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Abstract

Chemical probes for free radicals in biology are important tools; fluorescence and chemiluminescence offer high detection sensitivity. This
article reviews progress in the development of probes for “reactive oxygen and nitrogen” species, emphasizing the caution needed in their use.
Reactive species include hydrogen peroxide; hydroxyl, superoxide, and thiyl radicals; carbonate radical-anion; and nitric oxide, nitrogen dioxide,
and peroxynitrite. Probes based on reduced dyes lack selectivity and may require a catalyst for reaction: despite these drawbacks,
dichlorodihydrofluorescein and dihydrorhodamine have been used in well over 2000 studies. Use in cellular systems requires loading into cells,
and minimizing leakage. Reactive species can compete with intracellular antioxidants, changes in fluorescence or luminescence possibly reflecting
changes in competing antioxidants rather than free radical generation rate. Products being measured can react further with radicals, and
intermediate probe radicals are often reactive toward antioxidants and especially oxygen, to generate superoxide. Common probes for superoxide
and nitric oxide require activation to a reactive intermediate; activation is not achieved by the radical of interest and the response is thus
additionally sensitive to this first step. Rational use of probes requires understanding and quantitation of the mechanistic pathways involved, and
of environmental factors such as oxygen and pH. We can build on this framework of knowledge in evaluating new probes.
© 2007 Elsevier Inc. All rights reserved.
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Introduction systems but which have some potential. A detailed survey of

With the rapid growth of interest in free radicals in biology
has come a need to identify radicals being produced, to measure
either their integrated production rates or the steady-state
(instantaneous) concentrations, and to visualize their spatial
distribution. The ideal chemical probe for a free radical, or a
nonradical product such as hydrogen peroxide, would be highly
reactive at low concentrations; specific; sensitive; without other
reactivity; nontoxic; well-characterized chemically; easy to load
into organelles, cells, or tissues without subsequent leakage or
unwanted diffusion, excretion, or metabolism; readily available;
easy to use without too specialized apparatus; and cheap. No
probe matches this challenging specification, but probes
generating either a fluorescent product or inducing chemilumi-
nescence offer high sensitivity and can be applied using a
variety of analytical techniques, from “plate readers” with
fluorescence detection, through high performance liquid
chromatography, to sophisticated optical microscopy involving
multiphoton excitation with the potential to create three-
dimensional images of radical generation in tissue.

A consequence of the rapid growth of the subject has been the
widespread application of such probes as are available to diverse
biological systems without a corresponding effort in developing
new probes, or in characterizing appropriately existing ones.
Many false conclusions may have been drawn. However, the
balance is being restored with timely studies of the mechanisms
involved in probe response, and better understanding of
contraindications or pitfalls in their use, as well as wider effort
to develop new probes to overcome the deficiencies. This article
reviews the main areas of activity, sets out a logical framework
for testing probe suitability in particular applications, and
describes new probes not yet widely applied to biological

many individual probes has been recently published [1], and
there are earlier reviews [2—6]; to complement and update these,
the present article focuses on more widely used probes, drawing
attention to problems too often ignored, and presents a hopefully
didactic overview of the important factors in probe application.
A well-known commercial handbook of molecular probes has
useful summaries, bibliographies, and tables of properties (see
http://www.probes.invitrogen.com/handbook/).

Reactive oxygen and nitrogen (and sulfur, chlorine ...)
species potentially reactive toward the probes

Many readers of this Journal will be familiar with some
individual routes to free radical generation in biology and the
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Fig. 1. Pathways to formation of other free radicals and reactive molecules in
biology, via superoxide radicals and nitric oxide. Numbers in parentheses refer
to the pathways discussed in the text.
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“key players.” However, a brief overview is presented here to
emphasize the challenges in designing and selecting probes
having any specificity, and to provide a framework for assessing
probe reactivity. Fig. 1, adapted from a review discussing these
species in the context of radiation damage [7], summarizes the
main pathways to “reactive oxygen and nitrogen” species
(actually also involving carbon, sulfur, and chlorine), illustrat-
ing the multiplicity of reactive radicals and nonradical
molecules. While the use of terms such as “reactive oxygen
species” is common, we should aim to reduce or even eliminate
the use of such evidently imprecise terms as the behavior of
individual radicals becomes better understood. Cellular anti-
oxidants—particularly thiols, ascorbate, and urate—can inter-
fere in these pathways for radical generation or reaction with
probes, in several ways as discussed below.

Superoxide and nitric oxide (circled in Fig. 1) initiate the
scenario. Broadly, the left-hand part of Fig. 1 groups well-
known routes to “oxidative stress,” while the right-hand
grouping adds pathways, via nitric oxide, to “nitrosative stress.”
Here again terms are not always well-defined: chlorinating
species are part of the first group, and two nonnitrosative
species (hydroxyl and carbonate radicals) part of the second.
Beginning with superoxide (O, "), disproportionation (path (1))
occurs to form hydrogen peroxide, whether or not superoxide
dismutase (SOD) is present [8]. Routes to the formation in
biology of highly reactive hydroxyl (*OH) radicals (or species
with comparable reactivity) via pathway (2) involving Fenton
chemistry catalyzed by Fe(Il) or Cu(I) have been discussed
extensively [9—14]; the catalytic metal is recycled by super-
oxide or ascorbate (AscH ) (reaction (3)). In the presence of
either chloride or thiocyanate, and myeloperoxidase (MPO),
H,0, forms hypochlorous or hypothiocyanous acids (pathways
(4) and (5)). The former is a powerful oxidant and chlorinating
agent [15,16] with characteristic “signatures” [17], and also
capable in principle of generating *OH on reaction with O," or
Fe(Il) (reaction (6)) [18,19]. In some biological milieu (e.g.,
saliva), high concentrations of thiocyanate (SCN ) can compete
with CI” to form HOSCN via MPO [20].

Reaction (7) of superoxide with nitric oxide to form
peroxynitrite, in equilibrium (8) with peroxynitrous acid
(pK,=6.8), introduces additional nitrosative and oxidative
challenges [21-23]. The undissociated (acid) form (ONOOH),
~20% of the total at pH ~ 7.4, has a half-life of ~1-3 s at 37—
25°C, decomposing via pathways (9) and (10) in the ratio
~30:70 to form hydroxyl radicals and nitrogen dioxide, and
nitrate, respectively [24]. This does not necessarily mean that
~20%x30%=6% of peroxynitrite formed yields “OH/NO;,
since ONOOH and ONOO™ are in very rapid equilibrium and
the overall outcome depends on other routes to remove either
species, particularly reaction with HCO53/CO, buffers [23,25—
28]. Indeed, while many experiments in vitro involve media
containing nonphysiological (low) levels of CO,, it was argued
[26] that the rapid reaction (11) of ONOO ™ with CO, largely
outcompetes the homolysis pathways (9) and (10) in vivo (or in
vitro using biomimetic buffers containing CO,) because of the
kinetics involved and the high levels of CO,. The intermediate
species (ONOOCO,) formed in (11) decomposes in <1 s,

again in branching reactions, (12) and (13), to yield NO5/CO5"
or nitrate/CO, in the ratio ~1:2. This has important con-
sequences in peroxynitrite chemistry [22-24,28,29]: both
CO5" and NO; are more selective radicals than “OH in their
reactions (and therefore also effectively more diffusive than
*OH) [30]. (The rate constant database [30] can be accessed at
http://www.rcdc.edu/.) Interest in the biological chemistry of
NO; and CO3" is growing rapidly [31-34].

There are other possible routes to NO; not involving
peroxynitrite, although one still requires superoxide as a
precursor to H,O,. Reaction (14) between NO™ and oxygen is
a complex, multistep process with overall rate < [NO*]*[0,],
from which the half-life of NO® for this reaction under
physiological conditions where [NO"] < [O,] can be readily
calculated for the relevant range of [O,] [31]. Even though both
reactants will be at higher levels in lipid-rich compartments or in
hydrophobic protein domains than in aqueous environments,
the extravascular half-life of NO " in vivo from other reactions is
probably a fraction of a second, and the lifetime of NO; is a few
microseconds in the cytoplasm [35]. These short lifetimes imply
very low steady-state or instantaneous cytosolic concentrations
of both NO" and (especially) NO;, and hence significant
reaction of NO™ with O,, and of NO* with NO3, is unlikely in
vivo [36,37], except perhaps under some extreme pathological
conditions. In contrast, in nonbiomimetic models, bolus
addition of convenient chemical sources of NO® such as the
“NONOates” [38] can result in such high concentrations of NO*
that, especially in (nonphysiological) air-equilibrated solutions,
reaction between NO® and O, occurs at a significant rate,
possibly accompanied by N,O3 formation via (15). A number of
studies of nitrosative reactions, including DNA modification,
have used models involving unrealistically high concentrations
of NO " and/or O,, where N,O3 formation via (14) and (15) can
certainly occur [39], but more recent investigations have
utilized more physiologically relevant conditions [40], at least
of NO° concentrations. Models, however, commonly lack
physiological antioxidants reactive toward NO5, which nor-
mally maintain the concentration of the latter at very low levels,
and extrapolation of such “nitration” studies to cellular and
tissue conditions must be viewed with caution.

Formation of NO; from nitrite via reaction (16) with H,O,
catalyzed by peroxidases (such as MPO [41-43] or lactoper-
oxidase [44]) is potentially a much more important route to NO;
than NO"/O,. (Reactions consistent with peroxynitrous acid
formation can result from H,O, and nitrite under acidic
conditions without catalyst [45]).

Potential reactions of probes with reactive radicals and
oxidants must be considered alongside parallel reactions with
cellular targets, mainly antioxidants, and the additional reac-
tions thus introduced. This is discussed in more detail below,
but the principles are outlined in Fig. 2. Reactions of *OH,
COj3" ", and NO; with probes (multiple reactions abbreviated to
pathway (a)) are in competition with reactions with abundant
antioxidants such as thiols (pathway (b)) [30,35,46], urate (c)
[35,47], and ascorbate (d) [30,48]. Another factor in considering
the roles of antioxidants is that the products of oxidation,
notably in the case of thiols, can be quite powerful oxidants
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Fig. 2. Competition between reactions of oxidizing radicals (which may also include peroxidase intermediates) with reduced probes (path (a)) and antioxidants (paths
(b)—(d)), and interactions between antioxidants and probes; RSH, thiols (e.g., GSH); UH,, urate, AscH , ascorbate. Numbers in parentheses refer to the reactions

discussed in the text.

reactive toward probes. Hence we should consider, in addition
to what might be considered as “primary” radicals (O," , NO "),
“secondary” radicals ( "OH, NO5, COs ) and secondary
nonradical products (ONOO /ONOOH, HOCI, etc.), the
consequences of “tertiary” radical formation. The latter includes
thiyl radicals formed directly from reactions of secondary
radicals with thiols (Fig. 2, path (b)), and by “repair” of carbon-
centered radicals formed from secondary radicals. Thiyl radicals
rank as quite powerful biological oxidants, not dissimilar to
NO; [49] (see below). In tissues, thiyl radicals are likely to react
mainly with ascorbate (Fig. 2, reaction (17)) as the dominant
radical “sink” [50]; in cells cultured in vitro, commonly lacking
ascorbate and hence not necessarily representative of tissues,
conjugation (18) of thiyl and thiol(ate) to form superoxide via
(19) [51] may compete effectively with oxidation of urate (20)
(the latter is probably an important antioxidant in the vascular
compartment [35]). If urate is oxidized, ascorbate can still serve
as the ultimate “sink” via (21) [47]. When an oxidizable probe is
present, the potential reaction of thiyl radicals with reduced
probe, forming a probe radical via (22), must be considered in
competition with the other “sinks” of thiyl radicals. The probe
radical might interact with cellular antioxidants such as
ascorbate (23), reversing oxidation, or with oxygen, reaction
(24) (see below) to generate superoxide.

This survey highlights the main potential pathways of
relevance for reactions with probes in the present context,
although different probes exhibit different absolute reactivity.
For brevity some topics have been omitted, especially where
understanding is still emerging. These include the sources and
reactions of the reduction product of NO°, nitroxyl (HNO): a
review [52] and a recent article [53] point to the diversity of
reactions and controversies. Singlet oxygen can best be detected
directly from its emission at 1269 nm [54]; some probes for
singlet oxygen have been reviewed recently [1]. A topic also
excluded is of the use of probe luminescence to probe monitor

lipid peroxidation, such as those based on energy transfer from
excited carbonyl species formed during peroxidation (e.g.,
[55]), oxidation of phosphine derivatives [56], and lipid-
targeted fluoresceins [57] or C11-BODIPY [58]).

Oxidation as a common activation route for probes

As an alternative to listing probes and discussing individu-
ally their reactivity, merits, and drawbacks in turn [1], it is
instructive and complementary to develop a common frame-
work in which groups of probes can be discussed and to evolve
a rationale for evaluation more generally. Consideration of the
chemical properties of most of the species of interest in Fig. 1
dictates that susceptibility to oxidation must be a key property
for probe design or selection and, conversely, that oxidation is
unlikely to be selective. Thus hydroxyl, carbonate, nitrogen
dioxide, superoxide, and thiyl radicals are all quite powerful
oxidants, with midpoint electrode (reduction) potentials vs NHE
at pH ~7.4 of around 2.3 V ("OH,H"/H,0), 1.7 V (CO5" ,H"/
HCO3), 1.0 V (NO3/NO3), 0.9 V (05" ,2H"/H,0,), and 0.9 V
(GS*,H"/GSH), respectively [49,59]; peroxynitrite has a
reduction potential at pH 7 of 1.6 V (ONOO~,2H'/NO3) [60].
(A didactic introduction and compilation of reduction potentials
[59] can be accessed at: http://www.nist.gov/srd/PDFfiles/
jperd372.pdf.) We should note that “OH invariably adds to,
or abstracts H from, organic molecules rather than simple
electron transfer, and kinetic factors may slow down, or even
reverse, apparently thermodynamically favorable electron
transfer.

Typical redox dyes used as probes
Not surprisingly, then, by far the widest used probes for

free radicals in the present context are dyes which are stable
in a reduced state but can be oxidized by the species of
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interest, oxidation being accompanied by a change in bonding
to form highly resonant moieties which results in an increase
in fluorescence. If fluorescein is the definitive fluorophor,
then reduced fluoresceins (dihydrofluoresceins) are the
prototypical probes for oxidizing radicals and H,O, (care is
needed in searching the literature since the term dichloro-
fluorescin is also used to describe dichlorodihydrofluores-
cein). The reduced dyes are often colorless (“leuco”) and
nonfluorescent, while the oxidized dyes are highly colored
and fluorescent. Fig. 3 shows the four pairs of reduced and
oxidized dyes probably most used. In fluoresceins and the
phenoxazine, Amplex Red, the functional moiety for oxida-
tion is phenolic, oxidized to a partially quinone-like structure;
in rhodamines, amino substituents replace phenolic moieties,
forming an imine/iminium on oxidation. Ethidium is reduced
at the quaternary nitrogen to form hydroethidine (HE); while
comparison of the latter with dihydropyridines such as NADH
has been made [61], analogy with benzidine ([1,1’-biphenyl]-
4,4’-diamine) is also possible since the site of deprotonation
of the radical obtained on oxidation is not necessarily
adjacent to the reaction center.

It is not possible to review the thousands of studies in free
radical biology that have relied on these probes. Whether
such reliance is justified, however, is an important question
best addressed by considering the chemical properties of the
probes, particularly chemical reactivity. More physical proper-
ties, such as solubility, biodistribution, absorption spectra
(including two-photon cross sections), fluorescent emission
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CO-H CO-H
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Fig. 3. Common probes for oxidants in biology. Left: reduced probe; right,
oxidized (fluorescent) product. (a) Fluoresceins, e.g., DCFH,; (b) rhodamines,
e.g., RhH,; (c) phenoxazines, e.g., Amplex Red; (d) ethidines, e.g. DHE.
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Fig. 4. Main reaction pathways possible in the use of reduced fluorescein dyes
such as dichlorodihydrofluorescein to measure reactive species in cells. P,
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spectra, quantum yields, fluorescence lifetimes, and suscept-
ibility to photobleaching in microscopy, are all important but
much can be gleaned from suppliers’ data sheets and other
reviews [1].

Reactivity of the key players in oxidative/nitrosative stress
toward reduced redox dyes

Dihydrofluoresceins

Dichlorodihydrofluorescein (DCFH,) is by far the com-
monest probe; the main reaction pathways involved in its use
in biology are outlined in Fig. 4. We consider first the initial
step, of oxidation of DCFHj to its radical DCFH". DCFH, has
very low reactivity toward superoxide radicals, or the
dismutation product, hydrogen peroxide—although the latter
can facilitate oxidation indirectly via a catalyst as described
below: any “background” oxidation of DCFH, by O, or
H,0, probably reflects metal impurities in the buffer, etc. [62—
65]. (Oxidation by Fenton chemistry (Fe(II)/H,O,) was
characterized [66].) Superoxide dismutase had no effect on
DCFH, oxidation when O, was generated enzymatically
[64,66]; exceedingly weak fluorescence was observed when
0,"" was generated by the radiolysis of oxygenated formate
solutions (a highly specific, well-quantified and controllable
source of superoxide) containing DCFH, [67]. Hence by itself
(i.e., without a catalyst), DCFH, is not actually a useful probe
for the two commonest “reactive oxygen species” in biology,
despite still being widely viewed as such. It is also probably
not effectively reactive directly with peroxynitrite (see below),
although several studies have shown oxidation initiated by
peroxynitrite (e.g., [68,69]). However, efficient conversion of
DCFH, to DCF was reported using CO; and NO; as
oxidants [67], species that can be formed via peroxynitrite as
described above.
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Hydroxyl radicals are very highly reactive toward aromatic
molecules and, unsurprisingly, diffusion-controlled (i.e., max-
imal) reactivity of *OH toward DCFH, was reported; however,
the yield of fluorescent product was somewhat lower using
“OH as oxidant compared to using CO3" or NO; [67]. This
probably reflects less specific reaction with “OH than the other
oxidants, such as some addition to the benzene ring substituent
rather than oxidation of the phenolic moiety via ring addition/
water elimination. Since “OH radicals are so reactive toward a
wide variety of biological substrates [30], probe reactivity
toward “OH is probably less important than reactivity toward
other radicals: in cellular systems, "OH will be intercepted
(“scavenged”) by DCFH, rather inefficiently unless cells are
loaded with very high concentrations of DCFH, [70] (see
below).

Carbonate radicals can be produced by reaction of *OH with
(bi)carbonate for chemical studies, and since CO3"~ absorbs at
600 nm, its reactions can be easily followed if *OH is generated
by a short radiation pulse and microsecond spectrophotometry
utilized. An estimate for the rate constant of DCFH, oxidation,
kys=2.6x10° M ' s~ ! at pH 8.2 was reported [67], similar to
that for oxidation of phenoxide ion by CO5;" [30]:

CO;~ + DCFH, — HCO; + DCFH". (25)

It is technically difficult to use this method at pH 7.4 because
HCO5 is much less reactive toward "OH than CO3  [30];
however, since the pK,s for dissociation of the phenolic
moieties in DCFH,, which might influence reactivity, are
~7.9 and 9.2 [71], reactivity of CO;  toward DCFH, at pH 7.4
is probably little different from that at pH 8.2.) Although k,s is
rather below the diffusion-controlled limit, it is still ~50-fold
higher than the rate constant for reaction of COj3;~ with
glutathione or histidine, and ~ 6-fold higher than for reaction
of CO5~ with tyrosine at pH 7 [30], but about the same as for
reaction with tryptophan [30] or lipoic acid [72].

Nitrogen dioxide can be conveniently prepared from *OH
and nitrite but its absorbance is so weak that its production in
real time must be monitored via a substrate that forms a
colored, stable chromophore; the rate of formation of the
chromophore is increased if a second, reactive substrate is
included. Using this method, an estimate of the rate constant for
reaction of NO; with DCFH, at pH 7.5 of 1.3 x 10"M s was
reported [67],

NOj + DCFH, — NO; + DCFH" + H, (26)

a value only slightly lower than that characterizing reactivity of
GSH with NO5 [35], with significant implications for the use of
the probe (see below).

Thiyl radicals can be formed either by reaction of thiols with
oxidizing radicals (Fig. 2), peroxidase intermediates [73], or
nonspecific radical “repair”, e.g., of carbon-centered radicals as
shown in Fig. 4. Thiyl radicals derived from oxidation of
glutathione oxidize DCFH, with a rate constant ky; ~4 % 107
M~ ' s ! at pH 7.4 (M. Wrona, personal communication):

GS' + DCFH, — GSH + DCFH". (27)

Measuring the rate constants for reactions of *OH, NO;,
and CO5;" with DCFH, is important not only in considering
competition for reaction of these species between probe and
endogenous scavengers (see below), but also in assessing the
reactivity of the probe toward peroxynitrite. If reaction in a
test system is limited by the rate of homolysis of ONOOH,
and independent of the probe concentration, then reaction can
be assumed to occur via the decomposition products (*OH,
NO;5, CO3™"), since the rate constants for reaction of DCFH,
with these radicals are so high; if reaction is faster than
homolysis, then reaction is directly with ONOOH/ONOO.
While it was originally thought that DCFH, is oxidized
directly by peroxynitrite [65,74,75], a subsequent kinetic
study [76] showed that probe oxidation mirrored the peroxy-
nitrite homolysis rate and was independent of probe concen-
tration, consistent with indirect reaction via the radical products
of peroxynitrite decomposition, "OH, NO;, and CO5 . It
would be desirable to confirm this applied to higher concentra-
tions of DCFH, or RhH, than the 10 or 12.5 uM used in this
study [76], to completely discount direct reaction of probes with
peroxynitrite at high (e.g., 300 uM) cellular loading.

Hypochlorous acid oxidizes DCFH, to DCF but with low
efficiency [65].

Dihydrorhodamines

Dihydrorhodamine (RhH,) is, like DCFH,, unreactive toward
0O, or H,0, in the absence of catalyst [65,77]. However, RhH,
forms fluorescent rhodamine efficiently on reaction with free
*OH, CO5"~, or NO; radicals, with kpg ~6.7x10* M~ ' s~ ' [67],
similar to that for reaction of CO5;"~ with aniline [30]:

CO;~ + RhH, — HCO; + RhH". (28)

NO; oxidized RhH, (~20 uM) on the submillisecond timescale;
radical formation and disproportionation overlapped, preventing
estimation of k9, although it is likely to be ~ 1M s [67]:

NO; + RhH, — NO, + RhH® + H™. (29)

Dihydrorhodamine, like DCFH,, is oxidized by peroxynitrite
indirectly via the decomposition (radical) products [76].
Hypochlorous acid oxidizes RhH, to rhodamine with much
higher efficiency than the corresponding reaction with DCFH,
[65]. RhH, is also reactive toward chloramines (e.g., that
produced on reaction of HOCI with taurine) in the presence of
iodide, I forming ICl and then HOI, the oxidant reactive toward
RhH, [78].

Hydroethidine

This probe behaves quite differently to the reduced fluo-
resceins or rhodamines. First, it is much more reactive than
DCFH, or RhH, toward superoxide radicals, with the rate
constant for reaction between O, and HE being ~2x10°
M~ 57! [61]. Although early studies assumed ethidium (E™)
was produced from superoxide [79], a different product is
formed [80]; this is now known to be 2-hydroxyethidium,
with fairly similar, but distinguishable, fluorescence properties
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compared to E* [81-83]. Other oxidants can generate this
product [84,85], but in the present context it does appear to be
one of the more specific fluorescent probes for superoxide
reported to date. A similar conclusion, including similar re-
activity toward O,", was drawn for a variant of HE with a
hexyl triphenylphosphonium cation as substituent, targeting the
probe to mitochondria [86]. HE reacts with H,O, via per-
oxidase catalysts [87], or with heme proteins [88], to produce
products which may interfere with O," detection. Distinction
can be made between extra-and intracellular production of
superoxide [89]. The problem of uncontrolled fluorescence
enhancement due to intercalation of 2-hydroxyethidium with
variable amounts of mitochondrial DNA has been addressed
[90].

Reduction of cytochrome ¢ by HE, and catalysis of
superoxide disproportionation, was reported [80]. Kinetic data
for reactions of peroxynitrite-derived oxidants with HE are
lacking. The ring-substituted product from O, and HE is
formed in a two-stage process, as shown in Fig. 5 (cf. probes
for nitric oxide, below). Unlike the case with NO*, superoxide
can accomplish the initial oxidation step. It is probable (but not
yet demonstrated) that the response of hydroethidine to
superoxide can be altered by the flux of other oxidizing
radicals capable of the initial oxidation step. Overall, hydro-
ethidine appears to offer the attraction of some specificity for
superoxide but there remain some important qualifications as to
its use in quantitation.

Other reduced dyes

Comparable effort has not been directed toward other probes,
but the comparison above of the reactivity of CO3" and NO;
toward DCFH, or RhH, with reactions of these radicals with
phenol or aniline are important pointers suggestive that other
reduced fluoresceins [91], Amplex Red [92], and dihydrocal-
cein [93] will behave qualitatively similarly to DCFH,; other

non-specific
oxidation

reactions of rhodamines, too, can be predicted by appropriate
comparison with aromatic amines.

Importance and role of catalysts in probe oxidation

While superoxide is unreactive toward the common probes
based on fluorescein or rhodamine, its dismutation product,
H,0,, can participate in catalyzed oxidation cycles. Catalysts
can include trace iron and copper (e.g., buffer impurities) via
Fenton chemistry (Fig. 1, reaction (2) [66]), but the com-
monest catalysts are hemes. Peroxidase [62] or hematin [63]
was used as a required component in early studies applying
DCFH, to measure H,O, (and a wide variety of organic
hydroperoxides [63]), but this requirement seems to have been
overlooked by many authors despite the importance of
catalysts being demonstrated in these and several subsequent
studies. Peroxidase-like catalysis of DCFH, and/or RhH,
oxidation has been reported by the commonest peroxidase,
from horseradish (HRP) [64,94—-96], but also with cytochrome
c[65,77,91,97-99], which is a general catalyst for oxidation of a
variety of organic molecules [100] and nitrite [101] by H,0O,.

It has been pointed out (V. Darley-Usmar, personal commu-
nication) that cytochrome ¢ cannot function as a peroxidase until
modified, because of the absence of a free coordination site for
substrate. Indeed, there is often a lag phase in oxidation by
cytochrome ¢/H»0, [97,102], consistent with such a modification
being required. Studies of oxidative modification of cytochrome ¢
by H,O, in cell-free systems have identified tyrosyl radicals
[103,104] and dityrosine formation [105], indicators of electron
transfer from an oxo-ferryl heme species similar to peroxidase
Compound I[99]; in cells, cardiolipin is involved in controlling its
peroxidase activity [106,107]. Oxidation of cytochrome ¢ by
HOCI [108] or nitration by peroxynitrite [109,110] or its radical
decomposition products [111] markedly enhances its peroxidase
activity, as does carboxymethylation [112].

HoN

- OH-

HaN

Fig. 5. Formation of 2-hydroxyethidium from superoxide radicals. Oxidation to a radical-cation is followed by addition of superoxide and rearrangement of the
hydroperoxide intermediate. Only illustrative resonance forms are shown. Based on schemes by Zielnoka et al. [61,84]. In related work, Robinson et al. suggested

hydroxylation on the alternative aminoaryl moiety [86].
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Other catalysts reported having peroxidase-like activity with
DCFHj, include free iron [91,113]; hemoglobin and myoglobin
[98]; catalase [91,94]; Cu/Zn SOD [91,114-116]; xanthine
oxidase [66,91,117]; lipoxygenase [91]; and prostaglandin H
synthase [118]. In Fig. 4 the “peroxidase” cycles are represented
by Cpd I/Cpd II and Cpd II/native enzyme couples, but proteins
such as SOD and xanthine oxidase effect their “peroxidase”-like
action in different routes, e.g., involving CO3"  as an inter-
mediate [117,119] or linked to trace iron [120]. The cellular
labile iron pool has been shown to be important in this context
[121]. Redox-active compounds such as pyocyanin oxidize
DCFHj, directly [122].

Sufficient H,O, is produced by dye autoxidation to “drive”
the peroxidase cycle with DCFH, and HRP even in the absence
of added H,O, [95], probably by the intermediate DCFH"®
radical reacting with O, to yield O," and hence H,O, (see
below) [96]. In contrast, as noted by Ischiropoulos et al. [75],
dihydrorhodamine oxidation is more H,O, dependent.

Catalysis of oxidation by cytochrome c¢, in particular, has
profound implications for the use as probes of reduced dyes
such as DCFH, or RhH,. This is because of its release into the
cytosol during apoptosis [123—125]. Hence linking any
phenomena observed during apoptosis (or a treatment that
might initiate it) to enhanced generation of “reactive oxygen
species,” based solely on observations of increased production
of DCF from DCFH,, is not justified [97]. In model studies,
only ~ 1 nM cytochrome ¢ was sufficient to show catalysis of
oxidation of DCFH, [97]; 10 nM cytochrome ¢ was very
effective with RhH, [77]. Although glutathione plays an
inhibitory role depending on the oxidation state [99], further
studies of DCFH, oxidation at higher concentrations, more
representative of cellular loading, are needed to understand fully
its role (see below).

Probe free radicals as obligate intermediates in probe
oxidation

Oxidation of DCFH, (or RhH,) to DCF (or rhodamine) is,
overall, a two-electron process; yet as discussed above,
potential two-electron oxidants such as H,O, and peroxynitrite
are not sufficiently reactive for two-electron oxidation to be of
biological relevance. Indeed, the species reacting rapidly with
the probes are the free radicals *OH, CO3", NO;, and thiyl
radicals such as GS*, or one-electron oxidants from perox-
idases and other proteins, reacting in a manner similar to
peroxidase Compound I. These can abstract only single
electrons from the reduced probes and thus, by definition,
oxidation must involve a two-step process each involving one-
electron steps. The radical oxidants must generate intermediate
probe radicals, which we can designate DCFH "™ and RhH" in
the case of the fluorescein or rhodamine probes. By analogy to
semiquinone disproportionation to quinone and hydroquinone,
formation of the oxidized, fluorescent probe can be envisaged
via disproportionation of the radicals intermediate, e.g., by
reaction (30):

2DCFH" — DCF + DCFH,. (30)

The occurrence of such obligate radical intermediates has been
generally neglected, except in a few studies, yet has major
implications for the use of these probes, since these probe
radicals are not inert: disproportionation is not their only
possible fate (in fact, may be seldom their fate, as argued
below).

Evidence for radical intermediates of probes in biomimetic
systems

Changes in absorption spectra consistent with the reduction
of HRP Compound I to Compound II (a one-electron step) on
addition of DCFH, were observed by Rota et al. [95]. While
one-electron oxidation of DCFH, to DCFH® would be
expected to generate a phenoxyl radical, which generally
absorb around 400 nm with extinction coefficient ~2200 M~
cm ' [126], reactions (30) and (31) are so fast (see below)
that the steady-state concentration of DCFH" would be too
low to detect optically against a background of HRP spectral
changes. However, using spin trapping with 5,5-dimethyl-1-
pyrroline-N-oxide (DMPO), electron spin resonance (ESR)
signals from the adduct of DMPO and superoxide radicals
(DMPO/ "OOH) were detected [95]. Because oxygen removal
eliminated the signal, the authors proposed that this arose
from reaction of the “DCF semiquinone radical (DCF™)”
with oxygen,

DCF*™ + 0, — DCF + 0, (31)

with obvious and important implications: peroxidase-catalyzed
oxidation of DCFH, generates the species that some users of
the probe probably imagine they are measuring. (In this article
the DCF “semiquinone” is usually represented as DCFH®
rather than DCF* for simplicity of balancing equations; the
dissociation of DCFH" to DCF"~ and H" is discussed below).

Direct observation of the “DCF semiquinone” radical by
ESR was possible when visible light (>300 nm) was shone on
solutions of DCF, DMPO, and the biologically important
reducing agents, GSH and NADH [127]. The mechanism
involves photo-excitation (hv) of DCF to excited state(s)
(DCF*) which oxidize GSH (or NADH) to form both DCFH *
and GS* (or NAD") radicals:

DCF + hv — DCF* (32)

DCF* + GSH (NADH) — DCFH" + GS* (NAD"). (33)

In the absence of oxygen, pH-dependent ESR signals from
DCFH'/DCF "~ were observed [127]; at a steady state, radicals
from NAD" would be difficult to detect since they dispropor-
tionate faster than DCFH'/DCF*; GS"° radicals were spin-
trapped with DMPO as DMPO/’SG [127]. In the presence of
oxygen, oxygen was consumed [127] since both NAD" [128]
and GS* [129] react rapidly directly or indirectly, respectively,
to form superoxide:

NAD' + 0, > NAD" + 0, (34)
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GS® + GSH = GSSG'~ (+H") (35)

GSSG"™ + 0, — GSSG + 0, . (36)

Properties of the intermediate radicals in probe oxidation

The same radical, “DCFH "/DCF *~”, was formed either on
oxidation of DCFH " by the selective one-electron oxidant N3 or
on reduction of DCF by CO,"", a highly reducing one-electron
donor [71]. The absorption spectra were pH dependent,
assigned to dissociation of the phenolic moieties. The fully
reduced probe “DCFH,” has two pK,s associated with
dissociation of the phenol substituents, estimated at 7.9 and
9.2 [71]. (Even though the molecule is drawn with two
apparently identical phenolic moieties, dissociation of one
phenol function changes the pK, of the other, and the two pK,s
must differ by at least log;¢(4) or ~0.6 [130,131].) On oxidizing
DCFH, to the radical, the pK,s shift somewhat, with values of
~7.1 and 9.0 suggested [71], but not easy to measure because of
overlap.

These values are of more than academic interest. First, as
discussed below, intracellular trapping of DCFH, relies on the
negatively charged, dissociated probe having impeded diffusion
through lipid membranes. The proportion of charged to
uncharged prototropic forms is a function of these pK,s and
the extracellular or intracellular pH. Secondly, these equilibria
confer pH-dependent rates of oxidation of DCFH, by oxidants
(phenolates are usually more rapidly oxidized than phenols), and
of both disproportionation of DCFH" (reaction (30)) and
reaction of DCFH*/DCF*~ with oxygen (reaction (31)). Hence
if the pH changes in systems using these probes—including in a
subcellular organelle, which can occur with some drugs—the
amount of DCF formed may vary. There are also pH-dependent
absorbance/fluorescence properties of DCF itself, arising from
ionizations of the phenolic protons. It is no coincidence that
fluoresceins are used as pH indicators [132].

The rate constant for reaction (31) varied from ~0.3 to 1.0 %
10° M 's™ ! between pH 6 and pH 9; k3, =5.3x10* M 's™ ' at
pH 7.4 [71]. This implies conversion of DCFH*/DCF* to
superoxide occurs with a half-life of ~ 5 ps in laboratory models
in equilibration with ambient air (#,,=(In 2)/(k3,[O,])). The
competing reaction (30) (disproportionation) also increased with
pH, with 2k39 ~1.6-3.6x10* M~ ' s~ between pH ~ 6 and pH
9.5; at pH 7.4; 2k30=2.8 x 10* M~ ' s~ ' [71]. The half-life of this
radical-radical reaction varies with radical concentration (t,,=
(2k3o[DCFH ") 1), but for it to equal that for reaction (31) in air-
equilibrated media, a steady-state DCFH ° radical concentrations
of ~0.7 mM would be required. This is far higher than is
reasonable in cellular systems. (It is easily shown, using the
steady-state equation: radical formation rate=sum of radical
decay rates, and solving the quadratic equation resulting, that if
the radical generation rate is ~0.6 uM s ', as suggested, for
example, for superoxide production in mitochondria [133], then
the steady-state concentration of DCFH * controlled by reactions
(30) and (31) alone is ~ 5 pM.) Hence DCF formation via (30) is
much less likely than (31) except when O, levels are very low.

Unless there are alternative reaction pathways not yet character-
ized (or exogenous substances added, such as quinones, see
below), generation of superoxide is an inevitable by-product
accompanying fluorescence (DCF formation) in the use of
DCFHj; in biology.

As with lucigenin (see below), superoxide formation
accompanying probe oxidation or other activation step is not
inevitably a contraindication: it could be viewed positively, as a
useful amplifying reaction, with (31) as the chain-propagating
step. However, any reactant for superoxide has potential to
influence the chain length of the oxidation process and thus the
overall response. Changes in levels of SOD, cytochrome c,
GSH, and ascorbate, are examples. On balance, ill-defined
signal amplification from reactivity of DCFH" toward O,,
generating further O,", introduces major uncertainty into
quantitative measurements using DCFH, and similar probes;
the rthodamine radical reacts with O, about as fast as DCFH®
(M. Wrona, personal communication).

Involvement of antioxidants in probe chemistry

Four separate aspects of the involvement of antioxidants in
probe chemistry must be considered: direct competition
between probe and antioxidants for reactions with radicals
such as CO5;" and NOs; reaction of antioxidant radicals, such
as thiyl radicals, with probes; reactions of antioxidants with
intermediates in catalyst chemistry such as in peroxidases; and
“repair” of probe radicals by antioxidants.

Rate constants for reaction of oxidizing radicals with probes
enable us to assess the possibility that probe response might
reflect changes in levels of intracellular antioxidants rather than,
or as well as, changes in the flux of “reactive oxygen/nitrogen”
species. The key comparison is with the product of rate constant
and concentration of probe or antioxidant. The main problems
in such a comparison are twofold: first, few users of the probes
measure the intracellular concentrations; secondly, even if
measured, the values usually reflect averaged cytosolic
concentrations whereas comparison in a particular organelle
may be more appropriate.

However, to illustrate this point, a representative concentra-
tion of DCFH, of 0.3 mM was assumed [67]. With this value, if
intracellular [GSH] is 5 mM, while ~67% of CO3" will be
intercepted by the probe in competition with reaction with GSH,
only ~4% of NO; radicals will be scavenged by the probe.
Other antioxidants, e.g., urate (particularly in plasma) and
ascorbate (in tissue samples), will also have to be considered.
Both cysteine and urate inhibited peroxynitrite-mediate oxida-
tion of dihydrorhodamine [77]. It was therefore stressed [67]
that many studies probably involve nonsaturating concentra-
tions of probes. Changes in probe loading or in antioxidant
levels will result in a change in probe response even at constant
oxidizing radical flux. Of course, if “oxidative stress” is defined
as “a disturbance of the prooxidant—antioxidant balance in favor
of the former” [134], then probe response might encompass this
broad definition.

Simple competition for reaction is not the only factor:
reaction of oxidizing radicals with thiols generates thiyl radicals,
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also reactive toward DCFH, (reaction (27)). The influence of
thiol and oxygen concentrations on DCFH, oxidation by GS*
(i.e., the effects of reactions (35) and (36) in parallel with (27)) is
currently being investigated (M. Wrona, personal communica-
tion). Effects of GSH/GSSG on DCF formation in the presence
of cytochrome ¢ [110,135] or HRP [136] have been reported, but
using very much lower concentrations of DCFH, than used in
cellular systems. Thus oxidation of DCFH, by thiyl radicals
would have been much less likely in these studies than under
more biomimetic conditions, since other pathways for thiyl
radical reaction would be favored at such low DCFH, levels. The
vitamin E analog, Trolox, enhanced DCF formation in a cell-free
system [137], although the kinetics of radical transfer between
the two phenols have not been reported.

The situation concerning competition with antioxidants may
not be nearly so unfavorable for reaction of probes with H,O,
via secondary reactions involving peroxidase Compound I/II-
like intermediates. Data here are particularly lacking; while
aliphatic thiols are very poor substrates for both HRP and
myeloperoxidase [138,139], thiyl radicals are produced from
HRP and GSH [73]. In contrast, phenols (cf. DCFH,) and
anilines (cf. RhH,) are excellent peroxidase substrates [140].
Rate constants for peroxidase-catalyzed oxidation of both
groups of compounds are particularly susceptible to electron-
donating/-withdrawing substituents [141]; meta-chloro substi-
tution in a phenol (cf. DCFH,) might be expected to slow down
oxidation, but para-chloro substitution has, unexpectedly, the
opposite effect [140,142]. Whether the claimed advantages of
dihydrofluorescein over DCFH, [91] reflect differences in
peroxidase-like reactivity is not known. Ascorbate is absent
from most normal cell cultures in vitro (in itself a note of
caution regarding biomimetic criteria) but ascorbate is much
less reactive toward HRP Compound III than phenols or
anilines [141,143], so this antioxidant, too, may be less efficient
in reacting with peroxidase intermediates.

We should, however, distinguish between competition from
antioxidants reacting directly with redox-active hemes or other
catalytic centers and direct reaction of the antioxidant with the
probe radicals produced from peroxidase-catalyzed oxidation.
The effects of GSH on oxidation of DCFH, catalyzed by
cytochrome ¢ or HRP noted above may well involve “repair”
equilibria; i.e., reaction (27) can also be represented as the
reverse reaction of the equilibrium:

DCFH' + GSH = DCFH, + GS'. (37)

Even if the equilibrium constant K37 << 1, reaction between
DCFH' and GSH can be “driven” to the right by removal of GS*
from the equilibrium via reactions (35) and (36) and the other
“sinks” for thiyl radicals shown in Fig. 2. Both ascorbate and
urate are highly reactive toward phenoxyl radicals such as that
from tyrosine [144,145], and would be expected to react rapidly
with DCFH °*. Redox properties of the radical obtained on oxi-
dation of rhodamines are less predictable but it would be sur-
prising if the rhodamine radical was not reactive toward (repaired
by) the key antioxidants. Indeed, it was suggested that both urate
[74] and ascorbate re-reduces the rhodamine radical [146].

Susceptibility of oxidized probes to further reactions and to
photosensitize radical production

It is generally overlooked that DCFH, still has one
oxidizable phenolic function even after oxidation to the
normally measured oxidized form, DCF. This renders the
fluorescent product, DCF, susceptible to further reaction with
oxidizing species. The rate constant ksg for reaction of CO5;"™
with DCF (producing a phenoxyl radical, also obtained on
oxidation with HRP as shown in Fig. 4 [147]) is essentially the
same as for reaction (25) with DCFH, [67]:

CO5 ™ + DCF — HCOj; 4 DCF(-0"). (38)

Thus if circumstances are such that a significant fraction of
DCFHj is oxidized to DCF, further exposure to oxidants could
lead to a decrease in the fluorescence from DCF. Further
oxidation of fluoresceins produces coupled (dimer) products,
and loss of fluorescence has been used in an “oxygen radical
absorbance capacity” assay [148]. However, DCF was ~ 80-
fold less reactive toward NO5 than DCFH, [67]. The initial
nonradical product of RhH, oxidation still has an aromatic
amine moiety susceptible to further oxidation, but unlike DCF,
the rhodamine product from RhH, oxidation is ~200-fold less
reactive toward CO3" " than the reduced dye [67].

The oxidized probes might be susceptible to reduction back
to reduced probes. A key predictive property for this possibility
is the reduction potential of the oxidized probe/radical couple.
There are often correlations between this property and the rates
of reduction catalyzed by flavoproteins [149—153]. The re-
duction potential of the DCF,H'/DCFH" couple is pH de-
pendent with a value at pH 7.4 of —0.75 V vs NHE [71]. This is
much lower than that for typical quinone/semiquinone couples
[59], and so DCF might be expected to be a poor substrate for
common flavoprotein reductases. (The radical DCFH" is best
compared with ketyl radicals rather than as a semiquinone [71].)
However, quinones with reduction potentials around —0.2 V are
often used in cellular models to stimulate oxidative stress by
redox cycling, e.g., 2,3-dimethoxy-1,4-naphthoquinone, and
such quinones are likely to react very rapidly with DCFH*®
radicals because of the large “energy gap” of ~0.5 Vand could
thus compete with oxygen in reacting with DCFH ", depending
on relative concentrations.

The observations described above of generation of the DCFH*
radical by visible light illumination of DCF in the presence of
reducing agents such as NADH or GSH, leading to superoxide
formation via reactions (33), and (34) or (36) [127,154], have
obvious practical importance. [llumination of biological samples,
once any DCF is formed, either with ambient light in the
laboratory or from light sources in measuring instrumentation or
microscopy, can generate radicals involved in oxidative stress.
While added antioxidants can suppress these reactions [155], they
are obviously liable to interfere with other pathways. The potential
drawback of photochemical sensitivity has been exploited in
another study. A variant of DCFH,, with a chloromethyl
substituent in the benzene ring, reacts with cellular thiol groups
and is thus trapped intracellularly by covalent binding; two-
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photon excitation of the bound DCF moiety was then used to
control the spatial generation of superoxide [156].

Intracellular loading of probes and efflux of oxidized
probes

DCFH, and related probes are loaded into cells by incu-
bating them with the diacetate ester, typically a few
micromolar in the extracellular media, relying on cellular
esterases to cleave the diacetate and form free DCFH,. Two
reviews describe the procedure in detail [75,157]. The most
careful studies (e.g., [77]) have measured both intracellular
uptake and subsequent leakage under a variety of conditions,
but most users of such probes have ignored the need for such
measurements.

It is often assumed the esterase-sensitive hydrolysis aids
intracellular trapping by forming charged species, but this
assumption requires knowledge of the relevant pK,s of the probe
and its oxidized product. Passive diffusion of weak acids across
lipophilic membranes with an extracellular:intracellular pH
gradient will generate concentration gradients dependent on
ApH and pK,s [158]; this will apply both to the cytoplasmic
membrane and to individual organelles. While the pK,s for
dissociation of the phenolic groups in DCFH, are ~7.9 and 9.2
[71]), and will be similar in 5(6)-carboxy-2’,7’-dichlorodihy-
drofluorescein, the corresponding values for dihydrofluorescein
will be perhaps ~0.8 higher, lacking the meta chlorine
substituent (chlorine substituents are pK, decreasing [159]).
The phenolic pK, in DCF is much lower (~5.2) than those in
DCFH, and ~0.7 lower than in fluorescein [160]. Whether
differences in intracellular uptake of DCFH, and its des-chloro
analogue [91] reflect such shifts in pK,, or other parameters such
as membrane potential (shown to be important in fluorescein
efflux [161]), is not clear. What is clear is that changes in
intracellular pH gradients, or esterase activity (which can vary
even between normal and drug-resistant cells in the same cell
line [162]), can potentially influence probe loading and leakage
of oxidized probe.

Other factors can affect leakage of both reduced and oxidized
probes, in addition to membrane potential. Multidrug resis-
tance-associated protein was shown to influence efflux from
cells of fluorescein and dihydrofluorescein [163], and rhoda-
mine [164]; glutathione depletion inhibited efflux.

Cellular loading of dihydrorhodamine does not rely on
esterases, and once produced, rhodamine leakage appears to be
less of a problem than with DCF [77]. Binding of dihydro-
fluoresceins substituted with thiol-reactive functional groups
(e.g., chloromethyl [165]) aids intracellular retention but
obviously not without the possibility of perturbation of cellular
functions, and this approach to cellular loading must be
approached with caution. It is desirable to ascertain whether
thiol selectivity of chloromethyl conjugation (toward GSH
compared to protein thiols) is conferred via glutathione-S-
transferase activity, and the extent of probe loading, GSH
depletion, and protein-thiol binding.

The importance of knowing the intracellular concentration of
probes has been noted above in the context of cellular

antioxidants, but is so important that it is worth stressing.
Most readers will be familiar with enzyme-based assays where
reagents such as cofactors are included at “saturating”
concentrations, and would not dream of using an assay where
response is varying sharply with concentration of such a
cofactor. Yet that is probably precisely the case with the
common use of reduced dyes as probes. As noted above, the
relevant free radical reactants (*OH, CO5;", NO;) are all highly
reactive toward cellular antioxidants, especially GSH, urate, and
ascorbate; "OH is of course highly reactive toward most bio-
molecules. Unless intracellular concentrations of DCFH, and
RhH, exceed several millimolar, the probes cannot compete
efficiently with endogenous antioxidants for reaction with these
radicals (particularly in the case of NO;; less so for CO5™ [67]).
Probe response will be often, perhaps always, under nonsaturat-
ing conditions and will vary directly with variations in probe
loading or efflux, and/or antioxidant concentrations. Detailed
comparison requires estimates of intracellular concentrations,
which are seldom available.

Recently developed probes as alternative to reduced dyes
Probes reactive toward H,O; or O™

A variety of new approaches are being developed based on
rational principles; thus emission from fluorescein can be finely
modulated depending on redox substituents in the benzene
ring [166,167]. Three groups [168—172] have reported probes
for superoxide/hydrogen peroxide based on ‘“nonredox”
mechanisms, exploiting the nucleophilic character of super-
oxide. Thus profluorophors bearing substituted aryl or per-
fluoroalkyl sulfonyl ester linkages are cleaved to release the
free fluorescein [169] or naphthofluorescein [172] moiety. One
probe with a dinitrobenzenesulfonate “leaving group” (Fig. 6
(a)) was reported to have selectivity toward O," as a reactive
nucleophile compared to H,O, [169], while others using a
pentafluorobenzenesulfonate substituent showed (apparently
uncatalyzed) reactivity toward H,O, with rate constants up to
~250 M~ " s7! reported [168]. Recent progress in optimizing
this approach has been described [173]. Naphthofluoresceins
with perfluoroheptanesulfonate or p-tosylate (Fig. 6(b))
leaving groups were more reactive toward H,O, than O, ",
although treatment with some other reagents did result in some
fluorescence [172]. Diphenylphosphinate leaving groups
cleaved by superoxide to release a naphthofluorescein was
the basis for imaging superoxide in macrophages [174].

A novel variation using chemoselective boronate deprotec-
tion of cell-permeable boronate dyes by hydrogen peroxide has
been reported (Fig. 6(c)) [170,171]. While catalysts do not
appear to be required for probe response, reactivity is not high:
rate constants for reaction of the boronate dyes with H,O, of
~0.5-1 M 's™ ! were indicated [171]. This low reactivity must
limit cellular applications to where catalase and glutathione
peroxidase do not remove H,O, efficiently.

Another new approach to H,O, determination [175]
involved exploiting the concept of photoinduced electron
transfer. A rationally designed probe (Fig. 6(d)), in which a
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Fig. 6. Alternative approaches to generate fluorescent products by reaction of probes with O," or H,0,, based on displacement of a “leaving group” ((a)—(c));
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diphenylphosphine moiety (oxidized on reaction with H,0,)
was linked to a 7-hydroxycoumarin was evaluated, with off/on
fluorescence switching accompanying oxidation. However, the
reactivity toward H,O, seems undesirably low, fluorescence
appearing over tens of minutes at 50 pM H,0,. A probe for
H,0, based on a europium—tetracycline complex is similarly
independent of the need for catalysts which characterizes the
reduced dyes [176,177]; a ~1 pM detection limit in aqueous
solution was reported, but phosphate interfered. Recently, other
new probes for superoxide (e.g., Fig. 6(e)) have been
described which show promise [178], although kinetic
information is lacking. The “use of disulfides as redox
reservoirs in biology” prompted the synthesis of a conjugate
of fluorescein with naphthalene-1,8-disulfide [179], reversibly
sensitive to oxidation by H,O,; again, full characterization is
needed.

Probes reactive toward peroxynitrite, peroxyl radicals, and
other oxidants

In somewhat related studies having potentially wider applic-
ability but less selectivity, fluorescein esters with oxidizable
phenolic or anilinyl substituents have been shown to react with
*OH, ONOO ", and CIO™ to release free fluorescein [180] (Fig. 7
(a)). While this concept is, in fact, based on oxidation, it is a
substituent in fluorescein that is oxidized, and not dihydrofluor-
escein, and thus the approach shares some conceptual basis with
the above probes based on nucleophilic release of a leaving group.
The work extends earlier related studies on probes for “OH [181]
(see below).

From observations of cyclization reactions of some ketones on
treatment with peroxynitrite, a probe was developed (Fig. 7(b))
which is based on oxidation modifying a ketone substituent to
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release the free fluorescein derivative [182]. Selectivity toward
peroxynitrite, and fluorescence from neuronal cells treated
with the peroxynitrite donor, SIN-1, was reported, although
whether reaction is actually via NO; and/or CO3" (cf.
DCFH,/RhH, [76]) is unknown. A probe reactive toward
peroxyl radicals has been recently described [183] (Fig. 7(c);
note the release of benzoquinone in this particular example).
Oxidation of a phenol/fluorescein conjugate by peroxyl
radicals stimulated release of free fluorescein in a related
probe [184].

These studies illustrate both current interest in developing
new probes which avoid some of the pitfalls of the reduced
dyes, and the elegance of new rationally designed probes, but
further studies are needed to characterize reactivity as well as
the potential of interference by biomolecules.

Chemiluminescent probes for superoxide
Lucigenin: source and sink of superoxide

Chemiluminescence can be an extremely sensitive detection
method for radical production. Lucigenin, bis-N-methylacridi-
nium dinitrate (LC>*, Fig. 8), has been used in well over a
thousand studies as a luminescent indicator of superoxide
production. However, there is no doubt whatsoever that, like
DCFH,, the probe has the potential to generate superoxide
radicals. Luminescence occurs via addition of superoxide to the
free radical obtained on reduction of lucigenin (LC "), which
forms an unstable dioxetane (Fig. 8) [185]. The dioxetane
cleaves spontanecously to produce N-methylacridone in an

excited state; it is this which emits light. Lucigenin is not
specific for superoxide: numerous nucleophiles and reducing
agents can induce luminescence (including alkaline H,O,
[186,187]). This is not surprising, since reducing agents can
generate the radical LC *™; this generates superoxide via reaction
(39), which can be observed either indirectly, e.g., by
cytochrome ¢ reduction [188,189], more specifically by spin
trapping the superoxide produced [190], or directly with real-
time observation of the absorbance of LC " [191], with forward
rate constant k39 ~3 X 10°M sl
LC" 4+ 0, = LC*" + 0, (39)

It is not surprising that reaction (39) is rapid, and over-
whelmingly in the forward direction (equilibrium constant K3
~50), contrary to clearly erroneous claims that it is over-
whelmingly in the reverse direction (K39=10"®)[192]. Thus the
reduction potential of the couple LC*'/LC"" was estimated as
—0.28 V vs NHE in aqueous solution [191], much less than O,
(1 M)/Oy" (=0.18 V) [193,194]. (A higher value for the
reduction potential of LC**/LC*", —0.14 V, has been reported
[195], inconsistent with the direct observations of decay of LC "
in solutions containing oxygen [191]). The rate constant for
reaction (39) is within an order of magnitude that expected for a
4,4’-bipyridinium radical-cation of such redox properties [196].
It is thus unlikely that superoxide can reduce LC*" to form the
required LC *" intermediate unless probe concentrations are very
high and SOD is absent. (If the reverse reaction has k_3o
~3x10%/50, i.e., ~6x10* M ' 57!, it would require ~0.1 M
lucigenin for the reduction of LC** by O, to balance the rate of
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reaction of Q5" with ~3 uM Cu,Zn SOD, taking kg, ~2 % 10°
M s [197)).

Hydrogen peroxide can act as a reductant of lucigenin, but
the pH dependence shows that HO, is the reactive species
[186]. Since the pK, for dissociation of H,O, to HO; is ~11.6,
the reaction can be discounted at pH ~7 and physiologically
relevant concentrations of H,O,: even at pH 9.5 the first-order
rate constant for disappearance of lucigenin at 30 °C with
~10 uM LC*" and 48 mM H,0, was ~2x 10> s~ ! (half-life
~10 h) [186].

We must therefore look for reductants other than O, and
H,0, to generate the required LC"" radical, an obligate
intermediate in superoxide-dependent chemiluminescence.
With the reduction potential of LC*" about equal or slightly
higher than that for typical flavin/flavosemiquinone couples at
pH 7 [59], flavoprotein reductants are obvious candidates.
Indeed, endothelial nitric oxide synthase [190], “several almost
ubiquitory NAD(P)H reductases” [198], microsomal NADPH
reductases [199], and cytochrome P450 reductase [200] have all
been reported as able to reduce LC**. It was shown that LC**
initiates a marked increase of superoxide formation in
endothelial cell lysates in the presence of NADH [201].

Several articles have defended the use of lucigenin as a probe
for superoxide, suggesting the use of very low concentrations of
lucigenin to reduce the effects of redox cycling (reaction (39))
[202—-204]. While redox cycling to generate O, will always
occur with lucigenin, with low concentrations of the probe, the
additional superoxide formed via (39) may become insignificant
compared to basal or otherwise stimulated levels. How low a
concentration of probe is needed to effectively eliminate this
problem is likely to vary with biological system, reflecting

differences in reductase activity. In one study involving vascular
homogenates, 5 uM LC*" was sufficient to induce a doubling of
superoxide trapped by DMPO [205]; the same concentration of
LC?*" had effects on endothelium-dependent relaxation of aortic
endothelial cells consistent with superoxide generation
[206,207].

However, even with low probe concentrations to reduce the
effects of redox cycling, any reagent, in addition to superoxide,
that can change the steady-state concentration of LC*" has
potential to influence probe response. In this regard an obvious
contender would be, in some applications, quinones used as
tools to stimulate superoxide generation, such as 2,3-dimethoxy-
1,4-naphthoquinone [208]. Redox equilibration between violo-
gen radicals and quinones (Q) is very rapid [209], so that
equilibrium (40) is likely to be established quickly:
LCT+Q=LC" +Q". (40)
Semiquinones (Q° ) disproportionate or react with electron
acceptors (e.g., O,) much more rapidly than LC"". Removal
of Q" from the equilibrium will pull equilibrium (40) to the
right, reducing the “natural” lifetime of LC*" and hence both
its steady-state concentration and the rate of formation of the
intermediate dioxetane via O," . The author has observed
directly by pulse radiolysis, in unpublished observations,
accelerated decay of LC"" in the presence of duroquinone,
most likely via such routes. Equilibrium (40) must be taken
into account when using the lucigenin probe in the presence
of quinones, e.g., [210]. It would be interesting to measure
the kinetics of reaction of LC'" with cytochrome ¢ and
similar electron acceptors.
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Luminol and related probes

The chemistry of this probe has been studied rather
extensively [211,212]. A paper commencing with the sentence
“Luminol is known to elicit chemiluminescence under almost an
unlimited variety of conditions” [213] should alert us to approach
its use in biology with caution. Indeed, an earlier review [214]
concluded that “luminol-dependent chemiluminescence gives at
present very little ability to discriminate between individual
oxygen or radical species. Furthermore, luminol-dependent
chemiluminescence used in biological systems is extremely
prone to many interferences, which are very difficult to control.”
Other authors concluded that “luminol ... can neither serve to
study the formation kinetics nor be used as a valid continuous
assay of ROS ... generated by stimulated neutrophils ... luminol
speciously report on H,O, or O," production even in a cell-free
system” [215], and “Luminol is not well suited for the detection
of O," within living cells ” [185].

Despite these cautions, the probe remains in widespread use.
It is therefore important to outline the basis for its limitations.
Luminol also exhibits chemiluminescence via a two-step
process to a precursor of the emitting species, the initial step
being oxidative, in contrast to lucigenin. However, the luminol
radical obtained on oxidation reacts with oxygen to generate
0, so there are some parallels between the two probes. The
route to chemiluminescence is shown in Fig. 8. The initial
oxidation step, converting luminol (LH") to the radical (LH")
cannot be achieved by superoxide [211], but most other
biologically relevant oxidants react with luminol.

Both "OH and COj3’ are highly reactive toward luminol
(rate constants ~9x10° and 9x10® M ! s™!, respectively
[213,216]). Carbonate radical was invoked to explain the effects
of bicarbonate on luminol chemiluminescence in *OH-radical
generating systems [217]. Nitrogen dioxide is a slightly more
powerful oxidant than C1O; [59,218], although NO; is slightly
less reactive toward phenolate than C1O; [30]. The latter radical
oxidizes luminol with rate constant ~3x 10° M~ ' s~ ! [219]); it
is therefore probable that NO; oxidizes LH™ to LH * with a rate
constant of at least 10° M™' s™' (G, Merényi, personal
communication). (Luminol is widely used in atmospheric
chemistry to measure NO5 [220], and has been used to measure
nitric oxide in exhaled breath after oxidizing NO * to NO5 [221].)
Chemiluminescence occurs with luminol and peroxynitrite,
modulated by bicarbonate/CO, [25,222], but the rate constant
for reaction of peroxynitrite decay in the presence of luminol
does not appear to have been reported; it is thus not clear whether
a similar situation exists as with peroxynitrite and DCFH, and
RhH, [76],i.e., homolysis to *OH and NO; and/or reaction with
CO; occurs faster than peroxynitrite can oxidize luminol.

Glutathione thiyl radicals are about as oxidizing as NO; (£,
(GS",H"/GSH)=0.92 V at pH 7.4 [49]); from the reduction
potential of the LH"/LH™ couple (0.87 V [219]) the equilibrium
constant of (41) is of the order of 7 at pH 7.4:

GS' +LH (+H") = GSH + LH"; (41)

i.e., thiyl radicals are another potential source of LH". Thiols
can also be a sink of LH", via (41) coupled to (35) and (36),

which will pull equilibrium (41) to the left, again generating the
superoxide required for chemiluminescence without direct
reaction of LH™ with oxygen, so the overall likely effects of
thiols are complex. While the kinetics of reaction (41) have not
been reported, the energetics point to the possible involvement
of thiol chemistry in luminol chemiluminescence, as has been
reported in model systems, where thiyl radicals have been
trapped [223], and enhanced luminescence observed on
including cysteine or GSH [224].

There have been extensive studies of formation of LH" from
luminol via peroxidases [141,223]. Low concentrations
(10 uM) of hypochlorite have a significant effect on luminol
chemiluminescence driven by H,O,/Fe*" [225]. Overall, then,
there are numerous routes to the key intermediate LH", but
direct reaction of superoxide is not one of them.

The second stage in the chemiluminescence pathway is
addition of O," to LH ", which is near diffusion-controlled (rate
constant 3x10° M~ s7! [219]), forming an alpha hydroxy
hydroperoxide, “LOOH” (Fig. 8):

LH" + 0;~ — LOOH. (42)

This reaction can potentially compete with reaction of LH* with
oxygen to generate Oy,

LH" + Oy = Lox + O, (+H™), (43)

where L, is the diazaquinone, S-aminophthalazine-1,4-dione
[213], but the rate constant for (43)is ~6x10°M ' s~ !, almost
seven orders of magnitude lower than that for (42) [213]. IfO,"
is generated from mitochondria at ~0.6 uM s~ ', in the presence
of ~3 uM SOD the steady-state O," concentration calculated
just from SOD-catalyzed disproportionation is ~ 100 pM. With
this value, the rate of reaction (42) is about twice that of (43) in
air-equilibrated media. If superoxide generation is averaged
over the cytosolic volume, then reaction (43), generating
superoxide, would be a major fate of LH". More refined
analysis is not possible without much more information, such as
the rate of oxidation of luminol to form LH® and data
characterizing other “sinks” of LH" (e.g., reaction (41) and
the obviously rapid reaction of LH® with ascorbate and/or
urate), but such calculations illustrate the complexity under-
lying the use of this probe.

Antioxidants can, of course, both compete with radicals
oxidizing luminol to LH" and also react directly with this key
intermediate; indeed, effects on luminescence have been used to
assay antioxidants such as urate and ascorbate in biological
fluids [226]. The (hypo)xanthine/xanthine oxidase system is a
popular and convenient source of superoxide in model systems.
The by-product, urate, has a marked inhibitory effect on luminol
chemiluminescence [227], presumably because of reaction of
urate with LH". In addition to thiyl radicals, ascorbate radicals
have been observed during oxidation of luminol by peroxidase
[223], also probably via interaction of ascorbate with LH*. A
further complication in biological applications of luminol is the
possibility that the obligate intermediate radical LH® can be
routed down a “dark” pathway by reaction with nitric oxide
[222].
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The third stage of luminol chemiluminescence is decom-
position of the hydroperoxide intermediate, eliminating nitro-
gen and forming aminophthalate in an excited state (Fig. 8).
This is pH dependent (only one of the prototropic forms is
involved in emission), occurs in microseconds [211], and seems
unlikely to be influenced by cellular antioxidants. In the context
of pH sensitivity, pH changes in stimulation of neutrophils and
the need to consider buffering capacity of media have been
noted [215]. In conclusion, the multiple stages involved in
luminol luminescence, with several routes for involvement of
several cellular oxidants and antioxidants, atmospheric oxygen,
and pH-dependent steps, all point to the undesirable complexity
inevitably accompanying the application of luminol as a probe
in free radical biology.

Other chemiluminescent probes for superoxide

A number of alternatives to luminol have been explored,
some quite closely related to luminol [228], but most based on
luciferins of bioluminescent marine organisms such as coelen-
terazine [229] or “MCLA” (2-methyl-6-(4-methoxyphenyl)-
3,7-dihydroimidazol[1,2-a]pyrazin-3-one, see Fig. 8) and its
analogs [230]. Of the latter category, there have been some quite
divergent kinetic studies (e.g., [231,232]), cautionary illustra-
tions of lack of specificity [233], and impressive demonstrations
of quantitation of superoxide in chemical [234] and biochemical
[235] model systems. The most recent examples involve hybrid
molecules in which energy transfer results in a red shift of the
emitted light [236]. It is not impossible that chemiluminescence
of these newer probes suffers from potential interference from
other oxidants (and antioxidants), like luminol, and further work
is needed—and justified in view of their promise—to
characterize fully their reactivity and reaction pathways.

Probes for nitric oxide
Vicinal diamines requiring oxidative activation before reaction

A variety of very popular probes for nitric oxide share two
common features: an aromatic moiety (usually a benzene ring)
with two adjacent -NH, substituents; and a lack of direct
reactivity toward nitric oxide itself. 2,3-Diaminonaphthalene is
prototypical [237], but most work has utilized fluoresceins (e.g.,
DAF-2, Fig. 9) and rhodamines appropriately substituted in the
benzene ring rather than the tricyclic system, especially from a
range introduced from the group of Nagano and co-workers
[238—-245]. The diaminoaryl moiety is “electron rich” and can
quench the fluorophor excited state by internal electron transfer;
on transformation of the diamine to a triazole on adding nitric
oxide after oxidation (Fig. 9, see below), the nonfluorescent
probes become intensely fluorescent. The advantages of using
rhodamine rather than fluorescein as a fluorophor are less pH
sensitivity and higher quantum yield [242,244,246]. Very low
extracellular concentrations of diaminofluorescein are usable in
cellular systems [247,248]. Other aromatic systems with vicinal
diamine functionality, including acridines [249], 9,10-anthra-
quinone [4], BODIPY derivatives [250,251], and carbocyanines

COQ,- non-specific
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—_—
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Fig. 9. Possible mechanism for formation of a fluorescent triazole from vicinal
diamines by oxidation and nitric oxide addition. Example: DAF-2.

[252] have been explored. Two quite recent surveys of the use
of this type of probe, as well as cheletropic traps (see below), in
imaging or quantitation of NO* in neuronal [4] or aortic [253]
tissues describe progress and limitations. With care in
calibration, in specific biological systems, they can provide
useful information [254], but the basic chemical problems
remain, as outlined below.

All such amine-based probes are unreactive toward NO*
without initial oxidation. In some model systems lacking
antioxidants, fluorescent triazole formation might involve
nitrogen trioxide or even nitrous acid [255]. N,Oj is easily
formed in air-equilibrated media containing nitric oxide, but as
argued above, formation of N,O; in biology or in truly
biomimetic models is not likely to be efficient (except perhaps
in lipid membranes [256,257]) because of the high reactivity of
the NO;3 precursor toward antioxidants. It seems likely that in
the cytosol or appropriate biomimetic models that the
fluorescent product is formed in two stages as shown in Fig.
9: one-electron oxidation to an anilinyl radical, and subsequent
addition of NO" to this intermediate, although the steps have not
been individually characterized to date. Hence the use of these
probes shares some features of both lucigenin and luminol, in
requiring an initial activation step before reaction with the
radical of interest, and susceptibility toward interference by any
reagent that serves to modify the steady-state concentration of
the intermediate radical. Generation of N,Oj3 is not necessary
because NOj itself, or a multiplicity of other oxidants, including
photosensitized oxidation (see below), can oxidize the amine to
the anilinyl radical.

The second, ortho amino substituent will enhance oxidation
rate (lowering the reduction potential of the anilinyl radical
significantly [258]), but even aniline is oxidized by CO5"~ with
rate constant 5.4x10° M~ ' s™'; 1,4-phenylenediamine, likely
to be similarly reactive as the vicinal diamines of interest, is
oxidized by NO5 with rate constant 4.6x10” M~ ' s~! [30].
Thiyl radicals do not appear to have been studied as oxidants of
aryl diamines, but thiyl radicals have reduction potentials at



P. Wardman / Free Radical Biology & Medicine 43 (2007) 995-1022 1011

physiological pH which are >0.3 V more positive than 1,4-
phenylenediamine [49,59], so oxidation of the probes by, e.g.,
GS”, is probably energetically rather favorable. Note, however,
that “repair” equilibria of the same form as reaction (41), when
coupled to (35) and (36), can effectively reverse oxidation by
thiyl radicals, particularly when [GSH]>> [probe]. Arylaminyl
radicals participate in rapid hydrogen transfer reactions,
significantly faster than corresponding reactions with phenols,
which may be kinetically slow [259], also suggesting rapid
oxidation reactions of the parent arylamines. While the redox
properties of the probes have not been characterized, it would be
very surprising if reversal of oxidation (“repair” of the probe
radical) was not achieved rapidly by ascorbate. Indeed, thiols
and ascorbate inhibited fluorescence from the diaminofluor-
escein probe, DAF-2, treated with “NONOates” to release NO*
in air-equilibrated buffer [253,260]. Both antioxidants will of
course react with NO5 in competition with oxidation of the
probe to the anilinyl radical; whether N,O; is additionally
involved cannot be deduced in the absence of appropriate
kinetic and concentration data. It was shown that incubation of
rat aortic tissue with 10 uM DAF-2 diacetate resulted in
intracellular accumulation of ~750 uM DAF-2-associated
species, that DAF-2 was compartmentalized around elastic
fibers, and that high GSH concentrations influenced the
fluorescence spectrum [253].

Ascorbate inhibited DAF-2 oxidation by the diethylamine
NONOate “DEA/NO” much more efficiently than GSH
[253,260], yet both antioxidants are about as reactive toward
NO; [30,35]; this might reflect the expected higher reactivity of
the probe radical toward the former antioxidant. However, in an
important study demonstrating the value of more specific
analytical techniques, it was shown that DAF-2 itself reacts with
both ascorbate and dehydroascorbic acid under physiological
conditions, producing compounds with fluorescence spectra
similar to the DAF-2 triazole [261]. (Note that NO" itself reacts
with ascorbate/dehydroascorbate via the ascorbate radical
[262]). While physiologically relevant (~ 1 mM) concentrations
of thiols abolished fluorescence from DAF-2 treated with an
aerobic NO® donor, as expected from competition with NO3,
even 1 uM catecholamines was sufficient to reduce fluores-
cence [263], presumably reflecting kinetic factors.

Further, the two-step conversion of vicinal diaminoaryl
probes to fluorescent product implies that the signal measured
may reflect changes in the first (oxidation) step at constant
concentrations/fluxes of nitric oxide. Superoxide will modulate
not only the NO® levels by peroxynitrite formation: the
resulting "OH/NO;/CO5"" radicals are all capable of rapid
reaction with the probe to generate the anilinyl radical, which
can then add NO". While moderate fluxes of superoxide can
increase probe sensitivity to NO® by increasing the steady-state
concentration of the intermediate anilinyl radical in this way, a
high flux of O, relative to NO" can eliminate fluorescence
from DAF-2 entirely [264]. Qualitatively similar conclusions
were obtained using a related difluorofluorescein probe [265].
H,0,/HRP could also achieve the oxidative activation step, and
hence nonspecific oxidants are extremely important variables in
the response of such probes to NO™ [246,264]. Problems in

differentiating between nitrosative and oxidative chemistry with
the vicinal diamine probes have been recently summarized
[266].

Susceptibility of probe chemistry to both oxidants and
antioxidants via diverse potential pathways all points to the
need for caution in drawing any quantitative mechanistic
inferences using such probes, unless precautions are taken. One
method to overcome interference from ascorbate has been
suggested [267], using frozen samples where diffusion of NO*
occurs but not reaction with ascorbate.

A further possible contraindication to the use of the vicinal
diamine probes is susceptibility to light (e.g., during experi-
ments, measurements, or microscopy). We can draw analogy to
the earlier discussion of a similar sensitivity with dichloro-
fluorescein, where the fluorescein excited state was quenched
by reductants (GSH, NADH) to generate reducing radicals and
hence superoxide (reactions (32)—(36)). It would therefore not
be surprising that excitation by light, resulting in “internal”
quenching of the fluorescein excited state by the easily oxidized
diaminoaryl moiety in DAF-2 and similar probes, can generate
the anilinyl radical. Potentiation of fluorescence from DAF-2
and NO® by illumination was reported [268], presumably
involving such a mechanism. Photolytic effects in other studies
were ascribed to nitrate photolysis [253]. Other potential
interfering substances include mercuric chloride [253] and
Ca**/Mg*" [245,268]; the latter interference has been ques-
tioned [269], and approaches to coimage NO* and calcium have
been described [4].

Extension of the vicinal diamine approach to permit near-
infrared excitation and emission, using carbocyanine fluoro-
phors, has been reported [252]. These are much more suitable
than fluoresceins or rhodamines for use in imaging tissue
because of less absorbance/scattering at longer wavelengths.
While subject to the same problems as all diamine probes, such
studies provide very valuable experience in applying probes to
in vivo models.

Use of reduced fluoresceins and rhodamines as probes for
“nitric oxide”

While it was claimed that “pure NO gas was capable of
oxidizing DCFH,” [270], it is obvious that oxygen is also required
and that the oxidant is not NO" but either NO5 and/or possibly
N,03 under some nonphysiological conditions. The nonspecifi-
city of oxidation routes from DCFH, to DCF have been discussed
above. Hence the use of dihydrofluoresceins (fluorescins) to
measure NO” in aerobic systems [270-272] is obviously subject
to numerous caveats. All other oxidant and antioxidant challenges
have to remain constant if probe oxidation is to reflect only
changes in NO". It was suggested that the interferences could be
allowed for by comparing the effects of added scavengers of NO*
(hemoglobin), O, (SOD), and H,O, (catalase) [271], but
antioxidants, notably GSH, will still compete with the probe for
oxidation by NO"-derived oxidants.

Under the same conditions used to detect oxidant production
in L-arginine-supplemented activated macrophages by DCFH,,
dihydrorhodamine did not show increased oxidant production
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[272]. This may reflect lower reactivity toward NO; of RhH,
compared to DCFH,, lower intracellular concentrations of
RhH,, or both.

Other approaches to measuring or imaging nitric oxide

Fluorescence quenching of pyrene derivatives by nitric
oxide was used to study diffusion of NO® in membranes,
enabling comparison with O, [273], but limited to oxygen-free
systems. Via fluorescence lifetime imaging, such an approach
could be used to image nitric oxide distribution. A probe
comprising a nitroxyl (TEMPO) labeled with acridine was
shown to interact with an Fe(Il) N-dithiocarboxysarcosine
complex, becoming fluorescent; on exposure to NO°, binding
to the Fe(Il) center decreased fluorescence [274]. While
offering quite high sensitivity, such “turn off” probes are less
useful than the metal-based, “turn-on” approaches described
below. Lifetime-based optical fiber sensors for nitric oxide,
incorporating cytochrome c¢’ labeled with a fluorescein
derivative which shows changes in fluorescence on binding
NO*, have been reported, but the limit of detection was a few
micromolar [275]. Fluorescence resonance energy transfer
(FRET) has been used to visualize effects of NO* and an S-
nitrosothiol on metallothionein. Yellow/green fluorescent
protein (GFP) (EYFP) and a cyan GFP variant (ECFP) were
fused to the-CO,H and NH, termini, respectively, of human
metallothionein MT-IIA and the effects of NO® on the
emission ratio at the corresponding wavelengths measured
[276-278]. This approach, while very useful in the specific
applications involved in these studies, does not have the
sensitivity of the amplified c-GMP-dependent FRET measure-
ments described below.

Cheletropic detection of NO°, in which persistent, fluo-
rescent nitroxyl radicals are produced, has been described
(Fig. 10) [279]. Advantages include the ability, at least using

\\
0.
‘
(b) O

Fig. 10. Alternative probes for nitric oxide: (a) cheletropic trap, from Btz et al.
[279]; (b) copper-based probe, from Lim et al. [284,286,287].

high concentrations of NO®, to compare results using absor-
bance and fluorescence spectroscopy with EPR detection. A
further increase in fluorescence intensity was observed in the
presence of biological reductants such as GSH and ascorbate,
corresponding to reduction of the nitroxyl radical. The initial
reaction of the probe shown in Fig. 10 with NO" had a rate
constant of 60 M~ ' s™' in water. This implies that high
concentrations of probe are required to trap NO * anywhere near
where it is produced: NO" probably diffuses around 10 pm in
10 ms in the cytoplasm, and for this half-life/rate constant of
probe reaction, ~1 M probe is needed. Different cheletropic
probes, but with similar reactivity toward NO*, were examined
in related work [280,281]; a potential problem described was
sensitivity toward peroxynitrite. It was pointed out that a low rate
constant has the advantage that interference with NO°-
dependent cellular responses would not be a problem, since
only a fraction of NO" would be trapped [281]. Hence probes
with low trapping efficiency but high sensitivity can be useful.

Metal-based, “turn-on” fluorescent probes for NO™ look
particularly interesting [282—287]. One approach is based on
reduction of Cu(Il) to Cu(I) by NO*; since paramagnetic Cu(Il)
is an efficient fluorescence quencher, the scope for probe design
is considerable. Alternative but related approaches exploit
reductive nitrosylation of Co(Il) or Fe(Ill), or nonreductive
metal—nitrosyl adduct formation on reaction of NO* with Fe,
Ru, and Rh complexes, both with displacement of an attached
fluorophor. The most promising probe to date is a Cu(Il)
complex with fluorescein substituted with an aminoquinoline
ligand (Fig. 10(b)) [287], which has been used to visualize NO*
in stimulated macrophages and neuroblastoma cells [286]. The
possible consequences of the metal released on probe reaction
need to be considered, e.g., as a catalyst in Fenton chemistry
(Fig. 1), but the availability of alternate redox metals will aid in
avoiding such complications.

A completely different, but equally exciting approach to
visualize NO” is a novel cell-based indicator exploiting the
amplified generation of guanosine-3’,5’-cyclic monophosphate
(cGMP) following binding of NO" to soluble guanylate cyclase
(sGC) [288,289]. Cells were transfected with a plasmid vector
encoding a fluorescent indicator with donor and acceptor
fluorescent tags enabling a cGMP-dependent FRET response.
Outstanding sensitivity was expected because a single NO*
molecule leads to ~6000 molecules/min ¢cGMP: a detection
limit of 20 pM was suggested. High reversibility was
demonstrated, and high specificity is expected. By generating
NO* via local photochemical release from a “caged” donor
within a 20 um diameter, it was possible to visualize NO*
release from single, viable vascular endothelial cells. This cell-
based indicator (“Piccell”) offered advantages, particularly of
enhanced reversibility, reproducibility, and applicability to a
variety of cell types over a related, earlier method [290] in
which a different, genetically encoded indicator was expressed.

Finally, a protein-based sensor for NO* has been recently
described, presently involving absorbance measurements [291].
The H-NOX family of heme proteins has significant homology
to sGC. A tyrosine residue (Y140) controls discrimination
between NO* and O, binding; a mutant was developed without
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affinity for O, but which binds NO® in the stable Fe(Il)
oxidation state, with a change in the absorbance (extinction
coefficient) in the Soret region of 3x10* M~ ! cm™ ' and
therefore presently only useful for micromolar levels of NO*
(but note integrated or accumulated changes of this order are
obviously of interest). It might be possible to adapt the approach
to use fluorescence detection, and is noted here to emphasize the

breadth of the new approaches now being developed.
Probes for hydroxyl radicals

Only brief, illustrative discussion of fluorescent probes
for "OH is included here. Because of the high reactivity of
OH toward biomolecules, very high probe loading is
normally required to intercept this radical in cells, unless the
probe is concentrated near some important target, e.g., DNA.
Hence much work in this area has mainly involved studies
aimed to be useful in radiobiology, where radical damage to
DNA is a key target, or in site-specific "OH generation via
bound, Fenton-catalytic metals. Hydroxyl radicals add to
aromatic rings rather than oxidize by electron transfer, so the
formation of fluorescent hydroxy-aromatic moieties is the
standard approach.

Most probes are based on hydroxylation of coumarins [292—
295], or benzenoid molecules such as salicylate [296,297] or
1,4-benzenedicarboxylate (terephthalate) [298—300] (Fig. 11).
The succinimidyl ester of coumarin-3-carboxylic acid binds to
cellular macromolecules and so can probe in a site-directed
manner, and has been used to probe ‘OH generation within
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core chromatic particles [295]; terephthalate was used to detect
“OH radicals during radiolysis [301] or sonolysis [302]. The
reactivity of a number of alternative aromatics was compared
with fluorescence yields, with a view to develop probes which
exploited fluorescence resonance energy transfer and required
oxidation by two “OH radicals generated in close proximity
(the interest here is in clustered radical damage from irradiation)
[303]. 7-Aryloxycoumarins are nonfluorescent, but reaction of
7-(4’-hydroxyphenoxy)coumarin with “OH releases fluores-
cent 7-hydroxycoumarin [181]; whether the probe reacts
(qualitatively) similarly with NO3 or CO3"" is unknown.

Trapping the product (CHj) of reaction of “OH with
dimethyl sulfoxide, exploiting rapid reaction of alkyl radicals
with nitroxides or nitrones bound to a fluorophor, is a less direct
but highly sensitive method for detecting *OH [304] (cf. [305]).
Another completely different approach was described [306],
exploiting FRET detection of a probe with two fluorescent tags
separated by an “OH-cleavable linker akin to DNA strand
bonding (Fig. 11). The linker was attached to both fluorescein-
and rhodamine-based tags; exciting the former chromophore
results in energy transfer to, and emission from, the rhodamine;
when cleaved by “OH, emission is from the fluorescein, as
illustrated in Fig. 11.

A checklist for probe selection, application, and
interpretation

Based on the above discussion, we can construct a simple
questionnaire that can be used as an aid in evaluating the use of

ﬁ/CHg
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(c) 496nm —> CAF”

TAMRA — 576 1m
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emission no emission
TAMRA %b 576 nm
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FRET ——» strand break
excitation " emission
496 nm CAF ~ 518 nm

Fig. 11. Probes for hydroxyl radicals. (a) Succinimidyl ester of courmarin-3-carboxylic acid binds to biomolecules (H,NR: proteins, nucleic acids) and is hydroxylated
by "OH [292]. (b) Terephthalate is hydroxylated by *OH [301]. (c) Two fluorophors (CAF, carboxyfluorescein; TAMRA, tetramethylrhodamine) are linked by a 3/,5'-
deoxythymidine dimer (T-T) which is cleaved by “OH in a manner similar to DNA strand breakage by "OH. Excitation of CAF results in energy transfer to TAMRA,
with characteristic emission, provided the link is intact. On strand breakage, emission is from CAF, at shorter wavelength than from TAMRA. Adapted from Soh et al.

[306].



1014 P. Wardman / Free Radical Biology & Medicine 43 (2007) 995-1022

fluorescent and luminescent probes in biological systems. In the
main this is derived from experience with the commonest
probes, and not all points apply to all reactants or all probe
types, but hopefully the questions posed will serve as an aide
memoire. Before using a probe we should attempt to answer the
following questions:

e Probe reactivity. Which species do we think we are measur-
ing? Does the probe react specifically with the species of
interest, and how fast is reaction under biomimetic condi-
tions? Is reaction sufficiently fast for the measured product to
be found in the locality of radical generation, or is diffusion a
factor?

e Catalyst. Is a catalyst needed for reaction, and will its
concentration or localization change during the experiment?

e Probe intermediates required for response. If the probe
requires initial activation to a reactive intermediate, which
species can achieve the activating step? How fast can it be
achieved? What controls the instantaneous concentration of
the reactive intermediate, which will define probe response?

e Reactions of probe intermediates. Does an intermediate
radical react with oxygen to produce superoxide, or with
antioxidants? If so, what are the consequences?

e Probe distribution. What is the distribution of probe between
extracellular media and intracellular space, and between
organelles intracellularly? Is the intracellular/organelle con-
centration sufficiently high so that probe response is under
“saturating” conditions? Can we reduce variations in probe
loading as a factor, e.g., by lifetime-based rather than
intensity imaging?

o Effects of antioxidants. Do cellular antioxidants react with
the species being measured in competition with the reaction
with the probe? Can we assess the competition quantitatively,
comparing the products of rate constantx concentration? Is
there similar competition with antioxidants after probes have
been activated to a reactive intermediate?

e Photochemical reactions. Is the product being measured
photostable under the conditions used, or can it initiate
superoxide production via quenching of excited states with
cellular reductants?

e Instrumental artefacts. Finally, basic precautions in the use of
instruments need to be considered, such as avoiding inner
filter effects in fluorescence measurements, and Rayleigh
scattering and second-order diffraction artefacts.

Conclusions

Certainly the simplest, and arguably the single most
important, point to make in the present context is that if the
reactant is a free radical, and the probe not, then another free
radical is initially formed on reaction, the properties of which
must be considered. Despite repeated notes of caution (e.g.,
[5,75,77,91,96,97,307]), it is still appears not generally
realized that the commonest probes for “reactive oxygen
and nitrogen species” do not react directly at a significant rate
with superoxide, hydrogen peroxide, peroxynitrite, or nitric
oxide—although some individual studies, especially more

recent [308], do demonstrate clear insight of the problems of
selectivity. Some widely used probes actually generate
superoxide radicals. Probe response often involves a two-
step process, with different species involved in the two steps,
so that assignment of response to one species is problema-
tical. Our understanding of these facts relies, in the main, on a
few tens of individual studies, in contrast to the thousands of
investigations that have assumed properties of the probes
which they simply do not have. Overall, the “triumph of hope
over reality” [2] persists. However, understanding is under-
pinned by a broader base of free radical chemistry, which
provides a logical framework for using the probes and
predicting the likely properties and problems where specific
information is lacking. There is also considerable scope for
exploiting advances in nanotechnology to couple probes and/
or activating enzymes to particles or sol—gels and so modify
tissue or cellular distribution, as widely used in chemical
sensors [309,310]; a recent example is coupling DCFH, to
phagocytosable latex beads [308]. That probes react with
radical products of peroxynitrite rather than directly, or a
peroxidase-like redox intermediate activated by hydrogen
peroxide rather than with H,O, directly, or require activation
before adding nitric oxide, need not necessarily detract from
their use. If we have an appreciation of the mechanisms,
reactivity of intermediates, likely competing or confounding
reactions, intracellular concentrations and distribution between
organelles, and susceptibility to environmental factors, then
we can use some of these probes with a fair degree of
confidence. We are on the way to that position, but have not
yet arrived.
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