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a b s t r a c t

The importance of the so-called reactive nitrogen and oxygen species (RNOS) in biology and food
technology has been widely recognized. However when these species are in excess, the steady-state
maintained by physiological processes is disturbed. At this point, the nitro oxidative metabolic stress
develops and its action in vivo over time leads to nitro-oxidative reactions in food and in living
organisms, but also results in chronic degenerative diseases. Analytical methods enabling the assessment
of the total antioxidant activity of a biological sample or a plant extract is therefore largely sought after.
The ability of biosensors for rapid and real-time analysis that decreases the assay time and the possibility
of automated and multi-analyte analysis at low cost has also allowed the quantitative and qualitative
detection of RNOS. Among these RNOS, peroxynitrite (ONOO�) is a well-known inflammatory mediator
during a number of physiological and pathological processes. Consequently, many efforts are underway
to detect peroxynitrite in the biomedical field. This urgent demand makes the development of ONOO�

specific probes of great interest. Not only they can be useful for the detection of disease states, but they
will also allow for a screening-type analysis of potential signal transduction pathways in the cells.

This invited review will critically discuss for the first time the very latest advancements and the
challenges in the field of peroxynitrite biosensors and probes for in vivo and in vitro studies. Also, the main
trends will be extracted, in order to chart the future directions and hence create an instrumental outlook.

& 2014 Elsevier B.V. All rights reserved.
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1. Introduction

Nitric oxide (NO), one of the smallest molecules found in
nature, plays several roles as intracellular messenger and cytotoxic
agent in biological systems. NO is highly reactive and interacts
with a number of molecules one of them being superoxide radical
anion (Od�

2 ) formed during oxidative stress. The reaction of NO
and Od�

2 in vivo is extremely fast and results in the formation of
peroxynitrite (ONOO�) by a diffusion-limited reaction (k¼0.4–
1.9�1010 M�1 s�1) (Fig. 1) (Beckman et al., 1990).

Intracellular peroxynitrite formation is thus associated with
elevated NO production and its diffusion to sites of superoxide
formation. This reaction is indeed about three times faster than the
reaction between superoxide and superoxide dismutase. While
stable at basic pH, ONOO� undergoes three main degradation routes
under physiological conditions: it decomposes directly into nitrite
radical (NO2)

d and nitrate anion (NO�
3 ) or through the intermediate

formation of its conjugated acid (peroxynitrous acid (OQN–O–OH),
pKa¼6.8) (Kurz et al., 2005) and the subsequent formation of NO2

and OHd radicals and interacts rapidly with CO2, glutathione,
hemoproteins, peroxi-redoxin, metals, thiols, etc. (Sieracki et al.,
2013). Although the ONOO� half-life time is about 1 s at pH 7.4, it
can damage a wide array of molecular components in cells, including
DNA and proteins, due to its high oxidizing and nitrating properties.
Moreover, peroxynitrite abnormal levels are clearly correlated with
pathogenic effects, including neurodegenerative, cardiovascular, or
inflammatory diseases and diabetes (Fig. 1).

Considering this urgent demand and the great interest to
develop ONOO� specific quantification tools, the main objectives
of this review are to critically discuss, arguably for the first time,
the challenges and very latest advancements in peroxynitrite

sensitive and selective chemical sensors and probes, with focus
on the in vitro-relevant conditions. Also, the main trends will be
extracted so as to chart future directions.

2. Challenges in peroxynitrite formation and quantification

Since the pioneering work of Clark, biosensors have been
considered adequate means useful for environmental and biolo-
gical monitoring. The detection and quantification of ONOO� in
biological systems are thus a challenging task, but highly impor-
tant for the understanding of the implication of ONOO� in
oxidative injury. While a well-controlled level of peroxynitrite is
essential for cellular integrity and organ homeostasis, under
pathological conditions such as bacterial infection, lipopolysac-
charides induce high expression of nitric oxide synthase in
macrophages and neutrophiles to produce large amounts of
peroxynitrite in addition to other reactive oxygen and nitrogen
species. Already established as a powerful nitrating, nitrosating and
oxidative “triple agent” for cellular constituents, clinical studies
suggest that aberrant peroxynitrite levels are correlated with acute
cytotoxicity and may contribute to many human diseases, includ-
ing septic shock, stroke, inflammatory bowel disease, cancer and
several neurodegenerative diseases (Koppenol et al., 1992;
Beckman and Koppenol, 1996; Pacher et al., 2007; Szabo et al.,
2007; Amatore et al., 2008a, 2008b).

It was also hypothesized that peroxynitrite is generated in plant
cells (Fig. 2), especially after revealing that NO cooperates with
reactive oxygen species (ROS) during plant response to biotic
stress (Alamillo and Garcia-Olmedo, 2001; Garcia-Olmedo et al.,
2001; Bolwell, 1999; Durner and Klessig, 1999; Delledonne et al.,

Fig. 1. Peroxynitrite: formation, reactivity, quantification and pathogenic effects.
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