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Abstract
Nitric oxide (NO) and hydrogen peroxide (H2O2) have emerged as essential small molecules for
cellular signal transduction owing in large part to their ability to mediate oxidative posttranslational
modifications (PTMs). Inventing new ways to track these small, diffusible, and reactive species with
spatial and temporal resolution is a key challenge in elucidating their chemistry in living systems.
Recent progress in the development of fluorescent probes that respond selectively to NO and
H2O2 produced at cell signaling levels offers a promising approach to interrogating their
physiological production, accumulation, trafficking, and function.

Introduction
Chemical diversification of proteins by posttranslational modifications (PTMs) can expand the
functional proteomes of living organisms by one to two orders of magnitude beyond their
original genome sizes [1]. By decorating their proteins with precise combinations of removable
phosphates, sulfates, lipids, and sugars, PTMs endow humans and other complex species with
a higher level of dynamic control for disseminating genetic and biochemical information.
Owing to their physiological importance and molecular diversity, PTMs offer a rich frontier
of study at the chemistry/biology interface. In this regard, an emerging class of these essential
in vivo reactions are broadly defined as oxidative PTMs. Unlike most PTMs, which require
large enzymes to catalyze covalent sidechain modification, oxidative PTMs are mediated by
small oxygen and/or nitrogen metabolites termed reactive oxygen species (ROS) and reactive
nitrogen species (RNS), respectively, that are produced and destroyed on demand within all
cells. Although traditionally thought of as harbingers of oxidative stress and damage, newer
data supports the growing notion that ROS and RNS are also signaling molecules required for
normal cellular function. The archetypal RNS/ROS second messenger is nitric oxide (NO),
which is implicated in a wide range of physiological processes ranging from vasodilation in
the heart and circulatory system to neurotransmission in the brain and central nervous system.
In addition to binding the heme of soluble guanylate cyclase (sGC) to affect downstream
function, the molecular actions of NO as a redox modulator also include the S-nitrosylation of
cysteine residues on a variety of downstream protein targets [2]. Another important small
signaling molecule is hydrogen peroxide (H2O2), which until recently was viewed only as an
oxidative stress marker in aging and disease or as a defense agent in response to pathogen
invasion. The directed molecular production of H2O2 occurs in cells throughout the body by
activation of NADPH oxidase complexes (NOX) during cellular stimulation with peptide
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growth factors [3,4], cytokines[5], hormones [6], and neurotransmitters [7]. Once produced,
H2O2 can diffuse and reversibly oxidize cysteines [8,9,10], histidines [11], or methionines
[12] on protein targets that ultimately control cellular processes ranging from protein
phosphorylation and gene expression. In this context, Figure 1 displays representative oxidative
PTMs at cysteine modulated by either NO or H2O2.

The far-ranging effects of NO and H2O2 have prompted interest in devising new ways to study
their cellular formation and migration, but their small size, high reactivity, and transient nature
makes tracking NO and H2O2 in complex living systems a difficult task. Fluorescence
microscopy with synthetic dyes that respond selectively to NO, H2O2, or related ROS/RNS
offers an attractive technique for studying ROS and RNS in a non-invasive way with the ability
to spatially and temporally resolve cellular events. This approach has revolutionized the field
of calcium biology [13] and holds much promise for ROS/RNS biology. Aside from issues of
biological compatibility and optical optimization, a key chemical challenge to overcome is
disentangling the roles of individual, transient ROS and RNS in complex oxidation biology
cascades. As an example, dihydrodichlorofluorescein (DCFH) is a useful and widely employed
fluorescent dye for identifying global oxidative stress and signaling, yet this molecule is non-
discriminant and responds fluorescently to a variety of oxidants. Accordingly, advances in the
chemical design and development of selective probes for specific ROS and RNS will further
our understanding of the precise molecular players and their contributions to the oxidation
biology of the cell. This review will summarize design criteria for and recent progress in the
development of chemoselective NO and H2O2 fluorescent probes. More comprehensive
reviews for fluorescence NO [14,15] and ROS/RNS [16,17] detection have appeared in the
literature.

Designing effective chemical imaging probes for cellular nitric oxide and
hydrogen peroxide

Probes suitable for fluorescence imaging of NO and H2O2 in living systems meet several
criteria. First and foremost is the ability to elicit a direct, selective fluorescence response to the
analyte of interest without reaction with other ROS or RNS competitors. Fluorescence
signaling by a turn-on emission increase or shift in excitation or emission wavelength provides
spatial information that is largely lost by turn-off detection approaches. Biological constraints
require water solubility, permeability to extracellular and/or intracellular membranes, and
minimal toxicity to living samples. Other requirements include optical properties tailored
toward use in biological environments, including sizable extinction coefficients and quantum
yields in aqueous media, and visible or near-IR excitation and emission profiles to reduce or
eliminate sample damage and autofluoresence from endogenous chromophores. Ultimately,
selectivity remains the chief criterion by which the utility of these probes for monitoring
specific analytes will be judged. With these issues in mind, we present a brief survey of
recently-developed fluorescent indicators for NO and H2O2.

Small molecule fluorescent probes for nitric oxide
The development of fluorescent probes that can track NO signaling remains an active area of
research [14,17]. Of the many strategies developed for fluorescence NO sensing [14,15,17,
18], the most commonly employed NO-responsive motif is the o-phenylenediamine scaffold,
which in the presence of NO and air oxidizes to the corresponding aryl triazole. The electronic
differences between the electron-rich diamine and electron-poor triazole groups provide a
robust switch for NO detection. For example, Nagano and co-workers have prepared a wide
variety of elegant diamine probes appended to fluorescein [19], rhodamine [20], BODIPY
[21,22], and cyanine [23**] chromophores for cellular NO imaging (Figure 2). Because of the
greater penetration of near-IR light, the cyanine probe DAC is capable of identifying NO
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production in isolated whole organs as demonstrated by experiments with intact rat kidneys
[23**]. In all cases, the electron-rich diamine quenches the intrinsic fluorescence of the
fluorophore core by photoinduced electron transfer (PET), resulting in a weakly fluorescent
species without NO. Reaction of the diamine switch with NO in the presence of oxygen
generates the electron-poor triazole species and triggers a fluorescence turn-on of the dye by
alleviating PET quenching. A critical feature contributing to the success of these diamine-based
probes is their high selectivity for NO under aerated conditions, as the fluorescent triazole
product is not formed by reaction with superoxide, hydrogen peroxide, or peroxynitrite.

Despite their broad utility for cell, tissue, and organ imaging, probes that employ the o-
phenylenediamine oxidation strategy leave room for improvement. One potential limitation of
this switch is the indirect detection of NO, as molecular oxygen is required to react with NO
to produce an intermediate RNS capable of forming the ultimate fluorescent triazole product.
Accordingly, the development of tactics to directly identify NO is an important current goal
of NO sensing research [15]. Lippard and co-workers recently provided the first metal-based
approach for direct fluorescence detection of NO in living cells using copper(II)-fluorescein
complexes [24**,25]. A prototypical example is FL, which is comprised of an 8-
aminoquinaldine ligand attached to the 4′ position of the fluorescein xanthene ring (Figure 2).
Formation of the 1:1 metal:ligand Cu(II) complex (CuFL) provides a dim species (ΦFL=0.077)
owing to quenching by the paramagnetic Cu(II) ion. Treatment of CuFL with NO generates
the bright nitrosylated fluorophore FL-NO (ΦFL-NO=0.58), presumably through a sequence
involving NO-mediated reduction of Cu(II) to Cu(I) followed by nitrosylation of FL via
NO+ and subsequent dissociation of the Cu(I):FL-NO complex. The system responds rapidly
to NO and shows selectivity over other RNS and ROS, including H2O2, HNO, NO2

−, NO3
−,

and ONOO−. Further experiments establish the utility of CuFL for real-time detection of
endogenous NO in living cells, as this probe can visualize NO produced by both cNOS and
iNOS in human neuroblastoma cells and murine macrophages, respectively. Taken together,
the representative organic (diamine/triazole) and inorganic (Cu-mediated nitrosylation)
approaches described here provide complementary methods for chemospecific NO and RNS
detection in living systems.

Small molecule fluorescent probes for hydrogen peroxide
As is the case with NO, devising effective fluorescent probes for imaging cellular H2O2 offers
the same global challenge of identifying this specific oxygen metabolite in complex mixtures
of other ROS and RNS. Several types of H2O2-responsive fluorophores have been reported,
including those that employ hydrolysable protecting groups [26,27,28], oxidizable phosphines
[29,30,31], and lanthanide complexes [32,33]. We have focused on creating new chemospecific
probes for H2O2 with properties amenable for imaging applications in living biological
systems. In a departure from traditional ROS indicators like dihydrodichlorofluorescein and
dihydrorhodamine that report global oxidant indices by nonspecific dye oxidation, our general
strategy for selective H2O2 detection is to employ bond-making and bond-breaking chemical
reactions on a fluorescent scaffold that are specifically triggered by H2O2. This reactivity
approach can, in principle, provide specificity for any particular analyte of interest as dictated
by chemistry. We have found recently that the H2O2-mediated deprotection of boronic esters
to phenols provides a useful reaction-based approach to H2O2 detection (Figure 3). For
example, installation of boronic esters at the 3′ and 6′ positions of a xanthenone fluoran core
produces Peroxyfluor-1 (PF1), where the boronates force this platform to adopt a closed,
colorless, and non-fluorescent lactone form [34]. Addition of H2O2 to PF1 triggers
chemospecific, hydrolytic deprotection of the pendant boronates to generate the open, colored,
and fluorescent fluorescein product with up to a >1000-fold increase in green fluorescence.
Because this probe relies on a chemoselective switch, PF1 displays a >500-fold response to
H2O2 over such ROS as superoxide, tert-butylhydroperoxide (TBHP), NO, and hypochlorite.

Miller and Chang Page 3

Curr Opin Chem Biol. Author manuscript; available in PMC 2009 June 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Furthermore, PF1 is membrane-permeable and can image changes in intracellular H2O2 pools
within living cells. We have expanded this singular example to provide Peroxyresorufin-1
(PR1) and Peroxyxanthone-1 (PX1) analogs that respond specifically to H2O2 by increases in
red and blue fluorescence, respectively [35].

PR1, PF1, and PX1 offer a unique family of red-, green-, and blue-fluorescent probes that in
living cells at oxidative stress levels. However, initial attempts to selectively respond to
H2O2 use these diboronate reagents to identify H2O2 under oxidative signaling conditions were
unsuccessful. Seeking to develop new chemical tools that were sensitive enough to report
H2O2 production at physiological signaling levels while maintaining H2O2 specificity, we
targeted dyes that could be activated by a single boronate deprotection. Peroxygreen-1 (PG1)
and Peroxycrimson-1 (PC1) are second-generation probes that achieve both of these goals
[36**]. Because of their enhanced turn-on responses to H2O2, these new chemical tools are
capable of detecting endogenous bursts of H2O2 produced by growth factor signaling in living
cells (Figure 4). Specifically, imaging studies using PG1 in EGF-stimulated A431 epidermoid
carcinoma cells afford the first direct experiments for selectively monitoring H2O2 produced
for cell signaling as well as mechanistic information on its molecular production pathway
through a PI3K/Nox pathway. Moreover, analogous results obtained in primary rat
hippocampal neurons stimulated with EGF indicate that the cellular machinery for generating
H2O2 via an EGFr/PI3K/Nox pathway exists in brain systems as well, opening the possibility
of probing similarities and differences in H2O2 signaling across different organ systems.

Conclusions and outlook
Progress in the development of new chemical tools capable of tracking NO and H2O2 with
molecular fidelity in complex living systems offers a host of new opportunities for studying
oxidative signaling and PTMs mediated by these small molecule second messengers. With
specific regard to peroxide signaling, further investigations of the underlying molecular
mechanisms of H2O2 production and trafficking promise to uncover new paradigms of
funneling and/or crosstalk of H2O2 signals with various cell stimulants as well as with other
cell signals, including NO. In turn, the possibilities of performing new biological experiments
provide motivation to create new chemical reagents for probing living systems. A partial
wishlist of new features include probes that respond by a shift in excitation and/or emission
wavelength for quantitation of H2O2 and other ROS bursts by ratiometric imaging, indicators
that can be targeted to specific subcellular regions to study localized signals, reagents that can
respond to multiple oxidation and reduction cycles to visualize redox signaling and/or stress
dynamics, and agents that can push toward imaging in whole organisms. We have made initial
progress in the development of small-molecule ratiometric probes [37] and reversible redox
sensors [38]. Finally, although this review has focused specifically on NO and H2O2 indicators,
new fluorogenic reagents for peroxynitrite [39], hypochlorous acid [40], superoxide [41],
highly reactive oxygen species [42], and global nitrative stress [43] have also been reported
recently. The continuing interplay between chemical design and biological inquiry presages a
rich future for studying the oxidation biology of the cell and its contributions to human health
and disease.
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Figure 1.
Oxidative PTMs of cysteine. Oxidation of cysteine residues by H2O2 results in the formation
of cysteine sulfenic acids (Cys-SOH) that can be subsequently trapped in a variety of ways.
Reactions with intra- or intermolecular thiols can form disulfides, ultimately leading back to
the cysteine sulfhydryl. Further oxidation results in formation of cysteine sulfinic (Cys-SO2H)
and sulfonic acids (Cys-SO3H), respectively. Intramolecular capture of Cys-SOH with the
nitrogen atom of the neighboring amide backbone forms the intriguing cyclic sulfenyl amide
(Cys-Amd).
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Figure 2.
Fluorescent probes for detection of NO. (a) Probes based on the o-phenylenediamine scaffold
give highly fluorescent triazole products upon reaction with nitric oxide in the presence of
oxygen. Diaminofluorescein-2 (DAF-2), Diaminorhodamine-4 (DAR-4), Diaminobenzene-
BODIPY (DAMBO), DAMBO-4,4-diOMe (DAMBOO), and diaminocyanine (DAC) are
representative examples using this switch. (b) Cu(II) complexes of fluorescein derivatives,
such as Cu-FL, allow for the direct detection of NO by release of the highly fluorescent
nitrosylated FL ligand (FL-NO) upon reduction of Cu(II).
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Figure 3.
Boronate-based optical probes for H2O2. Treatment of colorless, non-fluorescent
Peroxyfluor-1 (PF1) with hydrogen peroxide yields bright green fluorescein.
Peroxyresorufin-1 (PR1) and Peroxyxanthone-1 (PX1) give red and blue fluorescent
compounds upon treatment with hydrogen peroxide. Mono-boronate analogs Peroxycrimson-1
(PC1) and Peroxygreen-1 (PG1) are minimally fluorescent compounds that give turn-on
responses to physiological levels of hydrogen peroxide.
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Figure 4.
H2O2-mediated EGF signaling in the brain. H2O2 production in live rat hippocampal neuron
cultures can be assayed using PG1. Binding of EGF to its cognate receptor results in
upregulation of receptor tyrosine kinase activity and downstream activation of PI3K.
Phosphorylation of PIP2 to PIP3 ultimately results in assembly of an active NADPH oxidase
complex (NOX) to produce H2O2, which is detected by PG1. Addition of small molecule
inhibitors such as PD153035, wortmannin, or apocynin results in loss of H2O2 production, as
indicated by a relative decrease in PG1 fluorescence.
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