is poured over the silicon master.
(VI) PDMS containing the microfeatures is peeled off the silicon master
and (VII) sealed against another substrate (e.g., glass or PDMS) to form
the enclosed microchip.
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depending on the nature of the analytes, the microchannels can become
clogged during experiments; this blockage can be hard to remove on irre-
versibly bonded devices.

For these reasons, polymeric substrates are usually chosen for method
development. Of all the polymeric substrates available, PDMS is most com-
monly used due to its elastomeric properties, optical transparency, biocom-
patibility, low cost, and ease of fabrication.’** These properties make PDMS
ideal for device prototyping and analytical method development. The major
disadvantage of PDMS for ME systems is that the polymer surface is hydro-
phobic and contains relatively few silanol groups. The absence of a uniformly
charged surface causes the EOF to be unstable and leads to changes in the
migration times of analytes over the lifetime of the chip.*»* Thus, to improve
the stability of the EOF on a PDMS device, ionic surfactants, such as sodium
dodecyl sulfate (SDS), are often added to the running buffer as a dynamic
surface modification agent.’**” The hydrophobic tail of the surfactant inter-
acts with the hydrophobic walls of the channel, generating a charged surface.
Other surface modification methods include plasma treatment,*® chemical
vapor deposition,* layer-by-layer deposition,*® silanization," and modifica-
tion by covalent bonding.**

The fabrication of a PDMS device (Figure 7.4B) is fairly straightforward.
The first step is the fabrication of a silicon master using photolithography.
To fabricate the master, a negative photoresist is deposited over a silicon
substrate with a spin coater. The substrate is then covered with a transpar-
ency mask with the desired pattern and exposed to UV light. This causes
the exposed photoresist to polymerize, forming the desired microfeatures.
Then all non-polymerized photoresist is removed by developing the photo-
resist, and the features are hardened by baking the master at a 200 °C. After
this, the master is ready to be used as a mold for the microfabrication of
the device. The PDMS substrate is prepared by mixing the desired ratio of
its pre-polymer and cross-linking agent solutions, and pouring the mixture
over the silicon master. After curing the mixture, the polymeric substrate is
peeled off the silicon master and sealed to a flat piece of PDMS or another
substrate (e.g., glass containing working electrodes for amperometric detec-
tion) to form the final microdevice in which the electrophoresis separation
will be performed.

7.2.2.1 Sample Injection in ME

ME systems most commonly use either a gated or pinched injection for sam-
ple introduction. The gated injection is considered an electrokinetic injec-
tion. To perform this type of injection, a high voltage is applied to both the
buffer and sample reservoirs, which establishes a “gate” at the intersection of
the two voltages. The high voltage in the buffer reservoir is then floated for a
short time to open the gate and permit a small amount of sample to enter the
separation channel (Figure 7.5A). With a pinched injection, a high voltage is
first applied to the sample reservoir, and then sample is injected by applying
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Figure 7.5 (A) ME schematic for the gated injection process. (I) A gate is established
upon application of an external voltage to both the buffer and sample
reservoirs. (II) The voltage at the buffer reservoir is floated to allow the
sample to enter the separation channel. (III) The gate is reestablished,
thereby injecting the sample plug and starting the separation. (B) ME
layout for pinched injection. (I) Sample is loaded into sample reservoir.
(11) The injection channel is filled upon application of an electric field
between the sample and sample waste reservoirs. (III) The injection
occurs after switching the applied electric field to between the buffer
and buffer waste reservoirs. GRD: ground; HV: high voltage.
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a voltage in a perpendicular direction across the sample (Figure 7.5B). The
volume of the sample plug injected is based on the size of the intersection.
The advantage of using a pinched injection over a gated injection is that only
one high voltage power supply is necessary instead of two. However, gated
injections are more reproducible.

7.3 Detection Strategies
7.3.1 UV Absorbance

UV detection is one of the simplest methods for peroxynitrite detection. The
anionic form of peroxynitrite (ONOO") exhibits a maximum absorbance at A =
302 nm (¢ =1670 M' cm™).** This differs from that of the protonated form of
peroxynitrite (ONOOH), which has a 4,,,, of 240 nm, and NO,” and NO;” with
a Apax Of 214 nm. The use of a diode array detector (DAD) makes it possible to
monitor multiple wavelengths simultaneously and therefore detect all three
species in a single run. In this case, peroxynitrite can be distinguished from
NO,” and NO, based on its unique absorbance at 302 nm.*®

UV absorbance can be coupled with CE, but is rarely used in conjunction
with ME. Since most fused silica capillaries are coated with polyimide, a
small section of the coating can be burned off to produce a window for UV
detection. A disadvantage of coupling CE to UV detection is the very small
path length of the detection cell when compared with similar detectors for
liquid chromatography. According to Beer’s law, the path length is directly
proportional to the observed absorbance. Path lengths in CE are generally
25-100 pm. Therefore, CE-UV generally suffers from low sensitivity and high
limits of detection. ME systems have the same drawback, along with addi-
tional issues that can severely reduce sensitivity such as the optical proper-
ties of the glass or plastic substrate used to produce the microchip.

7.3.2 Amperometric Detection

Electrochemical detection in the amperometric mode (referred to as EC in
this chapter) is a technique that detects molecules based on their oxidation
or reduction at the surface of a working electrode. In amperometric detec-
tion, the working electrode is usually composed of metal or carbon and is
held at a constant potential vs. a reference electrode. A change in the far-
adaic current, which is proportional to analyte concentration, is observed
when there is an oxidation or reduction at the electrode surface.*** Only
electrochemically active species can be monitored with this technique, and
most biological samples contain many interfering electrochemically active
species.”® Since EC does not have a separation aspect, it can be coupled with
either CE or ME to increase the selectivity by separating the analytes of inter-
est from interferents.

Microelectrodes are the most commonly employed working electrodes
for ME and CE.**" They provide high signal-to-noise ratios (S/N) and are
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compatible with the dimensions of the capillary or separation channel.*****
Microelectrodes can be incorporated into ME more easily than CE due to
the planar format of ME devices. The most common microelectrode material
used for EC is carbon; however, metal microelectrodes [e.g:, Pt or palladium
(Pd)] facilitate better oxidation of ONOO™ and related compounds. Metal
electrodes can be fabricated either on top of or into a trench etched in a
glass substrate, and a PDMS microchip containing the separation channel is
aligned on top to complete the device.

Metal sputtering is the most commonly employed protocol for the fabri-
cation of metal electrodes on a glass substrate. First the glass substrate is
thoroughly cleaned and a layer of titanium (Ti) is deposited on the substrate
to increase metal adhesion. This is followed by the deposition of a second
layer consisting of the desired metal (Pt or Pd). Positive photoresist is then
spin-coated on top of the metal layer. To produce the microfeatures, a mask
containing the design of the microelectrodes is then placed over the sub-
strate and exposed to UV light. The non-exposed photoresist is then removed
by the developer. Excess metal is removed using aqua regia and Ti etchant.
The remaining photoresist is then removed with acetone or isopropyl alco-
hol, revealing the desired metal electrodes (Figure 7.6).

Even though this fabrication method is commonly used, the microelec-
trodes produced are very thin (approximately 100-200 nm) and can be easily
destroyed. When using these microelectrodes during the reversible sealing
and subsequent removal of the PDMS layer from a glass substrate, the micro-
electrodes can peel off the glass. This limits the number of times the elec-
trode plates can be used. More recently, the Lunte group has developed an
alternative fabrication method that consists of controlled etching of a trench
in the glass prior to metal deposition. This method provides electrodes that
are more rugged and can therefore be reused numerous times with new
PDMS substrates.*’

7.3.3 Conductivity Detection

The most popular way to perform conductivity detection in ME or CE is using
capacitively coupled contactless conductivity detection (C*D). C*D has been
extensively used in CE and ME because it is a universal detector that can pro-
vide label-free detection of the analytes of interest. In this mode of detection,
the electrodes do not come into contact with the solution inside the capillary
or separation channel. The detector response in C'D is proportional to the
conductivity of this solution when passing the electrodes.’® When an analyte
plug passes the electrode region, the conductivity in that region will increase
or decrease based on the difference in conductivity of the given analyte and
the BGE, thereby generating a signal.’"** Since no reaction occurs at the sur-
face of the electrodes, no electrode fouling is observed, and larger electrodes
(width up to 1 mm) can be used to simplify fabrication.*>** Additionally, C*D
is a non-destructive detection method that can be performed using non-
precious metals as electrodes, such as copper, aluminum foil, and adhesive
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Figure 7.6 Fabrication of metal electrodes on glass substrate. (I) A layer of Ti is
deposited on top of the glass substrate. (II) A layer of the desired elec-
trode metal is deposited on top of the glass substrate. (III) The substrate
is spin-coated with positive photoresist, covered with a transparency
mask containing the microfeatures, and exposed to UV light. (IV) The
photoresist is developed to remove all exposed photoresist. (V) Excess
electrode metal is removed with aqua regia. (VI) Excess Ti is removed
with Ti etchant. (VII) Non-exposed photoresist is removed to uncover
the microelectrode.

metal tape.’® This can provide simple and low cost fabrication methods that
can be coupled with other detection methods.>*®

In CE, C*'D is usually performed by placing two tubular electrodes around
the silica capillary, whereas in ME the electrodes are built into the planar
geometry and isolated from the microchannel by a dielectric material layer.>”

For ME-C’D of ONOO™ degradation, Vazquez et al. fabricated C*D electrodes
using a commercial printed circuit board (PCB) substrate containing a cop-
per layer on its surface (Figure 7.7).>® The electrode geometry was designed
using graphical software and then printed on a sheet of wax paper using a
toner cartridge printer. The printed toner layer was then heat-transferred
to the PCB surface using a hot embossing machine. Then, the copper not
protected by the toner layer was etched with an iron(111) chloride solution.
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Figure 7.7 Fabrication of copper electrodes for C'D detection. (I) A PCB substrate
containing a copper layer is used. (II) Electrode geometry is printed
in toner on waxed paper. (III) The substrate and waxed paper are put
together and submitted to heat and pressure. (IV) The toner layer is
transferred to the PCB substrate. (V) The copper layer is etched. (VI)
The toner layer is removed to reveal the copper electrode. Adapted from
ref. 53 with permission of The Royal Society of Chemistry.

Next, the toner layer was removed using acetonitrile to reveal the copper elec-
trodes. Using this approach, the authors demonstrated a simpler and more
cost-effective method than the more common photolithographic approach
needed to produce Pt electrodes on a glass substrate.

7.4 Electrophoretic Separation and Direct
Detection of Peroxynitrite

7.4.1 CE-UV

Frankenfeld et al. were the first to develop a CE-UV method for the detection of
peroxynitrite using a Hewlett-Packard®*” CE system with a DAD.'® The separa-
tion conditions for NO,”, NO; ", and peroxynitrite were initially optimized using
NO, and NO;™ standards due to the instability of peroxynitrite. Since these are
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both degradation products of peroxynitrite, they were also present in the per-
oxynitrite standard. The negative electrophoretic mobilities of NO, , NO;~, and
ONOO" are greater than the electrophoretic mobility of the EOF, so the anions
do not migrate out of the cathodic end of the capillary using normal polarity.
Therefore, to separate these molecules by CE, a cationic surfactant [dodecyl
trimethylammonium bromide (DTAB)] was added to the run buffer to reverse
the EOF. In addition, to keep the ONOQO" in its stable anionic form, run buffer
at pH 12 was used, and the optimal run buffer composition was determined to
be 25 mM K,HPO, and 7.5 mM DTAB at pH 12. Samples were injected using
an electrokinetic injection because this provided a bias toward small anions
when applying negative polarity. Peroxynitrite standards were run under the
optimized conditions at 302 nm, and the method was found to be linear from
0.545 to 35 mM of peroxynitrite with an R* = 0.995. The limit of detection (LOD;
S/N = 3) was experimentally determined to be 353 pM. The separation of per-
oxynitrite from NO,;” and NO, took about 6 min under these conditions."®

The method was then employed to monitor the degradation of a peroxyni-
trite standard at pH 12. As can be seen in Figure 7.8, peroxynitrite degrades
at a constant rate until about 80 min, after which the rate begins to vary.
Frankenfeld et al. hypothesized that this variation was caused by the modes
of decomposition shifting when the concentration of peroxynitrite decreases
to a certain point.’® At high concentrations, the peroxynitrite sample con-
taining both ONOO™ and ONOOH primarily degrades to NO,"; however, as
the concentration decreases, the isomerization of peroxynitrite into NO;
becomes the prevalent path of degradation.'”

~ 1S
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25 1

0 T T T T T T 1
0 20 40 60 80 100 120 140 160

time (min)

Figure 7.8 Degradation of peroxynitrite in alkaline conditions (pH 12). Reprinted
from ref. 18 with permission from Elsevier.
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This method was also used to analyze two peroxynitrite samples that were
synthesized using different procedures to determine their purity. Figure 7.9A
shows an electropherogram obtained from a peroxynitrite sample prepared
at the University of Kansas in Dr Schoneich’s laboratory. This sample was
prepared by bubbling ozone gas through a sodium azide solution at pH 12
and subsequently removing excess ozone from the solution with a potas-
sium iodide trap.*® The other peroxynitrite sample was a commercially avail-
able peroxynitrite standard; its respective electropherogram can be seen in
Figure 7.9B. Commercial peroxynitrite samples are usually prepared by react-
ing isoamyl NO,™ and hydrogen peroxide under alkaline conditions. Excess
hydrogen peroxide is then removed using a MnO, column.”® The concentra-
tions of peroxynitrite in both samples are comparable, and the profiles of
the electropherograms obtained at 214 nm differ only by the presence of an
unidentified peak and azide peak in the commercially available sample and
ozone-azide sample, respectively.'®

CE with UV detection was shown to be able to successfully separate and
detect peroxynitrite and its degradation products and synthesis precursors.
However, the LOD was not low enough to detect peroxynitrite in biological
samples.'® Furthermore, even though this method is very selective, the sep-
arations take several minutes. Since peroxynitrite is highly reactive and can
degrade quickly, a separation method with a better temporal resolution, such
as ME, would be highly beneficial.

7.4.2 ME-EC

In an attempt to improve both the temporal resolution (separation time) and
LODs for peroxynitrite, Hulvey et al. evaluated ME-EC for the direct detection
of peroxynitrite." A 3.5 cm simple-t PDMS/glass hybrid microchip with a 50 um

(A) NO, (8)
1004 1004 NO,
80 80
= = NO,
é 04 é &0 4 ONOO
8 8
5 404 5 a0 214 nm
£ £
S ]
a8 204 8 204
< <
302 nm
04 04
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] 1 2 3 4 5 B o 1 2 3 4 5
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Figure 7.9 Comparison of electropherograms of (A) a peroxynitrite sample synthe-
sized at the University of Kansas using the reaction of ozone and azide,
and (B) a commercially available peroxynitrite standard. Parameters:
run buffer 25 mM K,HPO, and 7.5 mM DTAB at pH 12, electric field
-323 Vem' electrokinetic injection =20 kV for 1 s, UV detection at 302
and 214 nm. Reprinted from ref. 18 with permission from Elsevier.


http://dx.doi.org/10.1039/9781782622352-00121

07:54:19.
Published on 16 October 2015 on http://pubs.rsc.org | doi:10.1039/9781782622352-00121

View Online

136 Chapter 7

Pd working electrode aligned at the end of the channel was employed. This
ME-EC system was optimized for the separation and detection of peroxyni-
trite and NO,” standards. The optimized voltages applied to the buffer and
sample reservoirs were —1400 and —1200 V, respectively. These voltages were
chosen because they offered the best separation while still maintaining short
run times (50 s). Boric acid was used as the run buffer and was tested over a
pH range of 10.5-12. The use of a pH 12 buffer resulted in the best peroxyni-
trite stability, but the high pH caused an increase in the channel currents,
which led to Joule heating and an increase in background noise. Therefore,
a slightly lower pH of 11 was used for the separation. Since the EOF had to
be reversed, 2 mM tetradecyltrimethylammonium bromide (TTAB) was also
employed. The final run buffer composition chosen was 10 mM boric acid
and 2 mM TTAB at pH 11."

Peroxynitrite standards purchased from Cayman Chemicals were analyzed
with this method. The identity of the peroxynitrite peak was confirmed based
on three criteria: comparison of relative migration times to previously per-
formed CE experiments, characterization by voltammetric ratio, and the deg-
radation pattern. The voltammetric ratio for each peak was determined by
measuring the current response at +900 and +1100 mV vs. Ag/AgCl reference
electrode during two separate runs. The peroxynitrite peak exhibited a large
current ratio, which indicates that it is more easily oxidized. The peak also
degraded very quickly, which is characteristic of a highly unstable or reactive
species (Figure 7.10). After the identity of the peak was confirmed, a calibra-
tion curve was created. This method provided lower LODs than the CE-UV
method. The LOD (S/N = 3) for peroxynitrite was experimentally determined

3
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0 50 100 150 200 250
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Figure 7.10 Separation and identification of ONOO™ and NO,” peaks in a commer-
cially available sample with ME-EC. Peak 1 = unidentified; peak 2=NO,;
peak 3 = ONOO’; peak 4 = unidentified. The ONOO™ peak shows signifi-
cant degradation after 7 min. Parameters: run buffer 10 mM boric acid
and 2 mM TTAB at pH 11, electric field -283 Vem™, 1 s gated injection,
working electrode potential of +1100 mV vs. Ag/AgCl. Reprinted with
permission from ref. 19. Copyright 2010 American Chemical Society.
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to be 2.4 uM. The linear range was found to be 3.12-100 uM, and the R* for
the calibration curve was 0.9979."

This method was then applied to measure the peroxynitrite produced
by 3-morpholinosydnonimine-N-ethylcarbamide (SIN-1). SIN-1 is a metab-
olite of the drug molsidomine, which is a potent vasodilator.®® Under alka-
line conditions, SIN-1 produces NO and superoxide in excess, thereby
resulting in the formation of peroxynitrite (Figure 7.11). This reaction pro-
vides a means of creating a detectable amount of peroxynitrite over time.
SIN-1 has been shown to produce ONOO™ at a yield of approximately 1%
based on the original concentration of SIN-1.°' Electropherograms for the
SIN-1 samples are shown in Figure 7.12A, where it can be seen that the
ONOO" concentration increases over time. Figure 7.12B is a graph of
the ONOO™ concentration obtained for each run. This plot shows that the
ONOO™ concentration continuously increases to about 12.5 pM, at which
point the curve begins to plateau. The expected final concentration of
ONOO™ was estimated to be 48 pM based on a 1% reaction yield. Hulvey
et al. proposed that this low yield was likely due to the reaction between
peroxynitrite and ambient carbon dioxide while the sample was sitting in
the reservoir of the microchip.*®
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Figure 7.11 Diagram of peroxynitrite production by SIN-1. Reprinted with permis-
sion from ref. 19. Copyright 2010 American Chemical Society.
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Figure 7.12  (A) Electropherograms depicting ONOO™ production by SIN-1 over time.
ONOO' peak labeled by dashed box. (B) ONOO™ generation by SIN-1 over
50 min. Each point corresponds to the ONOO™ peak obtained during
that injection. Parameters: run buffer 10 mM boric acid and 2 mM TTAB
at pH 11, electric field -283 V em™, 1 s gated injection. Reprinted with
permission from ref. 19. Copyright 2010 American Chemical Society.

7.4.2.1 In-Channel Electrode Alignment

The ONOO™ detection method developed by Hulvey et al. (described above) was
further optimized by Gunasekara et al. by the implementation of in-channel
working electrode alignment.* In Hulvey’s work, the working electrode was
aligned end-channel, or after the intersection of the separation channel and
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Figure 7.13 Schematics for end-channel and in-channel electrode alignment.
GRD: ground. Adapted from ref. 20 with permission. Copyright ©
2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

the waste reservoir (Figure 7.13)." Upon exiting the separation channel, the
analytes can diffuse into the waste reservoir, which leads to band broad-
ening and decreased resolution. On the other hand, with the in-channel
alignment, the working electrode is placed in the separation channel
(Figure 7.13). This alignment allows for the detection of analytes prior to
their reaching the waste reservoir, reducing (or eliminating) band broad-
ening while still maintaining the detector sensitivity.”>*> However, since
the working electrode that is placed in the channel is not decoupled from the
electric field, an electrically isolated potentiostat must be employed or the
electronics will be destroyed.®

A standard consisting of NO,™ and possible cellular interferences was used
to illustrate the benefits of using in-channel alignment over end-channel
alignment. Gunasekara et al. witnessed a 2.4-fold decrease in LOD, 1.7-fold
increase in sensitivity, and 1.6-fold increase in the number of theoretical
plates for NO,” when using in-channel detection with a Pt working electrode.
They also utilized the in-channel working electrode alignment to monitor the
degradation of peroxynitrite in commercial samples.?® Figure 7.14 depicts
a series of injections obtained with ME-EC. The in-channel alignment was
found to provide better resolution and separation efficiencies for a mixture
of ONOO™ and NO, than those previously reported by Hulvey et al.™®

In the future, the enhanced separation efficiency of in-channel alignment
in conjunction with new electrode configurations, such as dual electrodes, will
offer a better means of detecting and identifying peroxynitrite in very complex
matrices. Commercially available peroxynitrite samples are often contaminated
with hydrogen peroxide, and biological samples contain many electrochemically
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Figure 7.14 Separation of ONOO™ (100 pM) from interferents in a commercially
available sample of ONOO™ using an in-channel working electrode

alignment. New injections are indicated by 1. Parameters: run buf-
fer 10 mM boric acid and 2 mM TTAB at pH 11, 1 s gated injection.
Adapted from ref. 20 with permission. Copyright © 2011 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.

active species that could potentially interfere with the detection of peroxynitrite.
Although migration time can be used to make a tentative identification of per-
oxynitrite and related species in an electropherogram, the implementation of
dual electrode detection systems makes it possible to obtain voltammetric infor-
mation for the compounds of interest. Current ratios obtained at two different
potentials can provide an additional means of post-separation species identifi-
cation as well as supply information regarding peak purity.***

7.5 Indirect Detection of Peroxynitrite
by Electrophoretic Methods

Direct detection of peroxynitrite, especially from living, native, or stimulated
cells, can be a difficult task due mainly to its high reactivity and instability,
but also because it exists in low concentrations.®® On the other hand, ONOO~
metabolites and products from reactions with biomolecules tend to have
higher stability and can therefore be used to indirectly monitor peroxynitrite
production. Although many papers can be found regarding the detection of
NO; and NO," following electrophoretic separation,'"> methods to separate
and detect them simultaneously as an indicator of peroxynitrite degradation
in a cellular environment are still being developed.
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7.5.1 ME-EC/C'D

Vazquez et al. combined amperometric detection and C*D coupled to ME to
monitor the two main peroxynitrite degradation products, NO;” and NO,.>
Since NO;™ is not electrochemically active, the amperometric detector was
only used to monitor NO,”. On the other hand, C'D was able to detect both
analytes. The device was used to monitor NO; and NO,™ that were generated
through the degradation of ONOOH at pH 3.5.%

This was the first report of the integration of both detection techniques
on a PDMS/glass hybrid chip. The advantage of this approach is that the
detection systems are reusable for several microfluidic devices. To assemble
the device, a 40 um wide Pd working electrode for amperometric detection
was fabricated over a 400 um thick glass substrate using photolithography.
The C'D copper electrodes were fabricated over a PCB and isolated from
the microchannel using a glass substrate containing the Pd electrodes. To
assemble the microdevice, the glass substrate containing the Pd electrode
was simply taped to the PCB substrate containing the Cu electrodes and the
PDMS microchip was reversibly sealed to the glass substrate. This system
utilized an Ag/AgCl reference electrode and a Pt auxiliary electrode. The final
layout of the microchip is shown in Figure 7.15.%

An important aspect to consider when coupling these two detection meth-
ods is their mutual compatibility. In particular, the choice of BGE is critical.
BGEs commonly used for amperometric detection, such as borate and phos-
phate, are considered highly conductive for C*D and can cause high back-
ground noise and low sensitivity for high mobility analytes. Moreover, when
separating two species with similar electrophoretic mobilities (in this case,
NO; and NO, ) the pH of the BGE plays a major role, emphasizing the neces-
sity of optimized separation conditions.

In their work, Vazquez et al. were able to achieve the separation of NO, and
NO, standards in about 60 s using a run buffer consisting of 30 mM lactic
acid with 0.75 mM tetradecyltrimethylammonium hydroxide (TTAOH) at pH
3.5.% TTAOH was used to reverse the EOF since the analytes of interest have
large negative electrophoretic mobilities. The authors reported that lactic
acid provided the conductivity and ionic strength necessary for the detection
of NO,” and NO;~ with C'D (limits of detection of 308 and 67 uM, respec-
tively). In addition, a run buffer with a pH near the pK, of NO,” was required
for the ME separation due to the similarity in electrophoretic mobility of the
two analytes. NO, could also be detected by amperometry, which showed a
better S/N and a lower LOD of approximately 67 pM. The electropherograms
can be seen in Figure 7.16A. The difference in migration times for NO; in the
C'D and amperometric electropherograms is due to the 5 mm difference in
effective length of the separation channel for each detector.> This difference
can be avoided by plotting the electropherograms using effective mobility as
the x-axis, instead of migration time.

The system was evaluated for the actual detection of NO;~ and NO,” gen-
erated from the degradation of a 60 mM peroxynitrite sample. Under acidic
conditions, peroxynitrite is in its protonated form, ONOOH, which is very
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Figure 7.16 Electropherograms for the separation of NO;~ and NO, using the hybrid PDMS/glass microdevice with dual detection:
(A) standard and (B) peroxynitrite degradation products. Parameters: (I) C*D detection (frequency 450 Hz, effective length 42
mm); (II) amperometric detection (working electrode applied voltage 850 mV, effective length 47 mm). Parameters: run buffer
30 mM lactic acid and 0.75 mM TTAOH at pH 3.5, sample voltage 1 kV, separation voltage 1.5 kV, 1 s gated injection. Repro-
duced from ref. 53 with permission of The Royal Society of Chemistry.
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unstable and rapidly degrades into NO;™ and NO, . As with the standards,
both degradation products were detected using C'D, and NO,” was simul-
taneously detected by amperometry (Figure 7.16B). The degradation of per-
oxynitrite produced more NO,” than NO;", with estimated amounts of 22.2
and 1.1 mM, respectively.”

Since the main focus of the paper was to show the possibility of creating a
dual electrochemical detection system that could be easily used with PDMS
microchips, no further investigation of the peroxynitrite degradation was
performed. The fabrication of such microdevices was an important first
step toward the development of simple and robust methods for label-free
indirect detection of peroxynitrite.

7.5.2 Monitoring Peroxynitrite Through its Reaction
Products with Biomolecules

In addition to the use of NO;  and NO,™ as indirect indicators of peroxynitrite
degradation, other molecules, such as nucleic acids, proteins, and amino
acids, can be monitored. Peroxynitrite reacts in vivo with these substances,
resulting in nitration, nitrosation, or oxidation products that are indicative of
nitrosative and oxidative stress.®” The structure of the biomolecule is altered
by the addition of nitro groups, which alters its electrophoretic mobility. For
this reason, the products of nitration caused by peroxynitrite can be analyzed
using CE.

Althaus et al. studied the effects of peroxynitrite on the migration time
of plasminogen activator inhibitor-1 monoclonal antibody.®® They observed
that the migration time of the antibody increased as a function of peroxyni-
trite concentration due to the nitration of different amino acid sites. At low
concentrations, the peroxynitrite reaction produced mainly nitrotyrosine
residues due to the high affinity between peroxynitrite and the tyrosine reac-
tive site of the antibody. The reaction of peroxynitrite with other amino acids
present in the antibody, such as cysteine, lysine, proline, and serine, hap-
pened only at higher concentrations of ONOO™ (0.33 mM) and was reported
as non-specific. After submitting the antibody to acid hydrolysis, nitrotyro-
sine was detected using high performance liquid chromatography coupled
to UV detection (4 = 280 nm) and dual electrode electrochemical detection
(reduction at —2000 mV followed by oxidation at +450 mV) with the latter
being 50-100 times more sensitive.

In addition to the above example, several methods for detection of
nitrotyrosine as a biomarker of oxidative stress using CE can be found
in the literature.®*”> Detection approaches include UV absorbance®"*
and laser-induced fluorescence (LIF) using various dyes such as fluo-
rescein isothiocyanate (FITC) and 7-fluoro-4-nitro-2,1,3-benzoxadiazole
(NBD-F).*

Peroxynitrite can also promote post-translational acetylation of biomol-
ecules in the presence of exogenous diacetyl or endogenous methylglyoxal
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groups through a mechanism that produces free acetyl radicals in physio-
logical conditions.”*”* Proteins can be naturally acetylated and deacetylated
at the N-terminal of their lysine residue as part of gene regulation, but the
presence of peroxynitrite can change this process. Peroxynitrite-induced
acetylation alters the stability and functionality of the affected proteins.”
With that in mind, Alves et al. reported a method using CE-electrospray
ionization-tandem mass spectrometry (CE-ESI-MS/MS) to separate and
identify 20 acetylated amino acids, peptides, and proteins formed in concomi-
tant acetylation caused by transacetylase and the diacetyl/peroxynitrite system.”®
The method was valuable for the identification of biomolecules with struc-
ture modifications related to their gain or loss of biological function.
CE-ESI-MS/MS was used to distinguish the differences between N-terminal
and inner acetylation of r-lysine residues. The authors also stated that the
method could be used to identify other free acetylated amino acids or proteins
exposed to diacetyl and peroxynitrite in vitro.

DNA,” lipid,”® and protein’” oxidation due to peroxynitrite reactions have
also been reported in the literature, but no correlation analyses between
peroxynitrite levels and these products have been performed using electro-
phoretic methods and, therefore, is not within the scope of this chapter.

7.6 Future Directions

Dual detection systems that use combinations of absorbance, fluorescence,
electrochemical, conductivity, and electrochemiluminescence detection
in conjunction with either CE or ME have been utilized to detect catechol-
amines, multivitamins, pharmaceuticals, amino acids, organic and inor-
ganic ions, amphetamines, tertiary amines, and enzymes.”*® The use of
two detection techniques provides enhanced selectivity and characterization
capabilities. Specifically, this approach can be extremely advantageous when
studying the biochemistry of peroxynitrite in living systems since peroxyni-
trite reacts with many intracellular molecules to produce a variety of reaction
products. One example of a multiple detection system was previously dis-
cussed in this chapter, in which Vazquez et al. developed a system with both
conductivity and amperometric detection. This made it possible to detect
both NO,” and NO;™ because NO, is not electrochemically active.”® In the
future, electrochemical detection could be coupled with other detection sys-
tems, such as LIF, to detect other non-electrochemically active species that
react with fluorescent probes and enzyme activity that have eluded detection
thus far in peroxynitrite studies.

Single cell cytometry has been used previously to study the intracellular
production of NO in individual cells with LIF.* Figure 7.17 depicts the micro-
chip design used for single cell analysis and the cell lysis process within the
chip. In those studies, the cells were labeled with both diaminofluorofluores-
cein diacetate (DAF-FM DA), a fluorescent probe that is selective toward NO,
and 6-carboxyfluorescein diacetate (6-CFDA), a fluorescent molecule used
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Figure 7.17 Schematic of the microchip design used for single cell analysis. Cell
lysis occurs at the lysis intersection (inset). The direction of hydrody-
namic flow is represented by solid arrows, while the direction of elec-
trophoretic migration is represented by dashed arrows. BSA: bovine
serum albumin. Reprinted with permission from ref. 86. Copyright
2013 American Chemical Society.

to correct for cellular volume.®® A technique to separate the two molecules
was necessary due to their similar fluorescent properties. In the future, this
method could be adapted for peroxynitrite detection in single cells through
the use of a peroxynitrite-specific fluorescent probe.

Alternatively, the device described above can be modified to integrate
electrochemical detection for the direct detection of ONOO™. A particu-
lar advantage of single cell cytometry with amperometric detection for the
determination of ONOO' is that the single cell analysis system provides a
means of performing on-chip cell manipulation and lysis in a very short time
period. Therefore, it should be possible to perform the analysis using a high
pH run buffer that would immediately stabilize the intracellular peroxyni-
trite for ME, which would occur in less than 30 s. Electrochemical detection
would also make it possible to employ the method developed by Gunase-
kara et al. to simultaneously detect NO, and intracellular antioxidants (i.e.,
glutathione) in cell lysates.®”” Due to the speed of the microfluidic-based cell
cytometry assay, peroxynitrite and other short-lived species, such as NO, can
be detected along with intracellular antioxidants.

In conclusion, electrophoresis is a powerful separation technique that pro-
vides a means to better study the chemistry of peroxynitrite and its metab-
olites, as well as to facilitate its detection in complex biological matrices.
There are many modes of detection (i.e., absorbance, EC, and LIF) that can
be coupled to electrophoresis in both the capillary and microchip format for
the specific detection of peroxynitrite. The use of microchips also offers the
ability to perform cell manipulation and lysis on-chip. In the future, these
advantages could be used for applications such as the detection of ONOO™ in
single cells and coupling an electrophoretic separation with both LIF and EC
to study ONOO™ and related metabolites.
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8.1 Introduction

Peroxynitrite (ONOO™ or PON for short), and the reactive nitrogen oxide
species (RNOS) and reactive oxygen species (ROS) that reversibly form it
are clinically relevant oxidants that play an active role in several devastat-
ing disease processes, including cancer, diabetes, inflammatory processes,
ischemia, and stroke.'™® Disease-relevant molecular transformations induced
by PON involve cytoplasmic components, such as soluble proteins, as well
as biomembrane components, such as membrane proteins and phospho-
lipids. Mechanistic studies that elucidate the role of PON in oxidation and
nitration of soluble proteins have been reviewed elsewhere>’” and will not
be discussed here. The focus of this chapter will be on PON activity against
biomembrane lipids and the resulting changes in biomembrane properties.

Experimental characterization of biomembrane phenomena is challenging
for three reasons. First, the heterogeneous composition of biomembranes,
which contain phospholipids, membrane proteins, glycolipids, sterols, etc.,
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makes it difficult to distinguish effects caused by different membrane con-
stituents. Second, the composition of cell membranes varies with the type
of cell, type of membrane, experimental conditions, efc. in a manner that is
complex and poorly understood. Third, robust methods are not available to
systematically alter the composition of in vivo cell membranes to test hypoth-
eses about the effect of a membrane’s composition on its properties.

To address these challenges, well-characterized biomimetic interfaces con-
sisting of artificial bilayer lipid membranes (BLM) with a specified composi-
tion have been developed and used to mimic biomembrane behavior and
facilitate biomembrane research. These biomimetic interfaces are well suited
to systematically study the effect of PON on various biomembrane proper-
ties. The goals of this chapter are to summarize mechanisms by which PON
damages membrane lipids, to describe electrochemical and optical methods
to study biomimetic interfaces, and to test hypotheses about PON-associated
biomembrane damage. To illustrate the approach, an example application
of a biomimetic interface is presented: use of electrochemical impedance
spectroscopy (EIS) to measure changes in the electrical resistance (R,,) of a
tethered BLM following PON exposure.

8.2 Molecular Mechanisms of the Interaction
of PON with Biomembrane Lipids

PON and associated RNOS compose a complex and rapidly evolving web of
highly reactive species, many of which have a half-life in the order of milli-
seconds.'®" Biomembrane degradation can be mediated either by the anion
ONOO™ or its conjugate peroxynitrous acid ONOOH through a variety of lipid
peroxidation and nitration mechanisms.?>*" A simplified conceptual model
of lipid peroxidation within a BLM that accounts for a subset of known RNOS
reactions is illustrated in Figure 8.1. Numerous iz vivo and in vitro studies of
the effects of oxidative processes have demonstrated that PON and associ-
ated oxidative species, including hydroxyl and peroxyl radicals, induce reac-
tions involving biomembranes.*’

A variety of metal ions and metal-containing porphyrins and membrane-
associated proteins can also participate in biomembrane oxidation reac-
tions, as well as interconversion of RNOS and ROS molecular species within
biomembranes.?**® To monitor these effects, amphiphilic iron and man-
ganese porphyrin that have high affinity for biomembranes have been
developed and used to elucidate PON decomposition rates at the cytoplasm-
biomembrane interface.*”

Lipid peroxidation or nitration reactions in biomembranes can be initiated
via abstraction of a hydrogen atom from polyunsaturated fatty acids.>**"?®
Polyunsaturated fatty acids containing bis-allylic methylene hydrogens are
more susceptible to hydrogen abstraction upon exposure to oxidizing rad-
icals than the methylene hydrogens found in fully saturated lipids.*® As a
result, polyunsaturated fatty acids are more likely to be oxidized, resulting in
the formation of aldehydes, alcohols, and hydroperoxides.
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Figure 8.1 Conceptual model of lipid peroxidation in a BLM that takes into account
a subset of known RNOS reactions. LH: unsaturated lipid; LOO": lipid
peroxyl radical; LOOH: lipid hydroxyl peroxide. Reprinted with permis-
sion from A. Vasilescu, A. Vezeanu, Y. Liu, L. Hosu, R. M. Worden and
S. F. Peteu, ACS Symposium Series: Instrumental Methods for the Analy-
sis and Identification of Bioactive Molecules, 2014, 303. Copyright 2014
American Chemical Society.

PON-induced damage has been shown to stimulate state 4 respiration in
brain mitochondria, which is associated with increased proton permeabil-
ity of the mitochondrial inner membrane and loss of proton-motive force.*
This effect could be attributed to a phospholipid peroxidation mechanism,
because lipid-soluble antioxidants prevented the stimulation, and mitochon-
drial phospholipids are known to have a high content of polyunsaturated
fatty acids, predisposing them to peroxidation.

Biomimetic interfaces have also been used to characterize chemical prod-
ucts of ‘NO,-induced nitration of unsaturated oleyl fatty acids of phospho-
lipids and to elucidate the underlying reaction mechanisms.’’ The rate at
which PON diffuses into the hydrophobic core of a biomembrane and then
reacts with the double bonds of unsaturated phospholipids strongly influ-
ences the lipid degradation rate. Investigations of enthalpy variations among
phospholipid head groups suggests that negatively charged head groups can
form an electrical barrier that slows penetration of negatively charged oxida-
tive species such as PON.! The tendency of certain hydrophobic antioxidants
(e.g., quercetin 3-O-B-D-glucuronide) to partition into biomembranes is respon-
sible for their potency at preventing intramembrane lipid peroxidation.*

The degree to which PON-mediated tyrosine nitration occurs in a biomem-
brane is difficult to measure and has not been studied extensively. However,
the use of a hydrophobic tyrosyl probe (e.g., N-t-BOC L-tyrosine tert-butyl
ester, or BTBE) that partitions into the biomembrane’s core, has enabled
the relative nitration rates inside and outside the biomembrane to be com-
pared.*®* PON-induced tyrosine oxidation was found to predominantly form a
dityrosyl product outside the membrane, whereas nitration was predominant
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inside. This difference was attributed to variations in translational diffusion
coefficients inside and outside the membrane, which affected the likelihood
of a biomolecular reaction producing the dityrosyl product. The same hydro-
phobic probe has been used to investigate mechanisms of tyrosine nitration
within biomembranes and to explore the effect of fatty acid composition and
free radical scavengers on nitration yields.* Additional details of the method
are described later in this chapter in the section that discusses optical char-
acterization methods for PON.

8.3 Effects of PON on Biomembrane Properties

A primary function of biomembranes is to provide a selective permeability
barrier. Hydroxyl and peroxyl radicals resulting from lipid peroxidation can
cause significant increases in permeability, a decrease in membrane electrical
resistance, and enhanced lipid exchange between the upper and lower leaflet
of the BLM.>*?*73¢ RNOS-associated chemical transformations can also affect
biomembrane viscosity and fluidity.***® In erythrocyte membranes, nitric
oxide (NO) increased membrane fluidity and lipid peroxidation,*” and PON
enhanced passive permeability to potassium and sodium cations while inhib-
iting anion flux.*® Furthermore, ion imbalance and membrane structural reor-
ganization induced by PON caused crenation (contraction) of erythrocytes.

Quantitative kinetic models of biomembranes that take into account
lipid-lipid and lipid-protein interactions have recently been reviewed.*
A model based on an a mechanistic understanding of biomembrane dynam-
ics and PON reaction mechanisms was used to predict PON transport rates
and phospholipid oxidation rates within the membranes.*® The model was
validated using experimentally measured Fe(CN),*" oxidation rates follow-
ing PON diffusion through the BLM shell of liposomes that have a known
phospholipid composition. The model, whose constants can be adjusted to
explore hypotheses about the effects of key independent variables, predicted
that neutral PON species would rapidly permeate the bilayer, while anionic
PON species would be membrane impermeable.

PON transportation rates through biomimetic interfaces have been mea-
sured using manganese porphyrins as reporter molecules.*! Differences in
the absorbance spectra of the oxidized and reduced forms of the reporters
allowed the dynamics of PON transport to be studied. The calculated per-
meability coefficient through the biomimetic interface was similar to that of
water and about 400 times greater than that of superoxide, indicating that
biomembranes are highly permeable to PON.

The ability of hydrophobic antioxidants to partition into biomembranes
provides a mechanism to reduce PON transport across biomembranes. For
example, the scavenger (-)-epicatechin has an octanol/buffer partition coeffi-
cient of 1.5, allowing it to be soluble in both aqueous solutions and the lipo-
philic biomembrane core.*” This compound was shown to be stably taken
up into cell membranes of murine aortic endothelial cells and to effectively
protect them against PON penetration and the resulting nitration of protein
tyrosyl residues and oxidation of intracellular dichlorodihydrofluorescein.
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The lipid-soluble antioxidant a-tocopherol has also been shown to be an
effective PON scavenger in biomembranes.****

Other common biomembrane constituents, such as cholesterol and cho-
lesterol esters, could also be added to a biomimetic interface to further mod-
ulate its properties and allow it to better mimic a true biomembrane. Such
constituents are also susceptible to PON-induced reactions. For example,
reactions between cholesterol esters and PON have been characterized.*
While cholesterol does not contain bis-allylic hydrogens and is thus less
reactive toward free radicals than polyunsaturated lipids, cholesterol esters
derived from unsaturated fatty acids (e.g:, 5-cholesten-3p-ol 3-linoleate) were
found to react rapidly with PON.

8.4 Electrochemical Methods to Measure the
Effects of PON on Biomembrane Lipids

Electrochemical methods appear promising for relatively simple, direct, real-
time and label-free PON measurement.?® In addition, sensor miniaturization
to the micro- to nanoscale allows faster response times and measurement
in non-mixed, soft solid media, to monitor events in bacteria populations,
cells or tissues.**® Two major biomimetic interface platforms have been
widely used for electrochemical characterization of biomembranes: (1) the
planar BLM (pBLM), in which an unsupported BLM is formed across a small
orifice; and (2) the tethered BLM (tBLM), in which some phospholipids in
the lower leaflet are chemically linked to an underlying surface (e.g., an elec-
trode). Potential applications of these platforms for PON-related research are
described below.

8.4.1 Planar Bilayer Methods

pBLMs have been used extensively in the field of electrophysiology to study
transmembrane ion migration mediated by channel proteins,* transient
lipid pores,® and membrane-active toxins.”'* The approach consists of
using Ag/AgCl electrodes to establish a fixed electrochemical potential across
the BLM, and then measuring the resulting ion current through the pBLM.
The method’s high sensitivity (picoamperes) and high temporal resolution
(milliseconds) enable it to capture the dynamics of single transient pore
opening and closing events.’»> The method also has the potential to be
adapted to high throughput operations in a microfluidic setting.’®

A high-quality pBLM formed with fresh phospholipids typically exhibits
an extremely high electrochemical resistivity (~10'> Q em) and a low, sta-
ble baseline current. However, as the phospholipids age or are exposed to
oxidants, phospholipid oxidation results in transient instabilities (pores)
in the tBLM, as evidenced by current spikes, extended periods of integral
conductance, and eventually, BLM rupture. We previously reported that oxi-
dative degradation of phospholipids due to air exposure for 24 h degraded
a pBLM’s electrical sealing properties, as evidenced by a three-fold increase
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in the baseline current value, as well as current spikes (as evidenced by sud-
den increases in current that quickly return to the original current level), and
integral conductance (as evidenced by sustained increases in current that
do not quickly return to the original level).>* Additional examples of distinc-
tive, information-rich electronic signatures provided by pBLM systems in
response to environmental factors are shown in Figure 8.2.

Because the pBLM method can sensitively measure ion flow arising from
oxidation, it is well suited to monitor the effects of PON on biomembrane
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Figure 8.2 Plots of ionic current vs. time for pBLMs exposed to nanoparticles. Dot-
ted lines show zero current. (A) Baseline current before nanoparticle
addition. (B) Current trace following addition of functionalized silica
core nanoparticles. (C) Current trace following addition of function-
alized carbon nanotubes. Additional details are provided elsewhere.?’
Reprinted from J. Biomed. Nanosci. Nanotechnol., 2013, 3, 52, A. Negoda,
Y. Liu, R. M. Worden, W. C. Hou, C. Corredor, B. Y. Moghadam, C. Muso-
Iff, L. Li, W. Walker, P. Westerhoff, A. ]J. Mason, P. Duxbury, J. D. Posner
and R. M. Worden, Investigation of Peroxynitrite-Biomembrane Inter-
actions Using Biomimetic Interfaces, copyright 2013 with permission
from Interscience.
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integrity. Statistical techniques can be used to analyze the dynamic current
fluctuation patterns such as those shown in Figure 8.2 and could, in prin-
ciple, be used to distinguish between different molecular mechanisms of
PON-induced BLM disruption.®”~®

While the pBLM method offers the advantages of a high dynamic range
and single pore sensitivity, it also has disadvantages. A pBLM is inherently
mechanically fragile and exhibits a relatively short lifetime (typically a few
hours). Furthermore, the formation of tBLM and data interpretation require
a highly trained specialist. Also, to achieve good signal-to-noise ratios with
the extremely low baseline currents (sub-picoampere), expensive planar
bilayer workstations and Faraday cages are typically required.

8.4.2 Tethered Bilayer Methods

To avoid the mechanical fragility characteristic of pBLM, a tBLM is tethered to
an electrode, which provides physical reinforcement and increases mechan-
ical stability.”” The presence of an electrolyte layer between the tBLM and
electrode allows the tBLM’s impedance to be measured using EIS. As shown
schematically in Figure 8.3, in EIS, the electrode is subjected to an oscillat-
ing electrical potential. The resulting charge transfer is analyzed using an
equivalent circuit model to determine parameters such as the tBLM’s capac-
itance and R,,. This information can then be used to characterize the effect
of membrane-active agents such as oxidants, ionophores, channel-forming
membrane proteins and a variety of chemical agents.>***

A
v 1

Potentiostat

gaagaan RE{C(R E{'{

o

Gold Electrode (W)

Figure 8.3 Schematic diagram of EIS characterization of the interaction between
tBLM and PON. C: counter electrode; R: reference electrode; W: work-
ing electrode. Reprinted with permission from reference A. Vasilescu, A.
Vezeanu, Y. Liu, L. Hosu, R. M. Worden and S. F. Peteu, ACS Symposium
Series: Instrumental Methods for the Analysis and Identification of Bioactive
Molecules, 2014, 303. Copyright 2014 American Chemical Society.
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The EIS method is much less sensitive to electrical noise than electrophys-
iology methods and has been adapted to microelectrode arrays that can be
used for high-throughput operations.®>™*

8.5 Optical Methods to Measure PON Effects
on Biomembrane Lipids

Optical methods to study the effect of PON on biomembranes provide com-
plementary information to the electrochemical methods described above. In
addition, optical and electrochemical methods can, in principle, be conducted
simultaneously to provide synergistic information about lipid peroxidation
and/or nitration rates, and the resulting changes in biomembrane properties.

Common optical approaches to quantify PON effects in biological fluids
and biomembranes are based on fluorescent probes (dihydrorhodamine and
dichlorodihydrofluorescein). The detection of 3-nitrotyrosine is still utilized
widely because this is the major modification derived from the reaction of
PON with proteins.®® However, these assays have disadvantages, including
the fact that they are indirect detection methods, requiring signal process-
ing, and, thus, do not give real-time analyses.®” To address these disadvan-
tages, reliable, robust, and real-time detection methods are needed to detect
PON and its effects.

Several optical probes for PON detection in both chemical and biological
media were recently reviewed® and are also described in several chapters of
this book. Hydrophobic tyrosine analogs, such as the previously mentioned
BTBE, have been incorporated into biomimetic interfaces and used to study
PON-induced, intra-membrane tyrosine protein and lipid nitration.>® This
approach is illustrated in Figure 8.4. The BTBE molecule is shown under-
going a one-electron oxidation to the corresponding BTBE phenoxyl radical
either by PON-derived radicals ("OH, 'NO,) or by membrane-derived lipid
peroxyl radicals (ROO"). The transient BTBE phenoxyl radical either reacts
with "NO, to yield 3-nitro-BTBE or recombines with another phenoxyl radical
to yield 3,3'di-BTBE. Figure 8.4 also indicates the formation of small amounts

ONOO
,,.\“ BTBE [a'mzj 3-nitro-BTBE 33°di-BTBE 3-hydroxy-BTEE ]
ONOOH o

Figure 8.4 Tyrosine oxidation products in biomembranes induced by PON.
Reprinted with permission from S. Bartesaghi, V. Valez, M. Trujillo,
G. Peluffo, N. Romero, H. Zhang, B. Kalyanaraman and R. Radi, Bio-
chemistry, 2006, 45, 6813. Copyright 2006 American Chemical Society.
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of the 3-hydroxy-BTBE from the addition reaction with hydroxyl radicals, and
suggests the diffusion and homolysis of ONOOH within the BLM. The rela-
tive ease of BTBE synthesis, incorporation into model BLM, and subsequent
extraction and quantitation of BTBE reaction products offers a unique oppor-
tunity to investigate PON-induced oxidation mechanisms. However, this and
other similar optical methods lack biological relevance and clear applicabil-
ity to disease models. Therefore, improved methods are still needed to study
PON-induced oxidizing effects on in vivo cell membranes.

8.6 Example of the Measurement of PON Effects
Using a Tethered Biomimetic Interface

In this section, we demonstrate the use of a biomimetic interface to electro-
chemically measure the effect of PON on a biomembrane. A tBLM was self-
assembled on working electrodes consisting of a gold layer (100 nm thick)
coated on a silicon wafer by chemical vapor deposition. The electrodes were
first cleaned in fresh piranha solution for 30 s, washed with deionized water,
and dried in nitrogen.”®’! Next, a self-assembled monolayer of 1,2-dipalmi-
toyl-sn-glycero-phosphothioethanol (DPPTE; from Avanti Polar Lipids Inc.,
Alabaster, AL, USA) was chemically adsorbed onto the electrodes by dipping
a freshly cleaned electrode into 1 mM ethanolic DPPTE solution for 1 h,
followed by rinsing with ethanol, and drying with nitrogen. Small unilamel-
lar liposomes composed of 1,2-dioleoyl-sn-glycero-phosphocholine (DOPC;
Avanti Polar Lipids Inc.) were prepared by freeze-drying DOPC dissolved in
chloroform at —47 °C for 2 h, followed by hydration in 10 mM HEPES buffer
(pH 7.4) to a concentration of 1 mM. The DOPC liposome suspension was
ultrasonicated in an ice bath for 20 min prior to use. Then, 300 pL of the
liposome suspension was pipetted into a poly(dimethylsiloxane) (PDMS) res-
ervoir and incubated at room temperature for 24 h. After tBLM formation,
the liposome solution was replaced with fresh 0.1 M phosphate-buffered
saline (PBS) buffer (pH 7.2). The PON-generating compound 3-morpholino-
sydnonimine-N-ethylcarbamide (SIN-1; Cayman Chemicals, Ann Arbor, MI,
USA) was then transferred to the PDMS reservoir and mixed by a pipette to
achieve a final concentration of 30 mM SIN-1, which generates the equivalent
of 300 uM PON.

The experimental system shown in Figure 8.5 was used to measure the
effect of PON exposure on the tBLM’s R, value using an electrochemi-
cal workstation (CHI Instruments Inc., Austin, TX, USA) configured in a
three-electrode setup. An AC perturbation of 5 mV was superimposed on a
dc bias of 0 V over a frequency (@) range of 0.01-10 000 Hz. Experiments were
performed in triplicate for two cases: (1) exposure to SIN-1; and (2) expo-
sure to both SIN-1 and 20 nm diameter COOH-functionalized polystyrene
nanoparticles (PNP; obtained from Invitrogen, Eugene, OR, USA). The R,
values were determined at 10 min intervals by fitting a modified Randles
equivalent circuit into the electrical impedance (Z) data using Zview software
(Scribner Associates, Southern Pines, NC, USA).
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Figure 8.5 The tBLM device and the three-electrode electrochemical setup.
Reprinted from Biochim. Biophys. Acta, Biomembr., vol. 1838, 429, Y. Liu
and R. M. Worden, Biomembrane disruption by silica-core nanopar-
ticles: effect of surface functional group measured using a tethered
bilayer lipid membrane, copyright 2014 with permission from Elsevier.

2.5 -
0 0
2 Lo o o
o & m]
£ ° =
G 1.5 - <o
G < O
= 1
i A A
n':E A A A A & A
Jiy
054" o U
i}
0 T T T T 1
0 20 40 60 80 100

Time (min)

Figure 8.6 Triplicate R, profiles recorded during the interaction of DPPTE/DOPC
tBLM with 300 uM PON in PBS buffer (0.1 M PBS, 0.3 M NacCl, pH 7.2)
over 90 min. The arrow indicates that tBLM were exposed to SIN-1
immediately after the first R, value was measured.

In previous studies, we established that, in the absence of a biomembrane-
active agent, a DOPC tBLM’s R, value remains constant over at least a 5 h
incubation period.””’* However, exposure to SIN-1 significantly increased the
tBLM’s R,, (Figure 8.6). Because a BLM’s electrical resistivity (~10'* Q c¢m) is
roughly ten orders of magnitude higher than that of the surrounding buf-
fer (~70 Q c¢cm),””* a tBLM’s R,, value is extremely sensitive to small changes
in the area of microdefects that expose the underlying electrode.”””* For
example, an increase in the defect area fraction of only 1.8 x 10™'% could
give a 50% decrease in R,,.”* Thus, the increase in R,, observed in Figure 8.6
suggests that PON-induced peroxidation caused the expansion of the tBLM
into defects, thereby decreasing the defect area. This proposed mechanism is
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Figure 8.7 Triplicate R, profiles recorded during the interaction of DPPTE/DOPC
tBLM with 300 pM PON and 100 ug mL™ 20 nm COOH-functionalized
PNP in PBS buffer (0.1 M PBS, 0.3 M NaCl, pH 7.2) over 90 min. The
black (solid) arrow indicates that tBLM were exposed to SIN-1 immedi-
ately after the first R, value was measured, and the red (dashed) arrow
indicates that 20 nm COOH-functionalized PNP were added after the
second R, value was measured.

consistent with reported changes in biomembrane lipid localization caused
by peroxidation.” Such changes alter a biomembrane’s phospholipid com-
position and key physical properties, including its packing density, surface
area per lipid molecule, and lateral homogeneity.”

In a previous study, when we exposed a DOPC tBLM to 20 nm COOH-
functionalized PNP, the R,, continuously declined along a trajectory that
could be empirically modeled by a decaying exponential.”’ This decline was
attributed to the removal of DOPC lipids by the PNP, thereby increasing
the defect area. This result suggested the need for a second experiment, in
which a tBLM was exposed to both PON (which caused an increase in R,,,) and
PNP (which caused a decrease in R,;). The results of the second experiment
(Figure 8.7) show intermediate behavior between the continuous increase
seen with PON alone and the continuous decrease seen with PNP alone. The
initial increase in R, triggered by PON was terminated by the addition of PNP,
resulting in an essentially flat R, during the remainder of the experiment.

These preliminary results establish that the tBLM biomimetic interface
platform is able to measure the significant effect of PON when a DOPC tBLM
is exposed to the PON-generating compound SIN-1. In addition, Figure
8.7 suggests that PON-induced peroxidation of a tBLM may influence how
nanoparticles interact with the model biomembrane. Further research using
biomimetic interfaces are needed to elucidate the mechanisms underlying
these interesting observations.

8.7 Conclusions

This chapter reviewed the research challenges associated with elucidating the
role of PON in biomembrane-associated disease processes. The challenges
include: (1) the complex web of reactions interconnecting PON and several
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associated RNOS and ROS; (2) the high reactivity and rapid reaction rates
of PON and the associated RNOS and ROS with biomembrane components;
(3) the lack of robust, label-free analytical tools that can selectively measure
PON and the associated species in real-time with a time constant sufficient
to capture the rapid reaction dynamics; and (4) inherent complexities associ-
ated with biomembranes, including their heterogeneous compositions and
properties that vary in a complicated manner with time, environmental con-
ditions, cell type, and location within the cell.

To address the fourth challenge, the chapter described how biomimetic
interfaces allow a bottom-up approach to biomembrane research. The
approach uses a synthetic BLM containing the minimum number of com-
ponents needed to mimic desired biomembrane properties. An overview of
the literature describing molecular interactions between PON and biomem-
brane components was presented, with a focus on membrane lipids. The
effect of PON and associated radical species on biomembrane properties, ion
leakage, fluidity, molecular diffusion rates, sensitivity to oxidative stress, etc.
was described.

The chapter then presented two major biomimetic interface platforms
that are especially well suited for research on PON-related biomembrane
phenomena (the pBLM and tBLM), as well as complementary optical meth-
ods suitable to measure PON-biomembrane interactions. A novel appli-
cation of a biomimetic interface to characterize the influence of PON on
biomembranes was then presented. A DOPC tBLM was exposed to PON-gen-
erating SIN-1, and a significant increase in tBLM’s R, value was measured
over a 100 min period. To explore possible interactions between the effects of
PON and nanoparticles on biomembranes, COOH-functionalized PNP were
added immediately after SIN-1 addition. The addition of the nanoparticles
negated the increase in R, seen with SIN-1 alone. A possible mechanism to
explain these novel experimental trends was suggested, setting the stage for
further biomimetic interface research to further elucidate the underlying
mechanism.

References

1. V.R. de Lima, M. P. Morfim, A. Teixeira and T. B. Creczynski-Pasa, Chem.
Phys. Lipids, 2004, 132, 197-208.

2. A. M. Cassina, R. Hodara, J. M. Souza, L. Thomson, L. Castro, H.
Ischiropoulos, B. A. Freeman and R. Radi, J. Biol. Chem., 2000, 275,
21409-21415.

3. C.S. Cobbs, M. Samanta, L. E. Harkins, G. Y. Gillespie, B. A. Merrick and
L. A. MacMillan-Crow, Arch. Biochem. Biophys., 2001, 394, 167-172.

4. M. Ramalingam and S. J. Kim, J. Neural Transm., 2012, 119, 891-910.

5. M. R. Reynolds, R. W. Berry and L. I. Binder, Biochemistry, 2005, 44,
1690-1700.

6. C. Szabo, H. Ischiropoulos and R. Radi, Nat. Rev. Drug Discovery, 2007, 6,
662-680.


http://dx.doi.org/10.1039/9781782622352-00151

07:54:21.
Published on 16 October 2015 on http://pubs.rsc.org | doi:10.1039/9781782622352-00151

View Online

Investigation of Peroxynitrite-Biomembrane Interactions 163

7. N. Abello, H. A. M. Kerstjens, D. S. Postma and R. Bischoff, J. Proteome
Res., 2009, 8, 3222-3238.

8. B. Alvarez and R. Radi, Amino Acids, 2003, 25, 295-311.

9. B. Alvarez, H. Rubbo, M. Kirk, S. Barnes, B. A. Freeman and R. Radi,
Chem. Res. Toxicol., 1996, 9, 390-396.

10. J. Ara, S. Przedborski, A. B. Naini, V. Jackson-Lewis, R. R. Trifiletti, ]J.
Horwitz and H. Ischiropoulos, Proc. Natl. Acad. Sci. U. S. A., 1998, 95,
7659-7663.

11. P. Calcerrada, G. Peluffo and R. Radi, Curr. Pharm. Des., 2011, 17,
3905-3932.

12. C. Quijano, B. Alvarez, R. M. Gatti, O. Augusto and R. Radi, Biochem. J.,
1997, 322,167-173.

13. S. N. Savvides, M. Scheiwein, C. C. Bohme, G. E. Arteel, P. A. Karplus, K.
Becker and R. H. Schirmer, J. Biol. Chem., 2002, 277, 2779-2784.

14. J. M. Souza, E. Daikhin, M. Yudkoff, C. S. Raman and H. Ischiropoulos,
Arch. Biochem. Biophys., 1999, 371, 169-178.

15. J. M. Souza, G. Peluffo and R. Radi, Free Radical Biol. Med., 2008, 45,
357-366.

16. Y. H. Wang, Y. J. Luo and R. G. Zhong, Prog. Chem., 2007, 19, 893-901.

17. R. Radi, Proc. Natl. Acad. Sci. U. S. A., 2004, 101, 4003-4008.

18. G. Ferrer-Sueta and R. Radi, ACS Chem. Biol., 2009, 4, 161-177.

19. R. Radi, J. Biol. Chem., 2013, 288, 26464-26472.

20. R.Radi, ].S. Beckman, K. M. Bush and B. A. Freeman, Arch. Biochem. Bio-
phys., 1991, 288, 481-487.

21. P. Pacher, J. S. Beckman and L. Liaudet, Physiol. Rev., 2007, 87, 315-424.

22. A.Vasilescu, A. Vezeanu, Y. Liu, L. Hosu, R. M. Worden and S. F. Peteu, in
ACS Symposium Series: Instrumental Methods for the Analysis and Identifi-
cation of Bioactive Molecules, ed. G. K. Jayprakasha, B. Patil and F. Pellati,
American Chemical Society, 2014, pp. 303-332.

23. A. E.-D. A. Bekhit, D. L. Hopkins, F. T. Fahri and E. N. Ponnampalam,
Compr. Rev. Food Sci. Food Saf., 2013, 12, 565-597.

24. Y. R. Chen, C. L. Chen, X. P. Liu, G. L. He and J. L. Zweler, Arch. Biochem.
Biophys., 2005, 439, 200-210.

25. S. Bartesaghi, V. Valez, M. Trujillo, G. Peluffo, N. Romero, H. Zhang, B.
Kalyanaraman and R. Radi, Biochemistry, 2006, 45, 6813-6825.

26. R.S.Deeb, G. Hao, S. S. Gross, M. Laine, J. H. Qiu, B. Resnick, E. J. Barbar,
D. P. Hajjar and R. K. Upmacis, J. Lipid Res., 2006, 47, 898-911.

27. J. A. Hunt, ]J. B. Lee and J. T. Groves, Chem. Biol., 1997, 4, 845-858.

28. S.F. Peteuand S. Szunerits, in Detection Challenges in Clinical Diagnostics,
The Royal Society of Chemistry, 2013, pp. 156-181.

29. N. Hogg and B. Kalyanaraman, Biochim. Biophys. Acta, Bioenerg., 1999,
1411, 378-384.

30. P. S. Brookes, J. M. Land, J. B. Clark and S. J. R. Heales, J. Neurochem.,
1998, 70, 2195-2202.

31. K. Jain, A. Siddam, A. Marathi, U. Roy, ]J. R. Falck and M. Balazy, Free Rad-
ical Biol. Med., 2008, 45, 269-283.


http://dx.doi.org/10.1039/9781782622352-00151

07:54:21.
Published on 16 October 2015 on http://pubs.rsc.org | doi:10.1039/9781782622352-00151

164

32.

33.

34.

35.
36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.
55.
56.

57.

View Online

Chapter 8

M. Shirai, J. H. Moon, T. Tsushida and J. Terao, J. Agric. Food Chem., 2001,
49, 5602-5608.

H. Zhang, J. Joseph, J. Feix, N. Hogg and B. Kalyanaraman, Biochemistry,
2001, 40, 7675-7686.

H. Rubbo, A. Trostchansky and V. B. O’Donnell, Arch. Biochem. Biophys.,
2009, 484, 167-172.

C. Richter, Chem. Phys. Lipids, 1987, 44, 175-189.

V. R. de Lima, M. P. Morfim, A. Teixeira and T. B. Creczynski-Pasa, Chem.
Phys. Lipids, 2004, 132, 197-208.

J. Brzeszczynska and K. Gwozdzinski, Cell Biol. Int., 2008, 32, 114-120.
M. N. Starodubtseva, A. L. Tattersall, T. G. Kuznetsova, N. I. Yegorenkov
and J. C. Ellory, Bioelectrochemistry, 2008, 73, 155-162.

S. J. Marrink, A. H. de Vries and D. P. Tieleman, Biochim. Biophys. Acta,
Biomembr., 2009, 1788, 149-168.

R. F. Khairutdinov, J. W. Coddington and ]. K. Hurst, Biochemistry, 2000,
39, 14238-14249.

S. S. Marla, J. Lee and J. T. Groves, Proc. Natl. Acad. Sci. U. S. A., 1997, 94,
14243-14248.

P. Schroeder, L. O. Klotz and H. Sies, Biochem. Biophys. Res. Commun.,
2003, 307, 69-73.

H. L. Shi, N. Noguchi, Y. X. Xu and E. Niki, Biochem. Biophys. Res. Com-
mun., 1999, 257, 651-656.

F. Castelli, D. Trombetta, A. Tomaino, F. Bonina, G. Romeo, N. Uccella
and A. Saija, J. Pharmacol. Toxicol. Methods, 1997, 37, 135-141.

Y. Yoshida, N. Ito, S. Shimakawa and E. Niki, Biochem. Biophys. Res. Com-
mun., 2003, 305, 747-753.

Y. T. Li, S. H. Zhang, L. Wang, R. R. Xiao, W. Liu, X. W. Zhang, Z. Zhou, C.
Amatore and W. H. Huang, Angew. Chem., Int. Ed., 2014, 53, 12456-12460.
D. Emerson, S. F. Peteu and R. M. Worden, Biotechnol. Tech., 1996, 10,
673-678.

S. F. Peteu, M. T. Widman and R. M. Worden, Biosens. Bioelectron., 1998,
13,1197-1203.

B. Hille, Ionic Channels of Excitable Membranes, Sinauer Associates Inc.,
Sunderland, 2nd edn, 1992.

V. F. Antonov, A. A. Anosov, V. P. Norik and E. Y. Smirnova, Eur. Biophys. J.,
2005, 34, 155-162.

R. Schonherr, M. Hilger, S. Broer, R. Benz and V. Braun, Eur. J. Biochem.,
1994, 223, 655-663.

S. Matile, N. Berova and K. Nakanishi, Chem. Biol., 1996, 3, 379-392.

R. L. Baldwin, T. Mirzabekov, B. L. Kagan and B. J. Wisnieski, J. Immunol.,
1995, 154, 790-798.

R. Margalit and A. Shanzer, Biochim. Biophys. Acta, 1981, 649, 441-448.
R. L. Robinson and A. Strickholm, Biochim. Biophys. Acta, 1978, 509, 9-20.
J. S. Shim, J. Geng, C. H. Ahn and P. X. Guo, Biomed. Microdevices, 2012,
14, 921-928

A. Negoda, Y. Liu, R. M. Worden, W. C. Hou, C. Corredor, B. Y. Mogha-
dam, C. Musolff, L. Li, W. Walker, P. Westerhoff, A. J. Mason, P. Duxbury,


http://dx.doi.org/10.1039/9781782622352-00151

07:54:21.
Published on 16 October 2015 on http://pubs.rsc.org | doi:10.1039/9781782622352-00151

View Online

Investigation of Peroxynitrite-Biomembrane Interactions 165

58.

59.
60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

J. D. Posner and R. M. Worden, Int. J. Biomed. Nanosci. Nanotechnol., 2013,
3, 52-82.

A.Negoda, K. J. Kim and E. D. Crandall, Biochim. Biophys. Acta, Biomembr.,
2013, 1828, 2215-2222.

C. Rossi and J. Chopineau, Eur. Biophys. J., 2007, 36, 955-965.

S. R. Jadhav, D. X. Sui, R. M. Garavito and R. M. Worden, J. Colloid Inter-
face Sci., 2008, 322, 465-472.

S. R. Jadhav, Y. Zheng, R. M. Garavito and R. M. Worden, Biosens. Bioelec-
tron., 2008, 24, 831-835.

J. W. F. Robertson, M. G. Friedrich, A. Kibrom, W. Knoll, R. L. C. Nau-
mann and D. Walz, J. Phys. Chem. B, 2008, 112, 10475-10482.

S. Terrettaz, M. Mayer and H. Vogel, Langmuir, 2003, 19, 5567-5569.
T.N.Tun and A. T. A. Jenkins, Electrochem. Commun.,2010,12,1411-1415.
A. Negoda, Y. Liu, W. C. Hou, C. Corredor, B. Y. Moghadam, C. Musolff, L.
Li, W. Walker, P. Westerhoff, A. J. Mason, P. Duxbury, J. D. Posner and R.
M. Worden, Int. J. Biomed. Nanosci. Nanotechnol., 2013, 3, 52—83.

H. Yue, L. Ying, B. L. Hassler, R. M. Worden and A. J. Mason, IEEE Trans.
Biomed. Circuits Syst., 2013, 7, 43-51.

Y. Liu, Z. Zhang, Q. Zhang, G. L. Baker and R. M. Worden, Biochim.
Biophys. Acta, 2014, 1, 429-437.

S. Malcolm, R. Foust, III, C. Hertkorn and H. Ischiropoulos, in Septic
Shock Methods and Protocols, ed. T. Evans, Humana Press, 2000, vol. 36,
pp. 171-177.

X. Chen, H. Chen, R. Deng and J. Shen, Biomed. J., 2014, 37, 120-126.

Y. Liu and R. M. Worden, Biochim. Biophys. Acta, Biomembr., 2014, 1848,
67-75.

Y. Liu and R. M. Worden, Biochim. Biophys. Acta, Biomembr., 2014, 1838,
429-437.

T. Cassier, A. Sinner, A. Offenhduser and H. Moéhwald, Colloids Surf., B,
1999, 15, 215-225.

Y. Liu, Z. Zhang, Q. Zhang, G. L. Baker and R. M. Worden, Biochim. Bio-
phys. Acta, Biomembr., 2014, 1838, 429-437.

E. Schnitzer, I. Pinchuk and D. Lichtenberg, Eur. Biophys. . Biophys. Lett.,
2007, 36, 499-515.

J. Wong-ekkabut, Z. Xu, W. Triampo, I. M. Tang, D. P. Tieleman and L.
Monticelli, Biophys. J., 2007, 93, 4225-4236.


http://dx.doi.org/10.1039/9781782622352-00151

07:54:23.
Published on 16 October 2015 on http://pubs.rsc.org | doi:10.1039/9781782622352-00166

CHAPTER 9

Recent Approaches to Enhance
the Selectivity of Peroxynitrite
Detection

ALINA VASILESCU'™, VALENTINA DINCA',
MIHAELA FILIPESCU?, LAURENTIU RUSEN?,
IOANA S. HOSU®, RABAH BOUKHERROUBY,
SABINE SZUNERITSY, MARIA DINESCU?,
AND SERBAN F. PETEU*¢¢

*National Institute for Laser, Plasma and Radiation Physics (INFLPR),

Str Atomistilor 409, PO Box MG-36, 077125, Magurele, Bucharest, Romania;
PInternational Centre of Biodynamics, 1 B Intrarea Portocalelor, 060101,
Bucharest, Romania; “National Institute for R&D in Chemistry and
Petrochemistry, ICECHIM, Splaiul Independentei 202, 060021 Bucharest,
Romania; ‘Institut de Recherche Interdisciplinaire (IRI, USR 3078),
Université Lille 1, Parc de la Haute Borne, 50 Avenue de Halley, 59658
Villeneuve d’Ascq, France; “Chemical Engineering & Materials Science,
Michigan State University, 3523, Engineering Building, 428 S. Shaw Ln,
East Lansing, MI 48824-1226, USA

*E-mail: serbanfpeteu@gmail.com, peteu@msu.edu

"The first two authors have contributed equally to this work.

RSC Detection Science Series No. 7

Peroxynitrite Detection in Biological Media: Challenges and Advances
Edited by Serban F. Peteu, Sabine Szunerits, and Mekki Bayachou

© The Royal Society of Chemistry 2016

Published by the Royal Society of Chemistry, www.rsc.org

166



07:54:23.
Published on 16 October 2015 on http://pubs.rsc.org | doi:10.1039/9781782622352-00166

View Online

Recent Approaches to Enhance the Selectivity of Peroxynitrite Detection 167

9.1 Introduction

Monitoring changes in peroxynitrite (PON) concentration in biological sys-
tems in real time represents a challenging endeavor. PON is a short-lived
reactive species (half-life <1 s at physiological pH) and the concentration lev-
els reported in cellular cultures and in vivo range from femtomolars to hun-
dreds of nanomolars. Most of the time, a compromise is reached between
maximum sensitivity, selectivity and temporal resolution. While there are
currently no biosensors that respond reliably to PON in vivo, as is the case
for other reactive species,"” electrocatalytic materials and electrochemical
approaches in general have been shown to drastically enhance the PON sig-
nal over other interferences such as superoxide (O,), nitric oxide (NO) or
hydrogen peroxide (H,0,).” Direct amperometric PON detection based on its
oxidation using carbon-based and platinized electrodes or electrochemical
reduction on gold electrodes at low negative potentials where interferences
are at minimal levels has been proposed.*”®

Separation of PON from biological samples prior to its detection has been
considered recently.® The approach is based on the use of a microchip elec-
trophoresis system, coupled with amperometric detection where PON sep-
aration and detection occur in less than 1 min. However, such an approach
does not allow the monitoring of rapid events, such as PON bursts. The
release of PON from a single stimulated macrophage®’ or the measurement
of the intracellular concentration of PON in neonatal myocardial cells® and
in single aortic endothelial cells® have been successfully addressed by con-
sidering “fast” detection by two means:'® chemical resolution and selective
chemical sensitivity.

9.2 Approaches to Enhance the Selectivity
of PON Detection

9.2.1 Selectivity via Chemical Resolution

Achievement of chemical resolution relies on detecting the electrochemical
“signature” of the analyte of interest. Each analyte presents a specific current
potential curve depending on its formal potential (Table 9.1) and electron
transfer kinetics.'® In some cases, techniques such as fast scan cyclic voltam-
metry allow the signals of multiple analytes to be resolved. While frequently
used to monitor events associated with neurotransmitters, fast scan cyclic
voltammetry has not been applied for the detection of reactive oxygen spe-
cies (ROS)/reactive nitrogen oxide species (RNOS) due to the high capacitive
currents associated with this technique—hence low sensitivity—combined
with the lower concentrations of ROS/RNOS expected in vivo.

The monitoring of PON released by myocardial cells was reported by Jin
using differential pulse amperometry (DPA).® The principle of DPA is illus-
trated in Figure 9.1.° In this procedure, the potential is kept at one value
for a short time, and then switched to another value for the same length
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Table 9.1 The formal potentials E° of selected ROS and RNOS vs. the normal hydro-
gen electrode (NHE). Reproduced with kind permission from Springer
Science and Business Media.'!

Redox couple of ROS or RNOS Formal potential E' vs. NHE (V)
0,/0,"" -0.33
H,0,/0, -0.15
ONOO’/ONOO™ +0.20
NO,’/NO,” +0.99
NO'/NO’ +1.21
NO,'/NO,’ +1.56
NO,’/NO,” +2.50
a applied pulse profile
a— - '
w pulse width 1 :
_ I 1 tz
S ' 1
: E.l maigte ' '
.16»' ==ty differential current:
a pulse | ' al=Kt,) - I(t,)
height 4 '
' )
_ E '
L b 1
] T g
b current response | !
' '
' 1 [g SE] faradaic current
= ' 1 -
1 1
E ' E eqncm\n cuwrrent
E - % - background current
127 ! background current
r . (eliminated by DPA)
time (t)

Figure 9.1 (a) Applied pulses and (b) current response in DPA. With kind permission
from Springer Science and Business Media: Anal. Bioanal. Chem., 2009,
394, 95, S. Borgmann, Electrochemical quantification of reactive oxy-
gen and nitrogen: challenges and opportunities, Figure 4. © Springer-
Verlag 2009.

of time. The two potentials are chosen so they correspond to one value
where the oxidation/reduction of the analyte of interest takes place, while
at the other value only the background current caused by other electroac-
tive species in the solution is measured. The difference in currents at the
first and second potential is then measured. By taking the measurements
at the end of each potential step, the contribution of capacitive current is


http://dx.doi.org/10.1039/9781782622352-00166

07:54:23.
Published on 16 October 2015 on http://pubs.rsc.org | doi:10.1039/9781782622352-00166

View Online

Recent Approaches to Enhance the Selectivity of Peroxynitrite Detection 169

il

10 sec

P
P! )

Figure 9.2 DPA responses to injection of (a) 1.0 x 10”7 mol L™ PON, (b) 1.0 x 107
mol L™ H,0, and (¢) 1.0 x 10™® mol L™ NO, . Reprinted with permission
from J. Xue, X. Ying, J. Chen, Y. Xian, L. Jin and J. Jin, Anal. Chem., 2000,
72, 5313. Copyright 2000 American Chemical Society.

drastically diminished. To monitor the PON released by myocardial cells,
the potential was kept at 0.2 V vs. reference for 100 ms, then switched to
0.0 V for 100 ms.*

Many interfering agents, including neurotransmitters, their metabolites
and other species such as ascorbic acid, uric acid, O, and nitrite (NO, ),
have been investigated and found not to interfere with PON detection by DPA
(Figure 9.2). The successful monitoring of PON with no interference was
not due exclusively to the use of DPA, but to a combination of the electro-
chemical technique chosen, the low operating potential (0 V vs. the reference
electrode), measurement in a region with minimum electrochemical inter-
ference and coating the sensor with a permselective membrane.

9.2.2 Selectivity via Chemical Sensitivity

In biological media, electroactive species give mostly overlapping electro-
chemical signals. Constant potential amperometry provides good temporal
resolution, appropriate for monitoring oxidative bursts, but little chemical
resolution. Selective chemical sensitivity approaches aim to maintain a high
sensitivity for the species of interest while diminishing the response for pos-
sible interfering species. This can be achieved in a number of ways, including:
(a) developing materials displaying high activity towards PON but negligible
response towards interferents; (b) tuning the electrochemical techniques,
sometimes combined with mathematical calculations, to isolate the PON
signal from that of the other interfering species in the medium; and (c) using
permeable membranes, limiting the access of possible interfering species.
The development of better electrocatalytic materials typically involves
screening new molecules and combinations of the catalyst and support.
This is more efficiently done by high-throughput screening, such as using
electrochemical robotic systems.'"'*> Currently, there are a series of materials
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that have proven to be efficient electrocatalysts for PON, such as organome-
tallic complexes of iron, manganese (Mn) and cobalt (porphyrins, phtha-
locyanines), polymer hybrids and reduced graphene oxide (rGO) based
nanocomposites. The PON chemical sensors based on electrocatalytic mate-
rials have recently been reviewed.’ Metallo-macrocycle-based electrodes, for
example, were shown to allow sensitive electrochemical detection of PON
in a variety of sensor architectures.>*'® Graphene-based nanocomposites
investigated in the past few years have shown promise, in particular, for aug-
menting the sensitivity of PON electrocatalytic detection. Electrocatalysts
such as hemin or cobalt phthalocyanine carboxylic acid were supported on
rGO nanocomposites via n-n stacking interactions.'” ! Sensitivity enhance-
ments were also obtained by utilizing conductive polymers (CPs) such as
polyethylenedioxythiophene (PEDOT).">** The use of CPs for sensing can be
combined with their utility as soft actuators in methods for the responsive
release of therapeutic agents®* or the delivery of decomposition catalysts
that could counteract the toxic effects of PON.*

9.2.3 Selectivity via Detection Method

Selective detection of PON can also be achieved by the appropriate choice of
parameters of the detection method, combined sometimes with mathemat-
ical calculations. The group of Amatore pioneered electrochemical assess-
ment of the relative concentrations of ROS/RNOS in synthetic mixtures and
biological systems by an innovative approach.*”*'*> The method, supported
by both theoretical models and experimental validation is based on amper-
ometric detection of ROS/RNOS species at selected potentials, using plati-
nized carbon microelectrodes. Amatore’s group reported that a single-cell
oxidative burst could, in fact, be decomposed into each of the corresponding
species, specifically, reduced oxygen (O, ", H,0,) and reduced nitrogen (NO,
NO,”, ONOO") species. It was shown that NO, NO,”, ONOO™ and H,0, could
be selectively quantified based on the contribution of each reactive species
to the total current recorded at each of the three potentials. Figure 9.3 illus-
trates the steady-state voltammograms for NO, NO, , ONOO™ and H,0,, show-
ing the partial overlap between the current potential traces for ONOO™ and
H,0,, and how the three potential values were chosen to allow the best com-
bination of sensitivity and selectivity for the amperometric detection of PON.

Moreover, the authors reconstructed the original fluxes of NO and O, ~
(Figure 9.4) using a system of mathematical equations and the fluxes of the
four reactive species from Figure 9.3. While this experimental algorithm
allowed new investigations in controlled bio-environments, monitoring
simultaneously the temporal evolution of individual RNOS species in single
cells was not possible using this approach. The same group later reported
the simultaneous monitoring of NO°, ONOO™ and H,0, released by single
macrophages, using triple-potential step amperometry at platinized carbon
microelectrodes.

Instead of carrying out individual experiments at single potentials and
repeating them for a large number of cells to account for cellular variability,
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Figure 9.3 Normalized steady-state voltammograms (20 mV s™') obtained for the
electrochemical oxidations of H,0,, ONOO™, NO' and NO,  solutions
(each at 1 mM in phosphate-buffered saline) at platinized carbon fiber
microelectrodes. Dotted lines define the potentials offering the best
sensitivity and selectivity of detection for each species by amperome-
try. Reprinted with permission from ChemBioChem, 7, 653, C. Amatore,
S. Arbault, C. Bouton, K. Coffi, J. C. Drapier, H. Ghandour and Y. Tong,
Monitoring in real time with a microelectrode the release of reactive
oxygen and nitrogen species by a single macrophage stimulated by its
membrane mechanical depolarization. Copyright © 2006 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.

in this new method, the potential was stepped from 300 to 450 and 650 mV,
and back to 300 mV in the span of 60 s. The current was measured at the end
of each 20 s potential step to minimize the contribution of the capacitive
current and increase the signal-to-noise ratio (Figure 9.5). Although limited
by the current sampling ratio—at every 60 s for each potential—the method
allowed the fluxes of NO*, ONOO™ and H,0, released by a single stimulated
macrophage to be recorded simultaneously. By comparing the amperograms
obtained for a single cell, the study also allowed the differences in the release
profiles over time to be emphasized for the various reactive species.

9.2.4 Selectivity via Permeable Membranes

Polyethyleneimine (PEI) was used by Koh and colleagues®® as an outer coating
for modified microelectrodes used for PON detection. The platinum micro-
electrodes were modified by electrodeposition with a Mn—polymer complex
film with poly-2,5-di-(2-thienyl)-1H-pyrrole)-1-(p-benzoic acid) (pDPB) and
decorated with Au nanoparticles, providing enhanced electrochemical PON
reduction. The PON electroreduction was monitored amperometrically at
+0.2 V. Under these conditions, several electroactive species and PON decom-
position molecules®® were investigated as interferents and found to give neg-
ligible signals, with the exception of oxygen, which showed a small signal
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Figure 9.4 (a) Amperometric response at +450 mV vs. silver/silver chloride electrode and subtracted curves representative of the con-
tribution of nitrogen-containing organic compounds (Igsomy — Lisomy) @0d NO,™ (Igsomy — Igsomyv) in the oxidative burst current
detected on macrophages. (b) Time variations of the individual fluxes for the different species emitted by macrophages.
Fluxes were determined according to Faraday’s law from subtracted curves for NO" and NO,™ and from the current at +450 mV
for H,0, and ONOO™ through the application of the procedure described by Amatore’s group.” (¢) Reconstruction of the fluxes
of the primary species NO* and O," "~ that are responsible for the final cocktail of species in the oxidative burst of the macro-
phages. Reprinted with permission from ChemBioChem, 7, 653, C. Amatore, S. Arbault, C. Bouton, K. Coffi, J. C. Drapier, H.
Ghandour and Y. Tong, Monitoring in real time with a microelectrode the release of reactive oxygen and nitrogen species by
a single macrophage stimulated by its membrane mechanical depolarization. Copyright © 2006 WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim.
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Figure 9.5 Measured current (bottom, solid line) resulting from a repetitive
sequence of potential steps (top) applied to a platinized carbon micro-
electrode. The series of four dashed lines are the best fits taking into
account the mean current near the end of each step. From bottom to
top: +300, +450, +650 and +850 mV vs. silver/silver chloride electrode
(SSCE), respectively. Reprinted with permission from C. Amatore,
S. Arbault and A. C. W. Koh, Anal. Chem., 2010, 82,1411. Copyright 2010
American Chemical Society.

(Figure 9.6). For this particular sensor architecture, the authors reported a
response time of 15 s, which might limit the sensor’s application for mon-
itoring rapid events. However, the sensor was proven appropriate for PON
detection in a rat spiked plasma sample, as well as for the measurement of
PON generated by cultured rat glioma cells stimulated with phorbol myri-
state acetate.

Another preferred cationic polymer used for coating PON ultramicro-
sensors is poly(4-vinylpyridine). In two studies where this polymer was
used as a coating, the detection was based on peroxynitrate reduction cat-
alyzed by electropolymerized films of tetra-aminophthalocyanine Mn(11)®


http://dx.doi.org/10.1039/9781782622352-00166

07:54:23.
Published on 16 October 2015 on http://pubs.rsc.org | doi:10.1039/9781782622352-00166

View Online

174 Chapter 9

(23 nM)ONOO

(64 nM)ONOO
{14!; nM)ONOO

., (10mM
superoxlde( IGnO 19mM)

PMA (10mM) (10mM) H,0. 0.5uA
( m'M) s }

272

10mM).
rotonin (10mM)
Ascorbic acid
JomM (1.9mM) O,

Eg;%vmne‘ éili;ubln L OISM
20 40 60 80 100

Time (s)

Figure 9.6 Chronoamperometric measurements for the interference effects of
different compounds with the Mn-pDPB complex-modified electrode.
Reprinted with permission from reference W. C. A. Koh, J. I. Son,
E. S. Choe and Y. B. Shim, Anal. Chem., 2010, 82, 10075. Copyright 2010
American Chemical Society.

or Mn(11)-[2,2]paracyclophenyl-porphyrin.’” The sensors were applied
to study the release of ONOO™ from cultured neonatal myocardial cells,
induced by ischemia/reperfusion and to monitor the NO/PON redox imbal-
ance in endothelial cells. The poly(4-vinylpyridine) coating prevented the
access of positively charged species (e.g., dopamine) and of macromole-
cules such as proteins.®

9.2.5 Selectivity via Deposition Technique

Drop casting is extensively used for the integration of graphene-based com-
posites into the sensing layer of the electrode. Although very simple, such an
approach leads to less reproducible and sometimes quite fragile films with
poor stability. Our group investigated an alternative approach, the use of
pulsed laser evaporation (PLE), to prepare hybrid films of rGO, iron protopor-
phyrin (hemin) and rGO-hemin complexes from solution. These active films
were prepared by PLE on glassy carbon electrodes (GCEs) and were character-
ized and subsequently utilized as electrochemical PON-sensitive interfaces.
PLE was reported to ensure clean processing of natural or synthetic
materials, complex hybrids and composite materials with minimal dam-
age to the deposited molecules.’®*! PLE typically involves a relatively low
fluence (radiative flux per unit area) laser applied in vacuum, to interact
with a frozen mixture of material and solvent.”>** During this process, the
solute molecules are gently propelled from the target and then deposited
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onto a substrate (such as a glassy carbon surface) located a few centime-
ters away. Solute desorbs intact during the process, without any signifi-
cant decomposition and it is often uniformly deposited on the substrate.
Other potential PLE advantages include the use of small amounts of pre-
cursor materials, the control of architecture in terms of the number of lay-
ers, improved adherence on the substrate and between layers, controlled
morphology, homogeneity, and uniformity of the surfaces. Owing to these
potential advantages, in recent years PLE has been successfully used*—>*
as an alternative to more conventional deposition techniques to obtain
thin films from active materials such as polymers, proteins or enzymes on
various substrates from planar sensors*®*?° to 3D substrates.” Our group
made PON-sensitive films by depositing rGO-hemin films by PLE on GCEs.
The nano- and microscale morphology and roughness of these rGO-hemin
films prepared by PLE were imaged by atomic force microscopy (AFM), while
their electrochemical interaction with PON was evaluated by cyclic voltam-
metry and amperometry. A schematic of the PLE experimental deposition
system used in the study is shown in Figure 9.7. The general PLE setup
has been described elsewhere.”® Briefly, the PLE targets were prepared by
suspending rGO, hemin and rGO-hemin complexes in 1% dimethylforma-
mide solutions. The prepared solutions were gently homogenized and rap-
idly frozen by pouring in the liquid nitrogen-cooled copper holder target as
illustrated in Figure 9.7A. The nano-imaging of surface morphology of the
PLE films was performed by AFM. The general aspects and roughness, and
the typical 3D features of the film surfaces are shown in Figure 9.7B. The
morphology of the coatings differed substantially by compound type. More
specifically, smooth films were obtained from hemin, while the presence of
rGO compounds appeared to generate a conglomerate with sporadic pores.
The differences could perhaps be correlated to the imperfect miscibility of
the starting rGO or rGO-hemin solution compared with those containing
hemin alone.

3-Morpholinosydnonimine-N-ethylcarbamide (SIN-1) was utilized as a
PON donor’>® to evaluate its interaction with the PLE-prepared rGO-hemin
films. Electrocatalytic oxidation in the presence of PON is mediated by the
hemin iron center within the rGO-hemin film, showing an oxidative wave at
1.17 V vs. Ag/AgCl, as illustrated in Figure 9.8."°7'°

The calibration curve is illustrated in Figure 9.9 with the oxidation cur-
rent scaling linearly with the increasing ONOO™ concentration. From the
slope of the calibration curve, the sensitivity of the rGO-hemin GCE towards
PON was evaluated at 4 nA nM ' and the limit of detection (LoD) was
25 nM. As shown in Figure 9.9, the amperometric response is reversible after
re-immersion in fresh phosphate-buffered saline. However, both the LoD
and response time of 10 s need further improvement, and miniaturization
is one way to achieve this.®*> Meanwhile, these preliminary results proved
the feasibility of the PLE method to form stable films from solutions of rGO-
hemin complexes.
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Figure 9.7 (A) Experimental setup of the PLE-assisted deposition of rGO-hemin
films. A pulsed Nd:YAG laser system irradiated the frozen target, pre-
pared by mixing the rGO, hemin or rGO-hemin in dimethylformamide
solution to 1% final weight, and gently homogenized and then main-
tained frozen with liquid nitrogen. Thus, films of hemin and rGO-hemin
were deposited, by PLE of the target solvent, onto the freshly cleaned
GCE substrates. (B) 3D AFM images of (a) rGO, (b) hemin and (c) rGO-
hemin films formed by PLE. The surfaces of the rGO films obtained had
one order of magnitude higher roughness of 447 nm compared with 23
nm for just hemin and 50 nm for the rtGO-hemin complex.
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Figure 9.8 Electrocatalytic oxidation in the presence of ONOO™ is mediated by
hemin centers within the rGO-hemin film. Reproduced from ref. 13
with permission from The Royal Society of Chemistry.
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Figure 9.9 Typical amperometry response to PON obtained using rGO-hemin GCEs
polarized at +1.1 V vs. Ag/AgCl for subsequent analyte aliquots (left) and
calibration graphs of rGO-hemin and hemin modified GCEs (right).

9.3 Selective PON Detection with Simultaneous
Detection of Interfering Species
To understand the mechanism by which cellular events trigger PON release

it is important to monitor simultaneously, in addition to PON, the fluxes
of other reactive species such as NO°, H,0, and NO, . PON is generated by
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the reaction of NO" and O, ". H,0, is generated from the spontaneous evo-
lution of O, and NO,™ and it is a decomposition product of both NO* and
ONOO". There are two ways to ensure selectivity for the detection of each
analyte. One elegant way is to detect all species with the same sensor, as
described and optimized by Amatore’s group.*'** By polarizing the sensor at
four different potentials and using a mathematical calculation based on the
currents recorded at these potentials, it is possible to extract the individual
fluxes of ONOO", H,0,, NO" and NO,’, and to calculate the original fluxes
of NO and O,’~ produced by macrophages, as explained above. The alterna-
tive approach is to use dedicated sensors for each of the reactive species of
interest by using sensor arrays. Selective detection of each analyte is achieved
through a combination of specific surface chemistry and a specific value of
the applied potential for each dedicated sensor.

A module containing three individually addressable micrometric sen-
sors, optimized for the amperometric detection of NO, O,”~ and ONOO"~
was used to monitor these reactive species simultaneously, both in vitro
for a single endothelial cell and in the vasculature of rats in vivo.” In this
work, carbon fiber working electrodes were functionalized with a polymeric
nickel(11)tetrakis(3-methoxy-4-hydroxyphenyl)porphyrin covered with Nafion
for NO detection, with immobilized polypyrrole/horseradish peroxidase and
superoxide dismutase (SOD) for the O, ~ sensor, and a polymeric film of
Mn(111)-[2,2]paracyclophenyl-porphyrin for ONOO™ detection. The reactive
species NO, O, and ONOO™ were detected amperometrically at 0.67, 0.35
and -0.35 V, respectively.

Bedioui’s group described a sensor array where bare gold microelectrodes
were used for detecting ONOO™ reduction at —0.1 V, while electrodes coated
with electropolymerized films of eugenol and phenol, operated at 0.8 V were
used for the detection of NO.” The selectivity of the two sensors was proven by
tests with the interferents nitrite, hydrogen peroxide, dopamine and ascor-
bic acid. Recently, the proof of concept was presented by the same group for
a new ultramicroelectrode (UME) array for the simultaneous monitoring of
NO’ and ONOO™ and the activation of HL60 cells as shown in Figure 9.10.%
To confirm the origin of the signal attributed to PON, SOD was added in
the reaction medium (Figure 9.11). In these conditions, scavenging of O, ~
by SOD competed with PON formation, leading to a drastic decrease in the
amount of PON formed and in the current attributed to PON reduction. In
this study, however, NO and PON were formed in situ from an exogenous
NO donor molecule ((2)-1-[N-(2-aminopropyl)-N-(2-ammoniopropyl)amino]-
diazen-1-ium-1,2-diolate) and its reaction with the superoxide released by
phorbol-12-myristate-13-acetate-stimulated HL60 cells. Demonstration of
the feasibility of sensor arrays for monitoring PON generated exclusively
by cellular events remains to be done. As emphasized in a recent review,*
electrochemical sensor arrays are particularly interesting not only for the
simultaneous detection of several species but also for their potential use in
mapping the spatio-temporal diffusion or transport of a single analyte. With
the current technological advances related to fabrication of miniaturized
sensors and arrays, advances can be anticipated in the near future.
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Figure 9.10 (a)Layout and design, and (b) picture of the electrochemical sensor array
contained on a 50 mm circular wafer. The electrical connections are per-
mitted through 20 PADs arranged around the periphery. The arrayed
UMEs are contained within the confines of the counter electrodes (PADs
1 and 2), which are two half circles with a 7.5 mm radius. There are two
reference electrodes, which are centered vertical bars (PADs 7 and 8).
The working UMEs are defined by the etching of the parylene insulating
layer on the gold electrode areas. They can be addressed in four sets
of 617 electrodes of 20 um diameter each (PADs 3-6). Reprinted from
Electrochim. Acta, 140, 33, L. T. O. Kim, V. Escriou, S. Griveau, A. Girard,
L. Griscom, F. Razan, F. Bedioui, Array of ultramicroelectrodes for the
simultaneous detection of nitric oxide and peroxynitrite in biological
systems, copyright 2014 with permission from Elsevier.

9.4 Confirming the Identity of the PON
Electrochemical Signal

Ensuring selectivity and correct identification of PON or other reactive spe-
cies of interest based on their electrochemical signal requires a progressive
approach. First, efforts are put into developing sensors displaying the opti-
mal sensitivity for PON. Initial studies of selectivity performed with individ-
ual standards and synthetic mixtures in laboratory conditions target known
decomposition products of PON, nitrite and nitrate, as well as other elec-
troactive species typically found in biological systems. Both freshly synthe-
sized and in situ produced PON should be used to establish sensor sensitivity
and selectivity at physiological pH. Before applying the sensor for measuring
dynamic concentration changes in biological systems, DPA is useful to con-
firm the PON identity and to measure basal levels in the reaction medium.’
Next, to confirm that the signals recorded with the sensor/sensor array are
correctly attributed to PON or other reactive species of interest, exogenous
donors, and known triggers or inhibitors of cellular events leading to the
formation of relevant reactive species are added to the reaction medium. For
example, Burewicz et al.*’ described a two-sensor system for the simultaneous
monitoring of NO and ONOO™ in endothelial cells and validated the selectiv-
ity of their method by intervening in the pathway of NO and ONOO™ produc-
tion. First, NO/ONOO™ release was stimulated by a calcium ionophore. Next,
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Figure 9.11 Simultaneous amperometric measurements at +0.8 V vs. Ag/AgCl
at (a) the gold UME array coated by poly(eugenol)/poly(phenol) and
(b) —0.1 V vs. Ag/AgCl at the bare gold UMEs upon injection of an
aliquot of 500 pL of HEPES buffered solution containing 3 million
phorbol ester myristate (PMA)-activated HL60 cells and alkaline pro-
pylamine propylamine NONOate (PAPA-NONOate) stock solution
(100 uM) to the electrochemical cell containing 500 pL of HEPES buf-
fer. (c) Curve obtained at —0.1 V vs. Ag/AgCl at the bare gold UMEs
upon injection of an aliquot of 500 uL of HEPES buffered solution
containing 3 million PMA-activated HL60 cells, alkaline PAPA-
NONOate stock solution (100 pM) and SOD (600 U mL™) to the elec-
trochemical cell containing 500 pL of HEPES buffer. Reprinted from
Electrochim. Acta, 140, 33, L. T. O. Kim, V. Escriou, S. Griveau, A. Girard,
L. Griscom, F. Razan, F. Bedioui, Array of ultramicroelectrodes for the
simultaneous detection of nitric oxide and peroxynitrite in biological
systems, copyright 2014 with permission from Elsevier.

polyethylene glycol (PEG)-SOD was added to convert superoxide into H,0,,
a specific inhibitor of NADPH oxidase (VAS2870) was added to inhibit super-
oxide production, a Mn(111)porphyrin was used as a ONOO™ scavenger and an
L-arginine analog (I-NMMA) was used to inhibit NO synthase in endothelial
cells (Figure 9.12). As emphasized in Figure 9.12A, the addition of PEG-SOD


http://dx.doi.org/10.1039/9781782622352-00166

07:54:23.
Published on 16 October 2015 on http://pubs.rsc.org | doi:10.1039/9781782622352-00166

View Online

Recent Approaches to Enhance the Selectivity of Peroxynitrite Detection 181
Y 2/

26001 151

2 * *

g h 4 * -

| 3 - .

8400- - o 104

% 2

o

® 200 S 5 .

02004 = 57

z M@l - . 2

-] S

F LA e s LR

7 0 l rl.-:-. m| %

£ N s 2 {\i‘ Q
o x\“"w o s“fﬁg co® «ac"s o @ r»-%’]'%ﬂ

R S (B) &7 A \0‘" <

AM\\ N

Figure 9.12 (A) Maximal NO (open bars) and ONOO™ (solid bars) concentrations
released from HUVECs in the absence or presence of PEG-SOD,
L-NMMA, VAS 2870, and Mn(111) porphyrin. (B) Ratio of the maxi-
mal NO concentration to maximal ONOO™ concentration measured
from HUVEC cells in the absence or presence of PEG-SOD, I-NMMA,
Mn(111) porphyrin, and VAS 2870. *p < 0.05 vs. control, n = 3. A. Bure-
wicz, H. Dawoud, L. Jiang and T. Malinski, Nitric Oxide/Peroxynitrite
Redox Imbalance in Endothelial Cells Measured with Amperometric
Nanosensors, Am. J. Anal. Chem., 4, 2013, 30. Copyright 2013 Scientific
Research Publishing.

and VAS2870 leads to an increase in the quantity of NO and a decrease in the
concentration of PON compared with the control due to the fact that less
superoxide was available to react with NO. The Mn(111)porphyrin efficiently
scavenged PON, while L-NMMA inhibited the production of NO and, conse-
quently, that of PON. Figure 9.12B presents the ratio between the maximum
levels of NO/ONOO™ after the addition of different compounds. This provides
more evidence that the two nanosensors do indeed capture variations in the
concentrations of NO and ONOO™ in biological systems. Moreover, this ratio
of NO:ONOO' is considered an indicator of the nitroxidative stress caused by
ONOO' in the endothelium.®

In other studies, stimulation of cultured cells with phorbol myristate ace-
tate®® was utilized to induce superoxide production. Further addition of an
exogenous NO donor led to in situ PON formation, thus confirming that the
electrochemical signal recorded with the respective sensor was correctly
attributed to PON.%

9.5 Conclusions

The efforts to develop better electrocatalysts for PON detection are constantly
growing and various aspects related to this topic are currently being investi-
gated, including new molecules, new supports, and better ways to deposit
electrocatalytic films to improve activity and stability. In this context, we
have described a novel PLE method to deposit a hemin-rGO hybrid film. The
specificity of the PON detection was mainly evaluated in vitro. The adequate
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ratios of interferent:PON and concentration ranges utilized should mimic
those expected in real situations in vivo. To ensure selectivity, the identity of
the species of interest should be confirmed with additional methods. One
approach is to generate it in situ, by using either donor molecules or known
triggers of cellular events that produce the species. Often, for measurements
in biological media, especially when attempting to monitor oxidative bursts,
there is a trade off between selectivity and temporal resolution.
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10.1 Introduction to Peroxynitrite

10.1.1 Production of Peroxynitrite in Biological Systems

In 1990, Beckman et al. observed the production of peroxynitrite while inves-
tigating local tissue perfusions of nitric oxide (NO) and superoxide species
as potential sources of endothelial injury."* They were able to show that per-
oxynitrite generates hydroxyl radical ((OH) more efficiently than the Fenton
reaction [reaction of reduced iron with hydrogen peroxide (H,0,)] in biolog-
ical systems.>* Their findings were soon confirmed by several independent
studies using co-generated NO and superoxide.’ It was these initial observa-
tions that compelled a review of the role peroxynitrite played in oxidative®
and nitrosative stresses,”® which were previously attributed to the actions of
NO or "OH.’ Although no enzymes dedicated to metabolizing peroxynitrite
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have yet been discovered, the discovery of NO synthase (NOS),'*'" NADPH
oxidase (NOX),"" superoxide dismutase (SOD),'*> and other peroxidases™ put
further weight on the argument for the biological relevance of peroxynitrite.
Produced almost spontaneously from the diffusion-limited reaction of NO
and superoxide radical (k= 6.7 x 10° M s7!), peroxynitrite exerts most of its
biological effects through direct, or radical-mediated, oxidation and nitra-
tion of biomolecules, such as proteins, nucleic acids, and lipids.'**” These
reactions and their associated products have significant consequences on
the function and fate of cells and tissues. Deregulation of such processes can
lead to cardiac,'®'" vascular,®”*' circulatory,* inflammatory,*** diabetic,”'®
and neurodegenerative diseases.*>?°

10.1.2 Biological Chemistry of Peroxynitrite

As a short-lived oxidant (half life ~10 ms at physiological pH), peroxynitrite,
once produced, can have a multitude of effects on biological systems.'* Both
peroxynitrite anion (ONOO’) and peroxynitrous acid (ONOOH; pK, = 6.8)
can undergo direct one- or two-electron oxidation reactions with redox-
active molecules, such as glutathione (GSH),?”*® metalloproteins,* hemepro-
teins,*** and thiol-containing proteins,**** to name just a few. In addition
to direct oxidation of its targets, peroxynitrite can trigger more complex reac-
tions via radical-mediated mechanisms."” Homolytic fission of peroxynitrite
produces ‘OH and nitric dioxide ('NO,) radicals, whereas the fast reaction
of peroxynitrite with carbon dioxide readily generates carbonate (CO;" ") and
‘NO, radicals. These radicals can propagate and further induce DNA damage,
lipid peroxidation,** and protein nitration.*® In particular, the production of
3-nitrotyrosine is frequently regarded as a marker of peroxynitrite-induced
nitrosative stress,*® despite the fact that 3-nitrotyrosine can also be generated
via alternative routes.’” Depending on the local concentration and expo-
sure time, these peroxynitrite-induced reactions can lead to alterations in
protein structure and function, inappropriate activation/inactivation of
signal transduction pathways, impairment of mitochondrial function, and
initiation of cell death (apoptosis or necrosis).'® However, there are per-
oxynitrite scavengers and neutralizers, such as uric acid, peroxiredoxins, and
selenium-containing GSH peroxidases, that allay the potentially deleterious
effects of mild peroxynitrite production.®® In cases with toxic overproduc-
tion of peroxynitrite, treatment with peroxynitrite decomposition catalysts,
notably metalloporphyrins, has shown protective antioxidant-like effects in
various disease models (Figure 10.1).>°*

10.1.3 Peroxynitrite-Induced Cytotoxicity

Due to its high reactivity, both exogenous and endogenous peroxynitrite
is capable of conferring deleterious and cytotoxic effects on cells and tis-
sues. For example, peroxynitrite-dependent oxidation of mitochondrial
electron transport complexes and mitochondrial permeability transition
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Figure 10.1 Sources and targets of cellular peroxynitrite. Peroxynitrite is a tran-

sient cellular oxidant that can diffuse and interact with the immedi-
ate and adjacent cells (~5-20 pm). ONOO™ is formed from a reaction
between O, and NO, which can originate from the mitochondrial
respiratory chain or NOX, and from arginine-derived NO synthesis
via NOS, respectively. Within the cells, ONOO™ is in equilibrium with
ONOOH, which can decompose into ‘OH and ‘NO, radicals. Moreover,
peroxynitrite preferentially reacts with carbon dioxide (CO,) to form
nitrosoperoxycarbonate (ONOOCO, ), which can decompose into
CO;' " and 'NO, radicals. Accumulation of ‘NO, radicals can lead to
tyrosine nitration on proteins—i.e. nitrotyrosine formation—which is
indicative of oxidative cellular stress. Indeed, peroxynitrite accumula-
tion confers cellular stress in a number of ways, such as DNA damage
from purine oxidation, lipid peroxidation from free radical propaga-
tion of fatty acids, and cellular respiration dysfunction from an inap-
propriately decreased mitochondrial membrane potential (A¥). These
cellular defects can be circularly propagated if the mitochondria con-
tinuously produce ROS, thereby ultimately leading to cell death as the
oxidative damage incurred exceeds the capacity of the cellular antiox-
idant and repair machineries. Cyt C: cytochrome c; PARP: poly (ADP-
ribose) polymerase.
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Figure 10.2 TFluorescent peroxynitrite detection probes. Chemical structures of
(A) oxidation- and (B) nitration-based peroxynitrite probes before and
after reaction with peroxynitrite, as outlined in Table 10.1.

pores can significantly impair cellular respiration and induce apoptosis,
respectively."**> Furthermore, peroxynitrite-induced DNA oxidation and
double-strand breaks activate the poly(ADP-ribose) polymerase (PARP)
DNA repair pathway, which triggers cell necrosis by depleting the cellular
NAD" and ATP stores.>? Peroxynitrite-mediated cytotoxicity can also come
about through a positive-feedback cycle, whereby peroxynitrite could
inhibit the activity of antioxidant enzymes, such as manganese SOD
(MnSOD),***” and also induce inflammatory and apoptotic responses that
further stimulate additional peroxynitrite production.*®*°

10.2 Principles of Fluorescence and
Fluorescent Probes

10.2.1 The Phenomenon of Fluorescence

The process of fluorescence involves the absorption of relatively higher
energy, shorter wavelength light to enable emission of lower energy, longer
wavelength light. This process is observed with fluorophores, which typi-
cally have distinct molecular structures that are commonly polyaromatic
hydrocarbons or heterocycles.’”* Except for these highly conjugated organic
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Table 10.1

Summary of fluorescent probes for peroxynitrite detection. The chemical structures and chemical transformations of the indicated
probes are illustrated in Figure 10.2.

Detection
Probes Aex (M) A, (nm)  Selectivity limit Response in vitro Response in cells or tissues Reference
HKGreen-1 490 521 Reacts with OH" 0-10 uM  >9-Fold fluorescence turn Primary cultured neuronal cells; 98
and ONOO™ onin 1 h (20 uM probe, fluorescence turn on by 10 pM
300 uM ONOO', pH 7.3) SIN-1 (20 pM probe loaded)
HKGreen-2 520 539 Reacts with OH" 0-10 uM  21-Fold fluorescence turn Murine macrophage cell line J774.1; 100
and ONOO™ on in 30 min (10 uM fluorescence turn on by LPS
probe, 10 pM ONOO", (1 pg mL™) and IFN-y (50 ng mL™)
pH 7.4) for 4 h, then PMA (10 nM) for 0.5 h
HKGreen-3 520 535 Reacts with OH’, <50 nM 140-Fold fluorescence Murine macrophage cell line 101
OCI, and turn on (5 puM probe, RAW264.7; fluorescence turn on
ONOO” 5 pM ONOO", pH 7.4) by LPS (1 pg mL™") and IFN-y
(50 ng mL™) for 4 h, then PMA
(10 nM) for 0.5 h
HKGreen-4 517 535 Reacts with 10 nM 290-Fold fluorescence Respond to SIN-1 generated ONOO™ 102
ONOO~ turnonin 5s (1 pM in RAW264.7, C17.2, CHO and
probe, 1 uM ONOO", BV-2 cells; respond to LPS/IFN-y
pH 7.4) or heat-killed E. coli stimulation
in RAW264.7 cells; imaging of
ONOO™ generated in live smooth
muscles from a mouse model of
atherosclerosis
BzSe-Cy 770 800 Reacts with 0-5 pM >5-Fold fluorescence Murine macrophage cell line 106
ONOO™ decrease in 5 min RAW264.7; fluorescence decrease
(5 uM probe, 5 uM by SIN-1 (20 uM) in 1 h (20 uM
ONOO’, pH 7.4) probe loaded for 30 min)
Cy-PSe 758 775 Reacts with 0-10 pM  23.3-Fold fluorescence Murine macrophage cell line 107
ONOO™ turn on (10 uM probe, RAW264.7; fluorescence turn on by

10 uyM ONOO', pH 7.4)

LPS (1 pg mL™) and IFN-y (50 ng
mL™) for 4 h, then PMA (10 nM) for
0.5 h (10 pM probe loaded for 5 min)

=
O
o

07 431dvyD
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pH 7.4) (50 ng mL™) for 4 h, then PMA
(10 nM) for 0.5 h (1 uM probe
loaded for 15 min)
>5-Fold fluorescence Human glioma cell line U87;
turn on at 595 nm fluorescence turn on at 595 nm
(20 uM probe, 300 pM induced by 200 uM SIN-1 (20 pM
ONOO’, pH 7.4) probe loaded)
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molecules, other common fluorophores include fluorescent proteins (FPs),
semiconductor crystals, and lanthanides.’>*® The mechanism underlying the
fluorescence process can be interpreted as three stages. In the first stage, a
photon from an excitation light source is absorbed by the fluorophore, which
increases the electron’s energy level and brings it from the ground state to
an excited state. In the second stage, the excited state electron interacts with
its molecular environment and quickly dissipates some of this energy into
heat. Finally, the electron relaxes back to the ground state by emitting the
remaining energy as a photon.” Because energy is partially converted to heat
during the transition, the emitted light is always of a lower energy (longer
wavelength) compared with the excitation light. This wavelength difference
is known as the Stokes shift. Most fluorophores can be repeatedly excited
many times before being irreversibly damaged or photobleached—an intrin-
sic trait that depends on a fluorophore’s lifetime. Another defining feature
of fluorescence technology is its high sensitivity, which is attributable to the
fact that thousands of photons can be generated from a single fluorophore,
and the excitation and emission light can be efficiently separated and col-
lected by using optical fluorescence instrumentations.*

10.2.2 Applications of Fluorescence Technology

The discovery of fluorescence and the development of a wide variety of useful
fluorophores have fueled astonishing research in fluorescence instrumenta-
tion and applications for biological chemistry and cell biology. Organic dyes
were among the first fluorophores to be studied and applied into biologi-
cal research.> Their small molecular weight, reasonable quantum yield and
photostability, and customizable photophysical performances have paved
the way for organic fluorophores to pioneer the use of fluorescence in bio-
chemical assays.> Many organic dye derivatives, such as fluorescein isothio-
cyanate (FITC), can be conjugated to macromolecules—such as antibodies,
for example.>® Most notably, the bioconjugation of organic dyes with primary
or secondary antibodies has laid the foundation for immunofluorescence,
which is now an indispensible technique in most biology laboratories.”” In
contrast to being synthesized in vitro, biological fluorophores can be genet-
ically encoded in virtually any type of aerobic cells, tissues, or organisms.>®
Green fluorescent protein (GFP), originally isolated from the jellyfish Aequo-
rea victoria, is most widely used as a biological marker for gene expression
and protein localization.>® Tsien and colleagues further engineered GFP
derivatives with favorable photophysical properties for monitoring biologi-
cal events.®! These derivatives varied in hues that spanned the entire visible
spectrum, thereby enabling multicolored imaging for simultaneously track-
ing multiple biological parameters. This is of particular importance because,
for the first time, it allowed scientists to interpret cellular behaviors in an
integrated perspective via direct monitoring of multiple labeled events.®® In
addition to being capable of fusion to proteins of interest as a potent pro-
tein-labeling reagent, FPs can be engineered into genetically encoded bio-
sensors that function beyond emitting fluorescence.’®*** These biosensors,
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when carefully designed and systematically optimized, have proven to be
invaluable for monitoring a multitude of cellular parameters, such as pH,®
temperature,®” voltage,®® metal ions,* reactive oxygen species (ROS),”® pro-
tein post-translational modifications,” and enzymatic activities.”” The third
type of fluorophore that is increasingly being employed in biological appli-
cations is the quantum dot.”® Developed in the 1980s, quantum dots are
nanoscale-size (2-50 nm) crystals that serve to complement other types of
fluorophore.”* A unique feature of quantum dots is the proportionality of
their emission properties relative to the particle size—i.e. the larger the par-
ticle, the longer the emission wavelength. By controlling the particle size,
therefore, one can diversify a range of fluorescence emission particles.”
Quantum dots are becoming increasingly popular due to their tunable flu-
orescence range and exceptional photostability, which allows fluorescent
samples to be analyzed over an extended period of time.”>””

The vast and versatile panel of fluorophores will allow researchers to
inevitably continue to revolutionize biotechnology platforms. For example,
organic fluorophores have been extensively used in gene sequencing proj-
ects to decode the genome of thousands of organisms.”® Flow cytometry, a
high throughput, laser-based biophysical technology is another example
that benefits from fluorescence principles. In flow cytometry experiments,
a diverse group of cells are diluted in a stream of fluid and passed through
an electronic detection apparatus that counts and sorts cells based on their
fluorescence properties. Nowadays, flow cytometry is routinely used in basic
research as well as clinical practice.”” These biotechnological applications
of fluorescence technology have allowed research to be conducted in a more
confident, efficient, and high-throughput manner.

10.2.3 Fluorescent Probes

One of the most fascinating applications of fluorescence technology is the
emerging development of fluorescent probes for the detection of biologically
important molecules.’® Fluorescent probes are bioengineered fluorophores
that report on the cellular environmental status or specific analytes of inter-
est. Since their initial development, fluorescent probes have gained extraor-
dinary popularity among the biological community because information on
invisible molecules can now be interpreted directly from the fluorescence of
the corresponding fluorescent probes, which are so carefully designed that
even nuanced alterations in target concentrations or conformations could
trigger fluorescence changes.”® This presents a stark contrast to traditional
biochemical assays that are generally more time consuming, laborious, and
expensive. Moreover, fluorescent probes can be observed in live cells by flu-
orescence microscopy imaging, where high spatio-temporal resolution can
be obtained without having to sacrifice samples of interest.** Furthermore,
because the use of fluorescent probes introduces only minimal cellular per-
turbations, their use preserves the target molecules in their native environ-
ment to better reflect the real underlying biology.*! Fluorescent probes can
be categorized into several groups, depending on the nature of their targets:
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probes for cellular structures (ion channels, organelles, etc.), cell function
(viability, pH, membrane potential, etc.), nucleic acids, proteins, lipids, and
small molecules (metal ions, metabolites, ROS, etc.). Among them, fluores-
cent probes for small molecules are of particular interest because very few
other methods are able to detect, track, and quantify these molecules.®*
Small molecule targets can change a probe’s fluorescence properties via
two discrete mechanisms: ligand binding or chemical reactions.® Prototyp-
ical and pioneering examples of binding-based small molecule fluorescent
probes are fluorescent calcium ion indicators that report on the concentra-
tion changes of calcium ion, which is an important secondary messenger for
signal transduction pathways.®® Most organic dye-based calcium indicators
contain derivatives of metal ion chelator motifs that display unique spec-
tral features upon calcium binding. For example, fura and indo fluorescent
calcium indicators, upon calcium binding, shift their excitation and emis-
sion spectra, respectively, and are hence considered excitation ratiometric.
By contrast, rhod and calcium green family indicators are intensiometric.®
An exciting advancement of fluorescent calcium indicators is the develop-
ment of a family of genetically encoded FP-based calcium probes, such as
fluorescence resonance energy transfer (FRET)-based cameleon indicators®
and single FP-based GCaMP-type indicators.®® These FP-based indicators
integrate the calcium binding domain, calmodulin (CaM), into FPs, thereby
allowing the resulting indicators to be genetically encoded into target cel-
lular organelles or tissues of interest, which has broad applications in cell
biology and neuroscience.?””® In contrast to binding small molecules, flu-
orescent probes for redox active small molecules, such as hydrogen sulfide
(H,S), rely on a reaction-based detection mechanism.* Chang and coworker
were among the first researchers to incorporate an azide reactive functional
group into their designs for H,S-responsive fluorescent probes. By masking
a rhodamine with an azide group, they generated the first-generation H,S
turn-on probes—Sulfidefluor-1 (SF1) and Sulfidefluor-2 (SF2).”° H,S-mediated
reduction of aryl azide to a corresponding aniline elicits a dramatic fluores-
cence turn-on response in both aqueous solution and living HEK 293T cells.
Akin to azide reduction for H,S detection, chemospecific boronate and keto-
acid oxidation reactions were widely adopted for the design of an assortment
of fluorescent probes for H,0,.”°2 These reaction-based probes combine
various fluorophore scaffolds with reactive functional groups, resulting in
far-ranging types of fluorescent probes with high reactivity and sensitivity.
Taken together, progress in the development of various types of fluorescent
probe offers a promising approach for interrogating biological puzzles.®*
Together with seminal advancements in optical spectroscopy and fluores-
cence microscopy, the development of fluorescent probes shall continue to
open new doors and opportunities for both industrial innovations and sci-
entific breakthroughs. Herein, we will provide a brief survey of recent devel-
opments of fluorescent probes for detecting and imaging peroxynitrite in
biological systems. We will emphasize general probe design strategies and
performances in biological media.
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10.3 Development of Fluorescent Probes
for Peroxynitrite

The detection of peroxynitrite, a prerequisite for understanding its produc-
tion and for dissecting its signal/stress dichotomy in biological samples,
has never been an easy task—given its low steady-state concentration, short
physiological half life (~10 ms), and multiplex reaction pathways.”> From
a historic perspective, many different analytical methods, including chro-
matographical,” electrophoretic,” and electrochemical assays® (reviewed in
other chapters) have been employed in peroxynitrite detection and quanti-
fication. In addition, immunohistological detection of 3-nitrotyrosine still
continues to be extensively used as a marker for biological peroxynitrite for-
mation despite numerous controversies regarding the ambiguous interpre-
tation surrounding this detection method.”” Most of these methods suffer
from poor sensitivity, limited spatial and temporal resolution, and the requi-
site for cell lysis, which consequently precludes them from reliable live cell
or in vivo detection, real-time monitoring, and imaging of peroxynitrite. The
advent of fluorescent probes has made such a daunting task possible, in part
due to their high sensitivity, tunable selectivity, and ability to complement
modern spectroscopic and microscopic platforms. In particular, the success-
ful development of a diverse array of small molecule fluorescent probes for
metal ions, hydrogen sulfide, and H,0,—among many others—has drasti-
cally advanced our understanding of cellular homeostasis, signal transduc-
tion, and pathophysiology in a manner that was previously unattainable from
using traditional biochemical methods.?*** Similarly, the development of flu-
orescent probes for peroxynitrite has hence been the major focus in the field
during the past decade to meet the pressing need for tools to explore per-
oxynitrite biology.”” Among the many challenges facing the probe designs,
the unambiguous detection of peroxynitrite amidst other ROS and reactive
nitrogen species (RNS) in a complex cellular milieu has motivated the use of
a number of different chemical principles.

10.3.1 Oxidation-Based Probes
10.3.1.1 Oxidation of Activated Ketone

The first peroxynitrite-specific fluorescent probe, HKGreen-1,”® was devised
when Yang and co-workers examined the similar chemical behavior of
ONOO™ and peroxymonosulfate (HOOSO; ) towards activated ketones.
In this regard, they found that peroxynitrite could efficiently oxidize an
anisole-derived ketone to dienone via a dioxirane intermediate.”® Such a
reaction does not occur when the same ketone is incubated with other ROS
and RNS, such as H,0,, '0,, NO, superoxide (0, ), “OCl, and peroxyl rad-
ical (ROO"), suggesting that this reaction scheme could be harnessed to
develop fluorescent probes selective towards ONOO™. Following this reac-
tion principle, HKGreen-1 was synthesized by replacing the methoxy group
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of the anisole-derived ketone with dichlorofluorescein (DCF). Upon reaction
with ONOO", the masked DCEF is released while the phenyl ring is oxidized
to produce a dienone product, and consequently results in a significantly
augmented fluorescence. The fluorescence intensity of HKGreen-1 increases
8-fold and 3-fold, respectively, when incubated with 15 equiv. of ONOO™ and
"OH, whereas NO, '0,, 0,"", and H,0, trigger less than 1-fold fluorescence
enhancement. More importantly, HKGreen-1 can be loaded into primary cul-
tured neuronal cells to image 3-Morpholinosydnonimine-N-ethylcarbamide
(SIN-1) generated peroxynitrite, demonstrating the potential to employ fluo-
rescent probes to detect and image ONOO™ in living cells.”® Utilizing a similar
peroxynitrite-mediated ketone oxidation reaction, Yang’s group developed
the second-generation probe for peroxynitrite, HKGreen-2, based on the pho-
toinduced electron transfer (PET) mechanism of a boron-dipyrromethene
(BODIPY)-type fluorescent probe.'” Compared with HKGreen-1, HKGreen-2
has increased reactivity and dynamic range for ONOO7, and as a result, is
able to detect endogenously generated ONOO™ in J774.1 macrophage cells
stimulated with a combination of lipopolysaccharide (LPS), interferon-y
(IFN-y), and phorbol 12-myristate 13-acetate (PMA).'® Subsequently, by
incorporating a diarylamine-derived ketone into the rhodol scaffold, Yang’s
laboratory was able to synthesize a new probe, HKGreen-3, for highly selec-
tive and sensitive detection of peroxynitrite."” HKGreen-3 exhibited neg-
ligible background fluorescence and peroxynitrite could readily mediate
N-dearylation to release a highly fluorescent fluorophore, resulting in a 140-
fold fluorescence turn-on response with 1 equiv. of ONOO™. The detection of
endogenous ONOO™ with HKGreen-3 was further demonstrated by immune
stimulation of both RAW264.7 and J774.1 macrophage cell lines.'”" Similarly,
HKGreen-4 has recently been reported for visualizing peroxynitrite endoge-
nously generated in Escherichia coli-treated macrophages and in live athero-
sclerotic mouse tissues. HKGreen-4 contains no ketone functional group but
instead has a phenol group that is cleavable by peroxynitrite.'”

10.3.1.2 Oxidation of Organoselenium Fluorophores

Selenium has long been established as an important cofactor for many redox
cycling enzymes owing to its essential roles in intracellular redox homeo-
stasis.'®'* Indeed, many organoselenium compounds have been found
to have applications as anti-oxidant agents that demonstrate protective
benefits against oxidative species—such as ONOO™.'” Inspired by these
selenium-mediated redox cycling events, Xu et al. reported a near-infrared
organoselenium probe, benzylselenide-tricarbocyanine (BzSe-Cy), for the
selective detection of ONOO™ and reversible monitoring of redox cycles in
live cells.’® Due to its unusually high oxidation potential (0.622 V), BzSe-Cy
can only be oxidized by ONOO™, and not by other ROS or RNS, to yield an
oxidized BzSe-Cy (BzSeO-Cy) that is weakly fluorescent due to a PET process.
Remarkably, the oxidized probe can be recycled back to BzSe-Cy by reduced
ascorbate (ASCH,), and the ONOO/ASCH, mediated redox cycles can be
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repeated at least eight times without significant loss of fluorescence. In live
RAW264.7 cells, BzSe-Cy preferentially localizes to mitochondria without
apparent permeability and cytotoxicity issues, and is able to undergo mul-
tiple ONOO™ and ASCH, stimulated oxidation-reduction reaction cycles.
BzSe-Cy represents the first ONOO™ selective probe that is reversible, and
establishes a general selenium oxidation strategy for ONOO™ probe design.
To further explore the effectiveness of the probe in ONOO™ imaging, Tang
and co-workers reported, in a follow-up study, a novel fluorescent nanoprobe
that incorporated BzSe-Cy and a reference dye, isopropylrhodamine B, for
the ratiometric detection of ONOO™."” Coated with polymeric micelle and
cell-penetrating peptide (TAT), this nanoprobe bestows attractive biophysi-
cal properties, including enhanced solubility, permeability, photostability,
biocompatibility, and near-infrared excitation/emission profiles. Further-
more, the remarkable diffusibility of ONOO™ across membranes (permea-
bility coefficient 8.0 x 10* cm s™') enables the nanomatrix of the nanoprobe
to act as a shield that effectively blocks interferences from macromolecules
and other oxidizing species, such as "OH and ClO"—even at high concen-
trations. It is thus conceivable that strategies using hybrid polypeptide-
polymer-organic dye based nanoprobes should be generally applicable and
beneficial for other fluorescent probes as well, provided that an extra layer
of specificity and permeability is desired. Almost concomitantly, the Han
laboratory reported another near-infrared, reversible fluorescent probe for
peroxynitrite, Cy-PSe.'”” Cyanine (Cy) and 4-phenylselenyl-aniline (PSe) were
selected as the signal transducer and modulator, respectively. Selective oxi-
dation of selenium by ONOO™ disrupts the PET process between the signal
transducer and the modulator, resulting in a fluorescence turn-on response.
Similar to BzSe-Cy, the oxidized Cy-PSe (Cy-PSeO) can be repeatedly recy-
cled with reducing agents, such as GSH and 1-cysteine, allowing prolonged
live cell monitoring of ONOO™ mediated oxidation-reduction events.'”” To
improve the activity of the probe, they reported another similar fluorescent
probe, Cy-NTe, based on heptamethine Cy and a telluroenzyme mimic, for
reversible imaging of ONOO /GSH redox cycles in vivo.'”® Compared with
organoselenium analogs, GSH peroxidase (GPx)-like telluroenzyme mim-
ics display much higher activity, thereby making Cy-NTe a more sensitive
probe for imaging ONOO/GSH redox cycles both in living cell cultures and
mouse models. Owing to their reversibility, sensitivity, selectivity, and near-
infrared emission profiles, these GPx-like analog-based fluorescent probes
have proven to be invaluable for studying ONOO™ mediated redox homeosta-
sis as well as antioxidant GSH repair.

10.3.1.3 Coupled Phenol Oxidation

One of the challenging issues of ONOO™ specific detection is the interference
from other highly oxidizing species—particularly, “OH and hypochlorite (ClO").
To partially overcome this problem, Yang’s group designed a three-channel
fluorescent probe, PNy, which distinguishes ONOO~ from ClO".'*”
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While both ONOO™ and ClO™ can oxidize PNy, (green) into an aminophenol
intermediate (orange), only ONOO™ could further mediate the two-electron
oxidation of aminophenol into an iminoquinone end product (red). This
unique three-color coupled fluorophore transformation of PN, spectrally
separates ONOO™~ from other oxidizing species, including highly oxida-
tive "OH and ClO". Moreover, the fluorescence of the end product from
ONOO" oxidation is compatible with common tetramethylrhodamine fil-
ter sets, further facilitating live cell detection of ONOO™ with fluorescence
microscopy.

10.3.1.4 Oxidation and Cleavage of Spiro Xanthene Derivatives

Due to their long emission wavelengths, high quantum efficiency, and
water solubility, xanthene derivatives have found broad applications in flu-
orescent probe designs. Typically, these probes are non-fluorescent in their
spiro closed forms and are converted, upon bond rearrangement, to their
fluorescent spiro open forms."'’ This feature has been utilized by Malingap-
pa’s group to develop a new fluorescent probe, rhodamine B phenyl hydra-
zide (RBPH), for peroxynitrite imaging in MCF-7 cells.""! The presence of a
phenylhydrazone and a spirolactam group has made RBPH a very sensitive
probe towards ONOO™, with a detection limit of 1.4 nM. RBHP is cell perme-
able and selective to ONOO™ over other oxidants and metals in the pH range
of 6-8. Hence, oxidation and ring opening of xanthene derivatives by ONOO™
represents a new strategy for the development of sensitive fluorescent per-
oxynitrite probes.

10.3.1.5 Boronate Oxidation

A growing number of fluorescent probes targeting the boronate site have
recently emerged and proven to be effective for the detection of oxidative
species, such as H,0, and ONOO™.**? In particular, due to its mild reaction
conditions and potential to modulate fluorescence, the oxidation of aryl
boronates to phenols has gained unparalleled popularity in fluorescent
probe designs. The reaction is derived from the famous hydroboration-
oxidation reaction, whose inventor, Herbert C. Brown, was awarded the
Nobel Prize in Chemistry in 1979."° Decades later, the group led by Chang
fully exploited the chemical principles of boronate oxidation for biological
applications.’™'!" As a bio-orthogonal reaction approach, boronate oxidation
has laid the foundation for the development of a family of fluorescent H,0,
probes, which have been demonstrated to be of tremendous usefulness in
living systems."''* However, recent studies have shown that boronate-based
probes also react with peroxynitrite in a ~1:1 stoichiometry."”>"” Despite
the similar reaction mechanisms, which involve formation of a peroxyborate
intermediate, aryl migration to give aryl borane, and subsequent hydroly-
sis into phenol, peroxynitrite reacts with boronates much faster than H,O,
(the bimolecular rate constant is ~10° M' s™'), thereby making the reaction
invaluable for peroxynitrite probe designs.''””''® Inspired by this reaction,
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Han’s group reported the use of PyBor, which contains a pyrene fluorophore
and dioxaborolane reaction group, for the detection of ONOO™ in aqueous
solutions and in RAW264.7 cell extracts.'” Upon addition of ONOO™, faintly
fluorescence PyBor is oxidized into highly fluorescent PyOH, with a limit of
detection of 0.1 pM. Similarly, Kim et al. reported another probe composed
of a benzothiazolyl iminocoumarin scaffold and a p-dihydroxyborylben-
zyloxy group. ONOO"™ specifically oxidizes the aryl-boronate group into the
corresponding phenol, which undergoes spontaneous reactions to release
a highly fluorescent benzothiazolyl iminocoumarin product."”” Compared
with PyBor, this probe displays higher selectivity for ONOO™ than for H,0,
and OCI", and can be further utilized to visualize both exogenous and endog-
enous ONOO' in living J774A.1 macrophage cells. Yet, from a mechanistic
perspective, these probes are unable to unambiguously distinguish ONOO™
from H,0,. To address this challenge, Chen and co-workers have developed
the first genetically encoded fluorescent probe, pnGFP, for the selective detec-
tion of peroxynitrite.'* pnGFP contains a p-boronophenylalanine derived
chromophore, whose fluorescence can be turned on by oxidation of aryl-bo-
ronate into the corresponding phenol. Directed evolution of the FP template
was conducted to identify key mutations near the chromophore that confer
a selective reaction for ONOO™ over H,0,. Although the detailed mechanism
behind the observed selectivity is still under investigation, this proof-of-
principle study demonstrates that the selectivity of a protein-based probe
could be fine tuned by evolution of the protein template. In addition to being
selective for ONOO™, pnGFP can be genetically introduced into specific cell
types or subcellular localizations within a single cell, allowing for the detec-
tion of ONOO™ with unprecedented spatial and temporal precision unat-
tainable with small molecule probes. Based on a similar principle, Sun et al.
developed a boronate-based synthetic fluorescent probe that utilizes D-fruc-
tose as an “insulator” to hinder the reaction between boron and H,0,.'?* In
the presence of D-fructose, boronic ester formation induces enhanced N-B
interactions between neighboring amine and the boron atoms, which pro-
tects the probe from being oxidized by H,O,. Being extremely nucleophilic,
ONOO' readily reacts with boronic ester to selectively modulate the fluores-
cence of the probe.

10.3.2 Nitration-Based Probes
10.3.2.1 Aromatic Nitration

As a potent nitrating agent, ONOO™ exerts most of its biological and patho-
logical roles via nitration of protein tyrosine residues.'**® Nevertheless, the
development of fluorescence probes for monitoring nitration processes has
proven challenging because nitro groups are generally regarded as quenchers
of most fluorescent dyes.'**'** Ueno et al. reasoned that the quenching mech-
anism of the nitro group is simply due to its electron-withdrawing effects,
and the fluorescence quantum efficiency (@4) of nitro group-substituted
fluorescent dyes can be precisely predicted.'” On the basis of this concept,
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they reported the development of NiSPYs, a group of BODIPY-derived fluo-
rescent dyes for monitoring nitrosative stress.'* In the absence of nitration,
the probe fluorescence is quenched via a PET process from the benzene moi-
ety to the excited fluorophore (a-PET). The probes become highly fluorescent
after nitration of the aromatic ring because of the decreased HOMO energy
and diminished PET. NiSPY-3 is water-soluble, selective for ONOO™ and other
ROS, and applicable for imaging ONOO™ in living cells. Therefore, nitration
of fluorescent probes could serve as a strategy to distinguish other ROS and
as a general principle for designing ONOO™ probes.

10.3.2.2 Nucleophilic Nitrosation of Secondary Amine

Taking advantage of the nucleophilicity of ONOO", another reaction-based
fluorescent probe, N-(2-aminophenyl)-5-(dimethylamino)-1-naphthalenesul-
fonic amide (Ds-DAB), was synthesized by reacting o-phenylenediamine with
dansyl chloride." By direct nucleophilic nitrosation of the secondary amine,
ONOO™ can selectively react with Ds-DAB to form nitrosamine, which is fur-
ther protonated and hydrolyzed to yield dansyl acid along with the production
of benzotriazole. Compared with Ds-DAB, dansyl acid is much more fluores-
cent. Thus, after reacting with ONOO', the fluorescence intensity of Ds-DAB
increases drastically. Furthermore, both Ds-DAB and dansyl acid show almost
no pH-dependent fluorescence alternations over the pH range 5.8-11.9, mak-
ing Ds-DAB an ideal probe for ONOO™ detection in biological media.

10.4 Conclusions and Future Perspectives

Progress in the development of novel fluorescent probes for peroxynitrite
has patently revolutionized our ability to dissect the intricate role that per-
oxynitrite plays in a complex cellular milieu. However, our understanding of
peroxynitrite biochemistry and its far-reaching contributions to cell physiol-
ogy and pathology is still in its infancy."*'” The inextricably linked relation-
ship between peroxynitrite production and a variety of disease phenotypes,
such cancer, diabetes, stroke, chronic heart failure, and neurodegenerative
disorders, further provides compelling motivation for devising novel tools
to monitor its production, trafficking, transformation, and detoxification
in live cells or disease models.'® Fluorescent probes responsive to peroxyni-
trite offer an appealing, non-invasive approach to visualize and interrogate
peroxynitrite biology because of their exceptional sensitivity, specificity,
and biocompatibility. As the list of peroxynitrite-specific fluorescent probes
continues to grow, we can envision that novel probes with enhanced prop-
erties will emerge and become widely adopted by the scientific commu-
nity, facilitating deeper insights into peroxynitrite-mediated cell signaling/
stress responses and inspiring new pharmacological strategies toward many
related diseases."®

Despite the exciting progress accomplished thus far, novel fluorescent
peroxynitrite probes with new and/or enhanced properties await further


http://dx.doi.org/10.1039/9781782622352-00186

07:54:25.
Published on 16 October 2015 on http://pubs.rsc.org | doi:10.1039/9781782622352-00186

View Online

Development of Fluorescent Probes for the Detection of Peroxynitrite 201

exploration. To make full use of these probes and achieve a greater biological
impact, further developments in probe brightness, photostability, sensitiv-
ity, and biocompatibility are needed to enhance signal-to-noise ratios and
spatio-temporal imaging resolution.®* Equally important in terms of probe
design is the probe’s selectivity. Aside from tests conducted in aqueous solu-
tions, probes are constantly challenged by a complex molecular environment
(high ionic strength, neutral pH, etc.), as well as an overwhelming class of
biological molecules, including ROS, RNS, sulfur species, millimolar GSHs,
metal ions, proteins, lipids, and metabolites, etc.’*® Hence, probes need to be
designed and tested against a wild array of biologically relevant molecules
in vitro before being applied to live cell samples to ensure signal fidelity. In
most cases, this can be achieved via exploration of novel chemoselective
reaction schemes that exclude possible interfering molecules from reacting.
Alternatively, molecular evolution efforts combined with customized screen-
ing assays might also be feasible to achieve the desired specificity, although
such efforts are more formidable. Notwithstanding, relevant control experi-
ments remain a crucial component in evaluating a probe’s performance and
the underlying biology its findings imply in order to achieve unambiguous
conclusions.' In addition to good selectivity, probes that have distinct and
orthogonal spectral properties will be of great value, since they complement
current probe sets. For example, the majority of current peroxynitrite-specific
probes are intensiometric and their measurements of peroxynitrite are qual-
itative or semi-quantitative at best. To gauge peroxynitrite levels in a more
quantitative manner, probes that respond to ratiometric changes in exci-
tation or emission profiles are likely to yield more precise measurements.'*
This can be accomplished by developing compound fluorescent probes
that incorporate two spectrally compatible fluorophores. The peroxynitrite-
induced changes in the interactions between the two fluorophores, either in
the form of reciprocal quenching or FRET, can then be quantified and con-
verted to concentration changes.'*® Furthermore, there are a host of oppor-
tunities for the development of genetically encoded fluorescent probes for
peroxynitrite. These probes are desirable because they are genetically encod-
able, can be targeted toward specific cell compartments or tissue types, and
are easily deliverable through DNA transfection. In addition, they hold the
promise of being applied to transgenic animals and/or for long-term mon-
itoring of peroxynitrite fluxes within desired cellular locals."*' However, the
engineering of such probes with high selectivity and sensitivity requires expe-
rience and painstaking efforts. Finally, fluorescent probes with reversible, yet
chemoselective, responses to peroxynitrite should be emphasized because
they offer a dynamic perspective that is not possible with irreversible probes
based on stoichiometric reactions. In terms of future developments, novel
signal amplification systems or targeted delivery technologies could also be
employed to establish more robust detection and imaging platforms.'?*'3
These enhanced probes and methodologies, together with our rapidly grow-
ing aspirations in peroxynitrite biology, will paint a colorful future for per-
oxynitrite detection and imaging.
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11.1 Introduction

Peroxynitrite (ONOO™, PN) is a biologically reactive species that is generated
by the coupling reaction of nitric oxide ("NO) and superoxide (O, ) radicals
at diffusion-controlled rates of ~10 M* s ..'* In vivo, endogenous PN has long
been recognized to act as a strong oxidant, and can oxidize various biomol-
ecules such as proteins, nucleic acids and lipids. This chemical properties
of PN make it a central biological pathogenic factor in a variety of diseases,
including cancer, cardiovascular, neurodegenerative and inflammatory dis-
orders.”® PN has also been shown to be a nitrating agent that causes nitrative
stress in cells, but more investigations on endogenous PN have been devoted
to its ability to modulate signal transduction pathways via nitro compounds,
including nitrated tyrosine residues, 8-nitroguanosine and nitro fatty acids,
and thereby influencing cellular processes.” ™ The complex oxidation and
nitration biology of PN and its broad implications in human disease and
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health provide motivation for developing new methods to detect PN in liv-
ing systems. In comparison with other technologies, fluorescence imaging
with the assistance of a fluorescent probe offers advantages including sensi-
tivity, selectivity and in situ observation."'* Several fluorescent probes have
been synthesized and applied to detect PN in living cells. Some of them are
based on the oxidation of activated ketones and subsequent oxidation of the
anisole derivatives by PN and the dioxirane intermediate, respectively. Fluo-
rescein, boron-dipyrromethene (BODIPY) and rhodol green scaffolds have
all been used as fluorescence reporters for PN.*>'® Some other fluorescent
probes selective for PN were designed using its unique nitrification prop-
erties.” The nitrification process dramatically influences the excited state
dynamic of the dyes and thereby their fluorescence. Fluorescent probes for
PN have also been designed by deprotection strategies. Recently, we devel-
oped PN-selective fluorescent probes based on deprotection of borate and
amide groups, respectively.'® It was demonstrated that the PN-induced
hydrolysis of borates was very fast and thus escaped from the interference of
hydrogen peroxide (H,0,).

Although these probes were proved selective for PN, they suffer two major
drawbacks. One is their relatively short excitation and emission wavelength
(~550 nm), which renders them difficult to employ for sensing and imaging
PN in deep tissues and living animals. Light in the ultraviolet (UV)-visible
(Vis) range is well absorbed and scattered by endogenous biomolecules and
cannot penetrate tissues deeply. The short wavelength is also problematic
when trying to avoid background noise because the inherent autofluores-
cence of biological samples also falls in this range.?**° The other major draw-
back of these probes is their irreversibility in responding to PN. Irreversible
fluorescent probes respond to PN in an accumulative fashion, with their flu-
orescence always increasing over time in PN-generating systems, irrespective
of PN fluctuations. Consequently, these probes are unable to report PN fluc-
tuations or the related redox changes.

To solve these problems, we devoted our effort to near-infrared, reversible
fluorescent probes that selectively respond to PN over other reactive oxygen
species. Herein we would like to review the design, synthesis, characteriza-
tion and imaging applications of our two cyanine-based, selenium/tellurium
modulated fluorescent probes for PN.*”*8

11.2 Design of the Probes

Near-infrared light (650-900 nm) is superior to UV-vis light in fluorescence
imaging due to its minimal photo damage to biological systems, deep tissue
penetration and minimal interference from background autofluorescence
from biomolecules in living systems.>**° Thanks to great efforts by research-
ers in the past few decades, many near-infrared fluorescent dyes have been
developed and applied in biological fluorescence imaging.”**° Of these
near-infrared fluorescent dyes, heptamethine cyanines are the most used
because of their high molar absorption coefficient and synthetic accessibility.
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Traditionally, heptamethine cyanines usually suffered from relatively poor
photo stability, low fluorescence quantum yields and undesired self-aggrega-
tion in aqueous solution. However, continuous efforts have achieved tremen-
dous progress in this area and most of the above-mentioned limitations have
been overcome. For example, it has been shown that the integration of a rigid
hexatomic ring in the methine chain can dramatically increase the photo sta-
bility and fluorescence quantum yields;*"** indol rings also increase photo
stability; and introduction of methyl groups on the indol rings can reduce
self-aggregation,® etc. Consequently, heptamethine cyanines have become
readily available near-infrared fluorescence dyes whose photophysical prop-
erties can be easily regulated. For these reasons, heptamethine cyanines
were selected as the signal transducer for the PN-selective near-infrared flu-
orescent probes.

We next sought the recognition species that responded to PN not only
selectively but also reversibly. Redox reversible fluorescent probes are much
more valuable for visualizing cycles of redox signaling, stress or repair, and
their dynamic interconversion induced by PN. However, it is not easy for a
fluorescent probe to respond to the redox cycles reversibly because intracel-
lular redox potentials are usually restricted in narrow ranges to maintain nor-
mal physiological functions.*® Our strategy to design selective and reversible
fluorescent probes relied on mimicking enzyme activity, because almost all
enzymatic processes in biological systems are specific and reversible.

Intracellular PN is modulated by biological antioxidant defense systems,
in which selenium plays an important role as the active site of the antioxi-
dant enzyme glutathione peroxidase (GPx). GPx can catalyze the reduction
of PN by glutathione (GSH) via a unique ping-pong mechanism in which
reduced GPx reduces PN to give nitrite (NO, ) and oxidized GPx, which is
then regenerated by GSH. In this process, the selenium center of GPx under-
goes reversible redox changes in response to PN and GSH, respectively.*>’
Taking advantage of this biological process, we mimicked the catalytic cycle
and explored organic selenium/tellurium species as the selective and revers-
ible recognition centers for PN in order to develop the near-infrared fluo-
rescent probes. The selenium/tellurium based probes were also anticipated
to play a role in monitoring the homeostasis between PN and GSH. It has
been pointed out that PN can significantly perturb the mitochondrial ratio of
reduced to oxidized glutathione (GSH:GSSG) and further cause irreversible
damage to respiration.

Having designated the signal transducer and recognition species for the
near-infrared fluorescent probes, the bridge that connected these modules
was then considered. Generally, aromatic bridges are preferred over ali-
phatic ones because aliphatic selenium/tellurium compounds are prone to
undergo B-elimination reactions upon oxidation, which would disable the
reversible redox processes of selenium/tellurium compounds. Keeping this
in mind, Cy-PSe was first designed as the near-infrared reversible fluores-
cent probe. According to the authors’ hypotheses, the fluorescence of Cy-PSe
should be quenched due to photo-induced electron transfer (PET) from the
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selenium center to the cyanine backbone in the excited state. However, the
PET process should be prohibited when the selenium center is oxidized to
selenoxide because of the loss of its electron-donating ability. As a result,
the fluorescence is restored when Cy-PSe responds to PN. Under intracellu-
lar conditions, reduction of Cy-PSeO by GSH would restart the PET mecha-
nism and quench the fluorescence again when PN concentrations decreased
(Scheme 11.1).

To evaluate the feasibility of the design strategies, the photophysical prop-
erties were further investigated using time-dependent density functional
theory calculations to confirm the PET mechanism. The results showed that
the process of PET from the PSe moiety to the cyanine moiety occurs in the
S1 state of Cy-PSe (Figure 11.1). The small oscillator strength of the SO — S1
excitation (f= 0.013) implies a forbidden transition, indicating that the S1
state is a dark state rather than an emissive state. In other words, this state
cannot be accessed directly by excitation from the SO state. However, it can
be populated by internal conversion from the S3 state due to the maximum
oscillator strength of the SO — S3 excitation (f= 1.617). In contrast to Cy-PSe,
oxidized Cy-PSe (Cy-PSeO) is a more strongly fluorescent molecule because
of the absence of the PET process. The calculated results revealed that the
low-lying transition-dipole-allowed SO — S1 excitation with an oscillator
strength of = 1.014 corresponds to the orbital transition from the highest
occupied molecular orbital to the lowest unoccupied molecular orbital, both
of which reside on the cyanine moiety. In other words, these calculations
rationalized the redox controlled PET process and further demonstrated the
feasibility of the design strategies.

In a similar manner to the design of Cy-PSe, a tellurium based near-infrared
fluorescent probe, i.e. Cy-NTe, for selective and reversible detection of PN
was designed. Cy-NTe also works in a ping-pong-like way: the weak fluores-
cent Cy-NTe and the strong fluorescent oxidized Cy-NTe (Cy-NTeO) converted
to each other in the presence of PN and GSH, respectively, and thus reported

Scheme 11.1 Structures of Cy-PSe and Cy-PSeO, and the fluorescence switching
mechanism.
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Scheme 11.2 Structures of Cy-NTe and Cy-NTeO, and the sensing mechanism.

the PN dynamics. Changes in fluorescence were also controlled by PET.
Unlike with Cy-PSe, however, an ortho benzohydrazide group was employed
to bridge the phenyltellurium and cyanine to improve the performance of
the probe. The 2-(phenyltellanyl)benzohydrazide structure was designed to
allow for efficient reversible spirocyclization, which could protect the tellu-
rium moiety from over-oxidation (Scheme 11.2).

11.3 Synthesis, Characterization and Spectroscopic
Evaluation of the Probes

The synthesis of Cy-PSe and Cy-NTe are outlined in Schemes 11.3 and
11.4. These compounds were characterized by "HNMR, *CNMR, mass
spectrometry and "’SeNMR (for Cy-PSe), and '*TeNMR (for Cy-NTe). The
spectroscopic properties of both probes were evaluated under simu-
lated physiological conditions [phosphate buffered saline (PBS), pH 7.4].
Cy-PSe showed A, for absorption at 758 nm (&;55 ym = 203700 M ' ecm™)
and emission at 800 nm (Figure 11.2), while Cy-NTe showed 1., for
absorption at 793 nm (€593 ym = 95390 M ' ecm™) and emission at 800 nm
(Figure 11.3). All of these wavelengths lie in the near-infrared window. In
response to PN, Cy-PSe showed an increase in fluorescence intensity by
~23.3 fold, corresponding to a quantum yield increase from @ = 0.05 for
Cy-PSe to @ = 0.12 for the PN oxidized probe Cy-PSeO (Figure 11.2b). In
the case of Cy-NTe, the fluorescence intensity increased by ~13.5 fold and
the quantum yield increased from & = 0.0032 to 0.0431 when the probe
was oxidized to Cy-NTeO by PN (Figure 11.3b). During the off-on fluo-
rescence processes, neither absorbance spectra changed significantly
(Figures 11.2a and 11.3a). These spectroscopic properties further verified
the proposed PET mechanism in both probes. Both probes could detect
PN quantitatively under simulated physiological conditions. When the
probes were treated with different concentrations of PN, their fluorescence
intensity increased linearly at 4,,,, with r = 0.990 and 0.963, respectively
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(Figure 11.2 inset and Figure 11.3 inset, respectively). As designed, both
probes exhibited good selectivity towards PN. Other reactive oxygen spe-
cies such as O, ", H,0,, hypochlorite (ClO"), NO, hydroxyl radical ("OH)
and 'O, that may be generated in association with PN in biological systems
did not induce significant signal noise when incubated with the probes
(Figures 11.4 and 11.5).

The authors then investigated the reversibility of the probes. As shown
in Figure 11.6, the oxidized probes were easily reduced by various thiols,
including GSH and cysteine. The fluorescence recovery rate was up to 97%
for both probes. Other protein thiols, including thioredoxin and metallo-
thionein, induced limited fluorescent responses, whereas the responses
toward other antioxidants, such as vitamin C, vitamin E, uric acid and
histamine were negligible during the 30 min experiment. Because the
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Figure 11.2 (a) Absorbance and (b) fluorescence spectra of Cy-PSe in the presence
of ~0-10 uM PN.

concentration of intracellular GSH was far higher than that of cysteine,
protein thiols and other endogenous antioxidants, the fluorescence signal
could be regarded as a response of the oxidized probes to intracellular GSH.
These results were consistent with the design strategies because the enzyme
GPx is also recovered by GSH in nature. Importantly, the authors demon-
strated that the probes could report on the redox cycles mediated by PN and
GSH repeatedly at least five times with acceptable fluorescence decrements
(Figure 11.6), indicating that continuous redox cycles induced by PN may
be observed in living cells with these probes. A 2 h kinetic assay for Cy-PSe
showed that the probe responded to PN in 8 min and was stable to water, air
and light (Figure 11.7).
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Figure 11.3 (a) Absorbance and (b) fluorescence spectra of Cy-NTe in the presence
of ~0-10 uM PN.

11.4 Fluorescence Imaging of PN in Living Cells
and Animals

When applied to image PN in living cells using confocal fluorescence micros-
copy, both probes showed dramatic fluorescence increases in response
to endogenous PN generation. As shown in Figures 11.8 and 11.9, both
Cy-PSe and Cy-NTe loaded cells showed faint fluorescence, and the fluores-
cence became strong when PN was generated by stimulating the cells with
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Figure 11.4 TFluorescence response of Cy-PSe (10 pM) to diverse ROS: 1, blank; 2,
ONOO™ (10 uM); 3, NO (100 Mm); 4, H,0, (200 pM); 5, "OH (200 pM);
6, '0, (200 pM); 7, O,” (200 uM); 8, methyl linoleate hydroperoxide
(200 uM); 9, tert-butyl hydroperoxide (200 pM).
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Figure 11.5 Time-dependent fluorescence response of Cy-NTe (10 uM) to diverse
ROS: 1, ONOO™ (10 uM); 2, NO (300 uM); 3, H,0, (200 pM); 4, tert-butyl
hydroperoxide (250 uM); 5, cumene hydroperoxide (300 uM); 6, methyl
linoleate hydroperoxide (400 pM); 7, ‘OH (200 uM); 8, O, (200 uM); 9,
ClO™ (200 uM).

lipopolysaccharide (LPS)/interferon-y (IFN-y) followed by phorbol myristate
acetate (PMA). By contrast, when the probe loaded cells were pretreated
with either aminoguanidine (AG), a NO synthesis inhibitor, or with TEMPO,
a superoxide scavenger, only much weaker fluorescence was obtained in
the stimulated cells because the generation of PN was blocked. To further
demonstrate the selectivity of the probes toward PN in cells, the authors also
treated the probe loaded cells with various other reactive oxygen species. The
results showed that neither Cy-PSe loaded cells treated with H,0, and NOC-5
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Figure 11.6 Reversibility of the probes. (a) Fluorescence recovery ratio of oxidized
Cy-PSe (10 pM): 1, L-cysteine (20.0 uM); 2, GSH (20.0 uM); 3, metal-
lothionein (100.0 uM); 4, vitamin C (100 pM); 5, vitamin E (100 pM);
6, uric acid (100 puM); 7, tyrosine (100 uM); 8, histidine (100 uM); 9,
hydroquinone (100 pM). (b) Time-dependent fluorescence recovery
ratio of oxidized Cy-NTe (10 pM): 1, L-cysteine; 2, glutathione; 3, thi-
oredoxin; 4, metallothionein; 5, vitamin C; 6, vitamin E; 7, uric acid;
8, histamine. (c) Fluorescence responses of Cy-PSe (10.0 uM) to redox
cycles. (d) Fluorescence responses of Cy-NTe (10.0 uM) to redox cycles.
For examining the fluorescence response of Cy-PSe and Cy-NTe to
redox cycles, the probes were first oxidized by 1 equiv. PN and then
treated with 2 equiv. GSH. The redox cycle was repeated five times.

(NO precursor) nor Cy-NTe loaded cells treated with Paraquat (to generate
H,0,), NOC-5 and sodium hypochlorite (NaClO) showed remarkable fluores-
cence. These results demonstrated that both probes can image PN specifi-
cally in living cells.

The reversibility of the probes in living cells was also verified by stim-
ulating the cells with PN-generating and PN-reducing drugs alternately.
As an example, the strong fluorescence in Cy-PSe loaded cells stimulated
with a PN precursor 3-morpholinosydnonimine-N-ethylcarbamide (SIN-1)
readily faded when the cells were subsequently treated with glutathione
S-transferase (GST), because the enzyme effectively reduced PN generated
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Figure 11.7 Time course of Cy-PSe (10.0 uM) as measured by a spectrofluorometer.
Cy-PSe was oxidized by 1 equiv. of added ONOO™ for 1 h, after which
the solution was treated with 2 equiv. of GSH for 1 h.

in cells (Figure 11.10a-c). However, when the reduced cells were treated
with another dose of SIN-1, the faded fluorescence appeared again due to
the re-oxidation of the probe by PN (Figure 11.10d). Similar fluorescence
switches were also observed for Cy-NTe loaded cells, where stimulations of
PMA/LPS, AG/GST, SIN-1 and 1-cysteine/GST were successively executed.

Of the various subcellular compartments in the cell cytoplasm, mitochon-
dria represent the cellular power plants. They are also involved in signal-
ing, cellular differentiation, cell death, as well as the control of the cell cycle
and cell growth. Endogenous PN are produced via the enzymatic activity of
inducible NO synthase 2 (NOS2) and NADPH oxidase. NOS2 is expressed
primarily in macrophages after induction by IFN-y and LPS. In addition,
mitochondrial electron leakage is the main pathway to produce superoxide
anion via NADPH oxidase. Therefore, mitochondrial respiration is a major
source of PN in macrophage cells. In a co-localization experiment, the
authors co-stained the macrophage cells with Cy-PSe and rhodamine 6G, a
nucleolus specific dye, and found that Cy-PSe was located mainly in the cyto-
plasm of living cells. When the co-stained cells were stimulated with LPS/
PMA to generate PN, a great enhancement of fluorescence in the cytoplasm
was observed, indicating an increase in the level of cytoplasmic PN. For the
Cy-NTe probe, a more detailed co-localization experiment was carried out
to assess whether the probe can respond to specific mitochondrial PN. By
co-staining the stimulated cells with Cy-NTe and rhodamine 123, a mito-
chondrial tracker, the authors easily identified the precise location of Cy-NTe
in mitochondria (Figure 11.11). The intensity profiles of the linear regions
of interest across RAW264.7 cells co-stained with Cy-NTeO and rhodamine
123 (red arrow in Figure 11.11c) varied in close synchrony (Figure 11.11f).
The Pearson’s coefficient r = 0.94 and the Manders’ coefficients m, = 0.99
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Figure 11.8 Confocal fluorescence images of oxidative stress RAW264.7 cells. Mac-
rophage cells were incubated with Cy-PSe (10.0 uM) for 5 min after
being treated with various stimulants: (a) control; (b) LPS (1 pg mL™)
and IFN-y (50 ng mL™) for 4 h then PMA (10 nM) for 0.5 h; (¢) AG
(1 mM), LPS (1 pg mL™") and IFN-y (50 ng mL™") for 4 h then PMA
(10 nM) for 0.5 h; (d) TEMPO (100 uM), LPS (1 pg mL) and TFN-y
(50 ng mL™) for 4 h then PMA (10 nM) for 0.5 h; (e) H,0, (50 pM) for
9 min; (f) NOC-5 (50 pM) for 3 min. Scale bar = 20 um.
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Figure 11.9 TFluorescence confocal microscopic images of RAW264.7 cells exposed
to oxidative stress. Macrophage cells were loaded with 1 pM Cy-NTe
for 15 min after being treated with various drugs: (a) control; (b) LPS
(1 pg mL™) and IFN-y (50 ng mL™") for 4 h then PMA (10 nM) for 0.5 h;
(¢) AG (1 mM), LPS (1 pg mL™) and IFN-y (50 ng mL™") for 4 h then PMA
(10 nM) for 0.5 h; (d) PMA (10 nM) for 0.5 h; (e) Paraquat (200 uM) for
8 h; (f) NOC-5 (50 uM) for 3 min. (g) NaClO (100 pM) for 0.5 h. Scale
bar =20 pm.

and m, = 0.98 were evaluated using ImagePro Plus software. A color intensity
correlation analysis was carried out by plotting the intensity of the Cy-NTeO
stain against that of rhodamine 123 for each pixel, and revealed that the
dependent staining in Figure 11.11a and b resulted in highly correlated
plots (Figure 11.11d and e). These results suggest that Cy-NTe is a strong
candidate for imaging mitochondrial PN in living cells. The targeting ability
of Cy-NTe to mitochondria was attributed to its ammonium cation on the
cyanine backbone.

To demonstrate the great advantage of near-infrared fluorescent probes
in deep tissue imaging, the authors further investigated the applicability of
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Figure 11.10
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Confocal fluorescence images of reversible redox cycles in living
RAW264.7 cells. (a) RAW264.7 cells loaded with 10.0 uM Cy-PSe for
5 min; (b) dye-loaded cells treated with 10.0 uM SIN-1 for 10 min; (c)
dye-loaded, SIN-1-treated cells incubated with GST (125 U ml™") for
10 min; (d) cells exposed to a second dose of SIN-1 for an additional
10 min; (e) merged images of (b) red and (f) bright-field channels; (f)
bright-field image of (a). Scale bar = 80 um.
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Figure 11.11 Cy-NTe and rhodamine 123 dye co-localization at mitochondria in
RAW264.7 cells. Cells were treated with LPS (1 ug mL™) and IFN-y
(50 ng mL™) for 4 h, then with PMA (10 nM) for 0.5 h, and finally
washed with RPMI-1640. The cells were loaded with (a) 1 uM Cy-NTe
and (b) 5 pg mL™ rhodamine 123 for 15 min. Confocal fluorescence
microscopic images were constructed from 790 to 860 nm for (a)
and from 500 to 600 nm for (b); A, = 780 and 488 nm, respectively.
(c) Merged (a) red and (b) green channels. (d) Co-localization areas of
the red and green channels selected. (e) Co-localization plot of (a) and
(b); z-axis represents the frequency that color pair exists in (c), y- and
x-axes represent the intensity of each pixel in (d). (f) Intensity profile
of the region of interest [red arrow in (c)] across RAW264.7 cells.

Cy-NTe in imaging endogenous PN redox cycles in living animals. The results
showed that fluorescence in mice injected with Cy-NTe and L-cysteine was
weaker than those injected only with Cy-NTe (Figure 11.12f), indicating that
the probe could be sensitive enough to detect basal levels of PN that were
endogenously produced without stimulated PN production, and highlighting
the potential utility of Cy-NTe for PN detection in vivo. The fluorescence in
Cy-NTe loaded mice further enhanced greatly when the mice were pretreated
with LPS/IFN-y/PMA due to a burst of PN (Figure 11.12c and f). Inhibiting the
inducible NOS activity by AG in the stimulated mice and then reducing the
generated PN with GST quenched the probes’ fluorescence (Figure 11.12d
and f), which could rise again in response to another burst of PN induced by
SIN-1 (Figure 11.12e and f). The fluorescence switches associated with PN
oxidation-GSH reduction cycles in mice indicated the superiority of near-
infrared fluorescent probes in deep tissue imaging.
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Figure 11.12 Imaging of redox cycles between PN and GSH in the peritoneal cavi-
ties of BALB/c mice. (a) Cy-NTe (1 uM, 50 pL in 1:9 DMSO: saline v/v)
and 1-cysteine (1 mM, 100 pL in saline) were injected in the intra-
peritoneal cavity. (b) Mice injected intraperitoneally (IP) with Cy-NTe
(1 pM, 50 pL in 1:9 DMSO:saline v/v). (¢) Mice injected IP with
LPS (10 pg mL™) and IFN-y (200 ng mL™) for 4 h, then with PMA
(100 nM) for 0.5 h, and finally loaded with 1 uM Cy-NTe for 30 min.
(d) Mice treated as described in (c), then injected IP with AG (1 mM,
100 pL in 1:9 DMSO:saline v/v), GST (250 U mL*, 300 pL in saline) and
L-cysteine (1 mM, 200 pL in saline). (e) Mice treated as described in
(d), and then injected IP with SIN-1 (1 mM, 1 mL in saline) for 20 min.
(f) Quantification of the total photon flux from each mouse in (a)-(e).
The total number of photons from the entire peritoneal cavity of the
mice in (a)-(e) was integrated. Images constructed from a 790 to 860
nm fluorescence collection window, 4., = 735 nm.

11.5 Conclusions and Perspectives

In conclusion, the authors have developed two reversible near-infrared fluo-
rescent probes that respond to PN selectively over other reactive oxygen spe-
cies such as 0, 7, H,0,, ClO", NO, 'OH and 'O,. The probes were designed
by mimicking GPx activity and functionalizing heptamethine dyes with sele-
nium/tellurium moieties. These probes work in a ping-pong-like mechanism
and modulate the dyes’ fluorescence through redox changes in the selenium/
tellurium center in response to PN-related redox events. The near-infrared
fluorescence of the probes effectively escaped interference caused by auto-
fluorescence of biological samples and could penetrate into deep tissues.
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The authors’ results confirmed that both Cy-PSe and Cy-NTe were viable
fluorescent probes for imaging PN and PN/GSH homeostasis in living cells
and animals with negligible cytotoxicity. Looking forward, it is important to
develop reversible near-infrared fluorescent probes that could respond faster
to both PN and GSH in order to achieve real-time imaging of PN/GSH redox
homeostasis. These probes could facilitate the depiction of the kinetics of
PN bursts and GSH reparation, and thus help us understand the physiologi-
cal and pathological roles of this active species. These probes could also be of
use in theranostics of PN-related diseases because they are subjected to high
GPx-like activity and could scavenge and image PN simultaneously.
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