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Background: Electron paramagnetic resonance (EPR) spectroscopy (also known as electron spin resonance,
ESR, spectroscopy) is widely considered to be the “gold standard” for the detection and characterisation of
radicals in biological systems.
Scope of review: The article reviews the major positive and negative aspects of EPR spectroscopy and dis-
cusses how this technique and associated methodologies can be used to maximise useful information, and
minimise artefacts, when used in biological studies. Consideration is given to the direct detection of radicals
(at both ambient and low temperature), the use of spin trapping and spin scavenging (e.g. reaction with hy-
droxylamines), the detection of nitric oxide and the detection and quantification of some transition metal
ions (particularly iron and copper) and their environment.
Major conclusions: When used with care this technique can provide a wealth of valuable information on the
presence of radicals and some transition metal ions in biological systems. It can provide definitive informa-

tion on the identity of the species present and also information on their concentration, structure, mobility
and interactions. It is however a technique that has major limitations and the user needs to understand
the various pitfalls and shortcoming of the method to avoid making errors.
General significance: EPR remains the most definitive method of identifying radicals in complex systems and
is also a valuable method of examining radical kinetics, concentrations and structure. This article is part of a
Special Issue entitled Current methods to study reactive oxygen species — pros and cons and biophysics of
membrane proteins. Guest Editor: Christine Winterbourn.
© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Free radicals are believed to play a critical role in normal cell func-
tion, in cell signalling, in host defence against invading pathogens and
in a large number of important human diseases. Whilst the evidence
for a role for free radicals is compelling in some scenarios, the
l-1-pyrrolineN-oxide; CYPMPO,
1-pyrroline N-oxide; DBNBS,
diethoxyphosphoryl-5-methyl-
MPO, 5,5-dimethyl-1-pyrroline
5-(ethoxycarbonyl)-5-methyl-
ctron paramagnetic resonance;
-methyl-2-nitrosopropane; MS,
e radical anion; PBN, N-tert-
ert-butylnitrone; SOD, superox-

ethods to study reactive oxygen
roteins. Guest Editor: Christine

7 Eliza Street, Newtown, Sydney,
565 5584.

l rights reserved.
evidence for radical formation is less certain in other cases. In some
situations it is clear that radical formation and reactions are critical
to the biological event (either positively or negatively), but in other
cases, the formation of these species may be a secondary (down-
stream) event and irrelevant to the overall biological process. Given
this situation, there is a pressing need for definitive information as
to whether radicals are present, what these species are, how they
are involved, and whether their effects are causative in the biological
phenomenon under study. As such there is considerable interest in
methods that allow the unequivocable detection and identification
of radicals in biological systems.

As there are very few situations where radical formation occurs
rapidly and to a high concentration (i.e. acute massive fluxes), the de-
tection of radicals is typically fraught with problems. One of the few
methods that allow direct detection of radicals in complex biological
systems such as intact cells and tissue samples, is EPR spectroscopy.
However, the (typically) low rates and extents of radical generation
in biological systems make detection challenging, particularly as it is
now well established that there are many processes that can give
rise to artifactual radical formation (e.g. elevated temperature, light
and radiation exposure, presence of redox active metal ions, cell
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necrosis, sample manipulation). Given the complex nature of these
systems, a number of different approaches have been developed to
maximise the amount of useful information that can be obtained
from a given system, and it is also now clear that data obtained
from multiple techniques is often required to obtain a definitive pic-
ture as to the formation and effects of radicals in biological systems.
The data and methods outlined below are intended to provide guid-
ance, and suggest approaches, that can maximise useful data and
minimise artefacts and poor experimental design for this complex
and challenging task. It cannot cover all of the detailed experimental
information required to tackle particular problems, but will hopefully
provide guidance and leading references to such information.

2. General principles of EPR spectroscopy

EPR is a technique that is based on the absorption of electromag-
netic radiation (usually in the microwave frequency region of the
electromagnetic spectrum) by a paramagnetic sample (i.e. a species
with one of more unpaired electrons) when placed in a magnetic
field. These absorptions only occur at very well defined frequencies
and magnetic field combinations, which depend on the type of para-
magnetic species present and its characteristics, described by Eq. (1):

hυ ¼ gβH ð1Þ

where h = Planck's constant, υ = frequency, g = a constant that is
dependent on the nature of the radical, equal to 2.0023 for a free elec-
tron, β = Bohr magneton, and H = applied magnetic field. As such
absorptions (resonances) can only occur with paramagnetic samples,
the technique is entirely specific for radicals, and certain metal ions
with unpaired electrons; this is one of the great beauties of the tech-
nique — if there are no radicals/unpaired electrons present, there are
no absorptions, thereby eliminating the background absorptions that
are so problematic with other spectroscopic techniques used to ex-
amine biological materials. The combination of frequency and mag-
netic field (determined by Eq. (1)) that give rise to absorptions by a
radical is critically dependent on the nature of the radical, and
hence different types of radicals (and also metal ions) will produce
lines at very different regions of the scanned magnetic field.

The absorptions arising from a single unpaired electron are further
complicated by the presence of other neighbouring magnetic nuclei
(e.g. 1H, 13C, 14N, 19F, 32P, 35Cl, 37Cl), resulting in highly distinctive
patterns of lines (hyperfine couplings), which depend on the exact
structure, conformation and environment (physical state, solvent)
and motion of the radical. The number of lines arising from interac-
tion with a given magnetic nucleus is determined by Eq. (2):

Number of lines ¼ 2nIþ 1 ð2Þ

where I is the nuclear spin of the nucleus in question, and n is the
number of such nuclei. Each unique (inequivalent) magnetic nucleus
that is associated with significant spin density generates such cou-
plings with this multiplying the number of lines detected. In some
cases these lines occur at identical frequency and field values
resulting in superposition of lines, which can complicate analysis.

The value of g in Eq. (1) provides valuable data on the nature of a
radical species. Most carbon-centred radicals have g values close to
those of the free electron (2.0023), but these values can show distinc-
tive changes and be diagnostic of structure. Thus, the presence of var-
ious neighbouring groups that donate or accept electron density
alters the g value in a distinctive and predictable manner. Radicals
with extensive spin delocalisation, especially on to heteroatoms,
have higher g values, andmetal ions can have very markedly different
g values. Whilst such data is of great use in identifying radicals and
metal ions in direct EPR experiments, the g value is of less diagnostic
use in spin trapping as the unpaired electron density in many spin
adducts is primarily confined to the nitroxide bond, resulting in rela-
tively small, if any, changes with the added radical.

Eq. (2) allows the prediction of the number and intensity of the
spectral lines observed. Thus for nitroxide radicals such as (tBu)2N\O•

the spectrum consists of a 1:1:1 triplet of equally spaced lines, arising
from interaction of the unpaired electronwith the single (n = 1) nitro-
gen (I = 1) of the nitroxide bond. The hydrogen atoms present on the
tBu groups in this radical are too far removed from the spin density to
give detectable couplings in most experimental conditions. For many
spin traps additional couplings are also detected, with the number
and size of these providing useful diagnostic information. Typically
these include couplings to a single (n = 1) additional hydrogen atom
(with I = 1/2), with this resulting in the splitting of each of the nitrogen
couplings in to an additional 1:1 doublet (pair of lines). Thus many spin
adducts detected in spin trapping experiments contain 6 lines arising
from the couplings to the nitroxide nitrogen and a single hydrogen
[1,2]. This is not always the case however, and additional small couplings
are sometimes presentwith these often being highly distinctive and diag-
nostic. A classic example is the case of the superoxide radical adduct to the
spin trap DMPO, which has a 12 line spectrum [1]. This pattern of lines
was originally assigned to an additional small coupling to one further
hydrogen from the ring structure, though the presence of two different
conformers of DMPO–OOH has also been suggested [3].

The area beneath an absorption line (or its double integral if the
spectrum is recorded as the first derivative, as is usually the case), is
directly proportional to the spin concentration present in the sample,
thereby allowing absolute radical concentrations to be determined.
Integration of spectral lines can be carried out either manually or au-
tomatically by spectral analysis software, but often the intensity of
one or more absorption lines (i.e. peak-to-peak line heights) is used
as a surrogate indicator of concentration, making the assumption that
the line width remains constant. EPR spectroscopy is therefore a tech-
nique that can yield a wealth of information not only on the presence of
radical species, but also their exact structure, concentrations, environ-
ment, motion, and distance from, and orientation to, other magnetic
nuclei. A full description as to how such information can be obtained
and a detailed explanation of the origins of these hyperfine couplings
and the structural information that they impart is beyond the scope of
this review, and the interested reader is referred to a number of excellent
reviews, books and monographs on this topic (e.g.[4], and the specialist
periodical series Electron Paramagnetic Resonance, formerly Electron
Spin Resonance, published by the Royal Society of Chemistry, UK).

3. Direct EPR detection of reactive radicals in vivo and ex vivo

As many of the processes that give rise to radicals in biological sys-
tems generate radicals at (relatively) slow rates, and the subsequent
reactions of these species are rapid, the steady state concentration of
many radicals in vivo is rather low (usually micromolar at best).
The detection limit of most commonly available EPR spectrometers
is in the range 10−7–10−9 mol dm3, therefore direct EPR detection
of radicals is limited to a relatively small number of examples, with
these usually limited to radicals which are long-lived (i.e. stabilised
by electron delocalisation) and where a slow rate of radical formation
is compensated for by a slow rate of decay, allowing their steady state
levels to rise to detectable levels. Examples include: a) the ascorbyl
radical — generated on oxidation of ascorbic acid (vitamin C) a key
cellular and plasma antioxidant; b) the α-tocopheroxyl radical —

generated as a result of the oxidation of the key membrane and
lipoprotein antioxidant α-tocopherol (a component of vitamin E);
c) phenoxyl radicals generated from hindered phenols — structures
which are present in a number of synthetic antioxidants (e.g. butylat-
ed hydroxytoluene and butylated hydroxyanisole), a large number of
natural products (e.g. flavanoids) which have antioxidant properties,
and Tyr-residues on proteins; d) nitroaromatics that yield long-lived
radical anions on reduction; and e) semiquinone radicals (e.g. those
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generated from the important membrane electron transport compo-
nent, coenzymeQ and a number of important drugs, such as adriamycin
and doxorubicin) (e.g. [5–9]).

In cases where high yields of radicals are (or can be) generated in a
transient fashion (e.g. via enzyme burst kinetics, by addition of high con-
centrations of an oxidant, or during reperfusion injury after ischaemia
etc.), it is possible to obtain valuable data from low-temperature EPR
studies on rapidly frozen samples. This can be achieved by freeze-
clamping tissue samples with tongs cooled in liquid nitrogen, or use of
freeze-quenching apparatus for enzyme reactions. Trapping the radical
in a solid matrix, enhances the lifetimes of these species by preventing
radical–radical or radical–molecule reactions, enabling EPR spectra
(either singly or multiple) to be acquired over an extended period of
time. The interpretation and assignment of the resultant EPR spectra
can however be problematic due to the anisotropy (multiple different
orientations of the radical) induced by freezing. This is not necessarily
a problem in systems with only a single or few components (e.g. studies
on isolated enzymes) but it can be amajor problem in biological systems
where radicals may be formed or generated at multiple sites. There are
other drawbacks also associated with carrying out low-temperature
studies not least of which are the increased number of samples that are
needed to allow time course data to be examined (a particular problem
with animal studies), problems associated with introducing tissue
samples into EPR tubes whilst keeping thematerial frozen, and the inev-
itable bias towards the detection of long-lived species over short-lived
radicals, resulting from the finite time required for freezing (which is
often >10–100 ms). Manipulation of tissue samples should be avoided
if at all possible — cutting, grinding, homogenisation and lyophilisation
are all known to introduce artefacts that are difficult to control for [10].

A number of continuous generation methods have been used to
circumvent the short lifetimes of many radical species. Rapid flow
systems can be used to detect radicals in isolated chemical systems
and in a few cases with isolated enzymes, though the large amounts
of reagents required can be prohibitively expensive (e.g. [11,12]).
Stopped flow systems have been employed in studies on isolated en-
zymes with some success, but again such studies are limited to sys-
tems where relatively high reagent concentrations are achievable
and to systems that can withstand the stresses imposed by the condi-
tions employed (e.g. the shear stress induced by rapid mixing which
can lyse cells and unfold proteins). In situ radical generation methods
have also been employed in radiation studies (high-energy radiation,
UV, visible light) with the radical generated inside the EPR spectrom-
eter cavity (e.g. via transmission gratings).

4. Direct EPR detection of transition metal ions in vivo and ex vivo

A significant number of biologically important metal ions (iron, cop-
per, manganese, molybdenum, chromium) can be detected directly by
EPR in biological systems when present in certain defined oxidation
states. Thesemetal ions occur in a number ofwidely-distributed and crit-
ical enzymes and hence EPR is a valuable tool for investigating the nature
of these species and the enzymatic/functional activity of the metal ions
[13]. Data has also been obtained on the role of some of these metal
ions in tissue damage and toxicity (e.g. the roles of iron and copper in tis-
sue damage resulting frommetal ion overload and chromium ions in car-
cinogenicity) [14,15]. Due to the relatively long lifetimes of many metal
ion oxidation states (e.g. resting state species, or transients generated
by stopped flow or by use of rapid freezing techniques), a considerable
amount of information that can be obtained from direct studies.

5. Spin trapping of reactive radicals in vivo and ex vivo

5.1. General principles

Spin trappingwas developed in the late 1960s to facilitate the detec-
tion of reactive radicals in chemical systems (reviewed in [2,16–19]).
This method involves the addition of a spin trap, typically a nitrone or
nitroso compound (Fig. 1), to the system being studied, at a concentra-
tion sufficient to ensure significant extents of trapping of any radicals
present to give stable, detectable, nitroxide radical adducts (Fig. 2).

The use of spin traps to detect radicals in biological systems has
been reviewed extensively (e.g. [2,20,21] and the specialist periodical
series Electron Paramagnetic Resonance, formerly Electron Spin Reso-
nance, published by the Royal Society of Chemistry, UK). Although
spin trapping was initially developed to examine radicals from
low-molecular mass compounds, including the biologically relevant
superoxide (O2

−•) and hydroxyl radical (HO•) [16–19], this methodol-
ogy has also been used extensively to examine radical formation on
proteins, lipids, DNA/RNA and polysaccharides in both isolated and
complex biological systems (e.g.[22–24]).

Nitrone spin traps are the most widely used traps, with these
including the cyclic species 5,5-dimethyl-1-pyrroline N-oxide (DMPO)
and related traps, 5-diethoxyphosphoryl-5-methyl-1-pyrroline N-oxide
(DEPMPO), 5-(ethoxycarbonyl)-5-methyl-1-pyrroline N-oxide (EMPO)
5-tert-butoxycarbonyl 5-methyl-1-pyrroline N-oxide (BMPO), 5-(2,2-
dimethyl-1,3-propoxy cyclophosphoryl)-5-methyl-1-pyrroline N-oxide
(CYPMPO) and the acyclic compounds N-tert-butyl-α-phenylnitrone
(PBN), and α-(4-pyridyl-1-oxide)-N-tert-butylnitrone (POBN) (shown
in Fig. 1).

Nitrone spin traps form long-lived adducts with awide range of rad-
icals (e.g. carbon-, oxygen-, sulphur-, and nitrogen-centred species),
unlike nitroso spin traps (see below) (reviewed in [25,26]). However,
a disadvantage to nitrone spin traps is that the reactive radical adds to
the carbon atom adjacent to the incipient nitroxide group, and is there-
fore distant from the nitrogen–oxygen orbitals of the nitroxide group
that contains the unpaired electron. As a result, couplings to magnetic
nuclei present in the added radical tend to be small (except in a few
specialised cases) and it is often not possible to resolve these hyperfine
couplings; this makes definitive assignment of the hyperfine couplings
to a specific spin adduct problematic. However, themagnitude of the hy-
perfine couplings arising from the spin trap-derived nitroxide nitrogen
(which yields a 1:1:1 triplet splitting) and particularly the β-hydrogen
(which splits each of these lines further into 1:1 doublets), aremarkedly
dependent on the nature and structure of the added radical as a result of
the influence of this species on the conformation of the nitrone; this is
particularly marked with cyclic nitrones such as DMPO, DEPMPO and
related compounds. Whilst the magnitude of the nitrogen coupling in
many spin traps is relatively invariant, the size of the hydrogen cou-
plings in cyclic nitrone adducts varies widely and provides valuable in-
formation on the nature of the radical that has been trapped [1,17,19].

Nitroso spin traps (e.g. 2-methyl-2-nitrosopropane, MNP; 3,5-
dibromo-4-nitrosobenzene sulfonic acid, DBNBS) have a distinct
advantage over the nitrone family of traps in that the reactive radical
attaches directly to the nitroso nitrogen atom, and is therefore in close
proximity to the unpaired electron present on the nitroxide function.
This typically results in the detection of additional distinctive hyper-
fine couplings from magnetic nuclei present in the added radical.
The distinctive nature and size of these couplings provide valuable
data on the identity of the added radical. However, unlike the
nitrones, nitroso spin traps give long-lived adducts with a much
narrower range of radicals (often restricted to carbon-centred species
and a few others), which clearly limits the type of information that
can be obtained. The choice of spin trap for a particular experiment
is therefore a critical factor, as an incorrect choice may result in an ab-
sence of signals even though high radical concentrations may be pres-
ent, simply because the spin trap does not yield long-lived adducts
that can be detected by EPR (discussed further below). A further dis-
advantage of this family of traps is that many of these species are
thermally and photochemically unstable (due to the presence of rela-
tively weak carbon-nitrogen bonds), which can result in significant
generation of artifactual EPR signals that complicate spectral analysis
[27]. A number of compilations of radical adduct data are available to



Fig. 1. Structures of commonly used spin traps.
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aid analysis of EPR spectra obtained in spin trapping experiments
(e.g. [1] and the NIEHS website: http://tools.niehs.nih.gov/stdb/
index.cfm).

As indicated above, choice of spin trap can be a critical factor in de-
termining the success of an experiment. Data regarding the nature of
the species that might be formed, or a clear idea of what information
is required can aid such choices. Thus nitrone traps are likely to be the
traps of choice for oxygen-, nitrogen, sulphur-centred radicals, whereas
if detailed information is required regarding carbon-centred species,
nitroso traps may be the most sensible choice due to the highly
Fig. 2. Formation of radical adducts from nitrone (DMPO) and nitroso (MNP) spin
traps.
characteristic nature of the hyperfine coupling constants obtained
[25,26]. If such traps are not possible for other reasons, cyclic nitrones
(e.g. DMPO, DEPMPO, BMPO) are also a reasonable choice, as these
tend to provide more distinctive data than the linear nitrones such as
PBN and POBN, owing to the large variation in the magnitude of the
β-hydrogen couplings seen with the cyclic nitrones.

The purity of the spin trap is also a factor that cannot be ignored.
Even though spin traps obtained from commercial suppliers can be
>99% pure, the high concentrations of trap used in many EPR exper-
iments (often up to hundreds of mM) to ensure competitive reaction
of the initial radical with the trap, also increases the concentration of
impurities that may be present. If these impurities are radicals, or
species that can be readily oxidised (e.g. hydroxylamines) or reduced
to radicals, then these can give rise to artefact signals [28–30].

A number of methods have been developed or utilised to intro-
duce spin traps in to experimental systems. This is (usually) readily
achieved for in vitro studies though it should be noted that spin
traps may take time to equilibrate into cell and tissue slices, and it
is essential that the spin trap be present before the insult (whatever
this may be) is applied/or the experiment started. In studies where
media is used (e.g. cell culture experiments) binding of the trap to ex-
tracellular proteins may be a problem, with this potentially reducing
the effective concentration; this is most likely to be a problem with
hydrophobic traps. It is also important to consider the toxicity of the
spin trap, which is discussed in detail below.

For animal studies, a number of approaches have been developed
including oral dosing via a stomach tube (oral gavage), intraperitone-
al injection (a useful way of getting spin traps to the liver and into
the circulation), and intravenously (which ensures rapid systemic
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image of Fig.�2


Table 1
Selected rate constants (k, M−1 s−1) for the addition of radicals to nitrone spin traps
(room temperature, aqueous solution, unless stated otherwise).

Spin trap Radical k (M−1 s−1) Method Ref.

DMPO •OH 1.9 × 109a Competition [175]
3.2 × 109 Competition [40]
3.3 × 109c Direct [41]

•OOH 6.6 × 103 Competition [40]
O2
•− 50a Competition [176]

10b Competition [40]
2.4c Competition [177]
170c Direct [41]
2d Competition [178]

•CO2
− 6.6 × 107 Direct [179]

1.2 × 108 Direct [41]
Glutathionyl-S• 2.6 × 108 Competition [180]
Cysteinyl-S• 2.1 × 108 Competition [180]
•OC(CH3)3 9.0 × 106 Competition [181]
•OOC(CH3)3 b106 Competition [181]
•CH3 1.4 × 107 Direct [179]
•C(CH3)3 5.0 × 107b [21]
Ph• 7.0 × 107b [182]
•CH2OH 2.2 × 107 Direct [179]

4.4 × 107 Direct [41]
•CH(OH)CH3 6.1 × 107 Direct [41]
•C(OH)(CH3)2 6.8 × 107 Direct [179]

6.6 × 107 Direct [41]
PhC(O)O• 8.0 × 107e [21]

DEPMPO •OH 4.8 × 109 Competition [175]
7.8 × 109 Competition [50,183]

O2
•− 58a Competition [176]

90a Competition [183]
0.53c Competition [177]
0.66c Competition [184]
3.95d Competition [178]

BMPO •OH 2.5 × 109c Direct [41]
4.5 × 109a Competition [175]

O2
•− 7a Competition [176]

77c Competition [185]
0.24c Competition [177]
b3c Direct [41]

•CH3 2.8 × 107 Direct [41]
•CH2OH 5.4 × 107 Direct [41]
•C(OH)(CH3)2 1.4 × 108 Direct [41]
•CO2

− 1.8 × 108 Direct [41]
EMPO •OH 5.0 × 109 Competition [175]

O2
•− 10.9d Competition [178]

74.5a Competition [186]
PBN •CH3 4.0 × 106f [182]

•C(CH3)3 b10e Competition [187]
•CH2Ph 2.0 × 107e [182]
•Ph 1.2 × 107g Competition [39]
•CH2OH 4.3 × 107 [39]
•CH(OH)CH3 1.6 × 107 [39]
•C(OH)(CH3)2 1.0 × 107 [21]
•C(O)Ph 8.1 × 105 [21]
•H 5.5 × 108i [39]
•OH 8.5 × 109 [39]
•OOH 50 [39]
O2
•− 0.1h Competition [188]

•OC(CH3)3 7.9 × 107 [21]
•CO2

− 1.5 × 107i [39]
•OCH3 1.2 × 108i [39]
PhC(O)O• 5.0 × 106e [21]
•SPh 1.1 × 107 [21]
Glutathionyl-S• 7.5 × 107 [21]
Et3Si• 7.1 × 107j [21]

a At pH 7.0.
b At pH 7.8.
c At pH 7.4.
d At pH 7.2.
e At 40 °C in benzene.
f At room temperature in organic solvents (usually benzene).
g At −45 °C in methanol.
h In DMF using KO2.
i At 20 °C, solvent not given.
j At 27 °C in di-tert-butylperoxide/triethylsilane.
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dosing) (reviewed in [20,31,32]). Micro-dialysis has been employed
in some studies with the spin trap introduced via a semi-permeable
membrane, with the resulting spin adducts diffusing out via the
same route for sampling [33]. A large number of avenues are also
available for sampling of the spin adducts including urine, bile and
blood collection, and tissue biopsies; the cost of animals and the prin-
ciple of reduction of animal usage, make the former methods prefer-
able, though not always possible.

For human studies, ex vivo addition of a spin trap (e.g. to blood or
tissue samples) is currently the only method that can be employed
[34–37]. The interpretation of data from such studies is fraught with
problems; even with the fastest sampling procedure (drawing blood
directly in to a syringe containing a solution of the spin trap) the
time frame is likely to be too great to detect any radicals that were
originally present in the circulation. Thus any species detected are
likely to arise from secondary reactions (e.g. decomposition of
pre-existing peroxides present on lipids [34]). Unfortunately, blood
sampling often results in some cell lysis and the resulting release of
haemoglobin and other cellular materials that can confound data.

5.2. Kinetics of adduct formation and decay

Kinetic data are available for the rate constants for addition of a
number of radicals to spin traps (e.g. [38,39]). Generally, the rate con-
stants are higher for nitroso traps than nitrones. In some cases, these
reactions are slow (e.g. the trapping of superoxide radicals, O2

•−, by
DMPO [40,41]), which is clearly a major disadvantage when genera-
tion of this radical is subject of study. Selected rate constant data for
a range of radicals with nitrone and nitroso spin traps are provided
in Tables 1 and 2, respectively. It should be noted that pH and solvent
can often have a dramatic effect on the magnitude of these values
[21,38]. An example of relevance to biological systems, is the reactiv-
ity of O2

•− with cyclic nitrone spin traps (e.g. DMPO). This rate con-
stant is highly dependent on pH, with faster reaction rates (by an
order of magnitude) observed under mildly acidic conditions [41,42].
This is attributed to the faster rate of reaction of DMPO with the neu-
tral species HO2

• compared to O2
•− [41], though a deshielding of the

methine hydrogen and nitronyl carbon at pH 6 (the pKa of DMPO)
may also play a role [42].

Detailed information relating to the rates of decay of spin trap rad-
ical adducts is rather more limited (e.g. [38]). Again, decay rates are
highly dependent on the reaction conditions, with the presence of
metal ions and reductants, pH, temperature and solvent all known
to play a role (reviewed in [25,26]). The stability of O2

•− adducts
with cyclic nitrones has been investigated in detail, owing to the in-
terest in quantifying this radical in biological systems. The decompo-
sition kinetics and half-lives (t1/2) of the most commonly used cyclic
nitrone spin traps are collected in Table 3 (see also [43,44]).

5.3. Potential transformations of spin trap and adducts

The transformation of both the spin trap and/or its adducts to
other species can be a significant and important factor. Rapid reduc-
tion of the spin adducts to the corresponding hydroxylamines is a
particularly important route to loss of adduct signals in intact biolog-
ical systems [45]. Oxidation to a nitrone can also occur, though this is
far less common (but of considerable significance as it forms the basis
of immuno-spin trapping: see below, and is also of potential impor-
tance in mass spectroscopic studies) [46].

Nucleophile addition to the β-position of nitrones (often called
the Forrester–Hepburn mechanism), oxidation of the spin trap and
subsequent reaction with a nucleophile (inverted spin trapping) or
“ene” addition of a nitroso group to a double bond and subsequent
oxidation of the hydroxylamines to a nitroxide are all potential
sources of artefacts, which are sometimes very difficult to distinguish



Table 2
Selected rate constants (k, M−1 s−1) for the addition of radicals to nitroso spin traps
(room temperature, aqueous solution, unless stated otherwise).

Spin trap Radical k (M−1 s−1) Method Ref.

MNP •CH3 1.7 × 107 Direct [189]
•CH2CH3 5.3 × 107 Direct [189]
•CH2COO− 7.0 × 106 Direct [189]
•CH(CH3)2 4.6 × 107 Direct [189]
•CH2OH 1.4 × 108 Direct [189]
•CH(OH)CH3 3.2 × 108 Direct [189]
•C(CH3)3 3.3 × 106a Competition [187]
•CCl3 1.9 × 106b Competition [39]
•SO3

− 4.3 × 107 Direct [189]
•CO2

− 1.7 × 109 Direct [189]
eaq− 6.2 × 109 Direct [189]
•H 9.1 × 108 Direct [189]
•OH 2.5 × 109 Direct [189]
•OC(CH3)3 1.3 × 108 Competition [181]
•OCH3 1.3 × 108c Competition [38]
•SPh 1.7 × 108b Direct [190]

DBNBS •CH3 1.5 × 109 Competition [191]
•CH2OH 2.5 × 108 Competition [191]
•CH(OH)CH3 6.3 × 107 Competition [191]
•OH 3.9 × 109 Competition [191]
•CO2

− 1.5 × 109 Direct [191]
•N3 2.4 × 108 Direct [191]
O2
•− 4.3 × 107 Direct [191]

a At 40 °C in benzene.
b At room temperature in organic solvents (usually benzene).
c At −45 °C in methanol.
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from “real” spin trapping [18,47–49]. These processes are outlined in
Fig. 3.

A number of studies have shown that the activity of some en-
zymes and biological co-factors can compromise the interpretation
of spin adduct data, with the decay of the O2

•− radical adduct to cyclic
nitrones such as DMPO being a classic example. The adduct formed by
addition of O2

•− is a peroxide species, and it has been established that
this can undergo rapid reduction to the corresponding alcohol (i.e.
would appear as the hydroxyl radical adduct) [27,42]. This process
does not occur (in the absence of transition metal ions) with other cy-
clic nitrone traps, e.g. DEPMPO [50], BMPO or EMPO [51]. Thiol ad-
ducts can also decompose via this pathway (though direct reduction
of the nitroxide function to the hydroxylamine also occurs: this re-
sults in complete loss of the EPR signals, rather than a transformation
of one adduct to another), and may also be induced by reductase en-
zymes that remove peroxides (e.g. glutathione peroxidase) [51–53].
Table 3
Half-life (min) of various superoxide cyclic nitrone spin adducts at room temperature
and pH 7.0–7.4.

Spin trap t1/2/min Ref.

DMPO 0.9 [176]
0.8 [50]
1.3 [53]

DEPMPO 14 [176]
14.2 [50]
14.8 [178]
15.3 [92]
24.4 [53]

EMPO 8 [57]
8.6 [85]

BMPO 8.5 [176]
15.7 [91]

CYPMPO 12.3 [55]
30.4 [53]

Mito-DEPMPO 40.4 [92]
Mito-BMPOBr 10.2 [91]
5.4. Pharmacokinetics of trap and adducts

The properties of a spin trap, and particularly its solubility in dif-
ferent environments, need to be appropriate for the planned study,
and a lack of spin adducts signals may be a consequence of poor
localisation of the spin trap at the site of radical formation. Partition
coefficient data, which give an estimate as to how a spin trap distrib-
utes between aqueous and organic phases, are available for many
common spin traps (Table 4) [54–57]. It should be noted however
that multiple other factors (e.g. binding to proteins) may modulate
such distribution. Penetration across membranes is also not readily
predicted from these data, and requires experimental verification,
but generally it is a reasonable assumption that small neutral amphi-
philic molecules will equilibrate rapidly across membranes. Relatively
little is known about the partitioning of spin adducts once formed
(though a considerable amount of data are available on stable
nitroxides, which may be structurally related and provide a guide as
to behaviour, as these have been extensively used as MRI contrast
agents and oxygen probes [45]). Rapid translocation of adducts from
their site of generation may result in erroneous conclusions about
the site of radical generation, but post-formation mobility can be ben-
eficial as, spin adducts may partition into plasma, or be excreted in
bile or urine, which are often more readily sampled than tissues. A
number of studies have used such excretion to investigate radical for-
mation in vivo (see, e.g. [58,59]).

5.5. Toxicity

As spin traps are often used at very high concentrations (mM–M)
toxicity and interference in the pathways under study are potentially
of critical importance. The hydrophilic nitrone traps such as DMPO ap-
pear to be relatively non-toxic, and have been given to animals at high
millimolar concentrations in acute experiments [54,60,61]. The toxicity
of nitrone spin traps has been examined in several in vitro studies with
various cell lines and test systems, generally with toxicity in the order
DMPO b DEPMPO ≈ EMPO ≈ CYPMPO b BMPO b PBN [44,55,62,63].
Toxicity is related to hydrophobicity, with the more lipid-soluble
nitrone traps (e.g. BMPO and PBN) inducing cell death via necrotic
pathways [63]. Nitroso spin traps are significantly more toxic than
nitrones, whichmay again be related to hydrophobicity andmembrane
perturbation effects, though enzyme inhibition may also play a role
[31,54,60]. The toxicity of nitroso compounds is such that these traps
are generally best restricted to cell-free, model systems [62]. Clearly
such effects should be avoided as confounding toxicity make data anal-
ysis problematic, and it is therefore of great importance that studies on
the direct effects of the spin trap on the system under study are carried
out. Unfortunately, there is a paucity of information on this topic area.

5.6. Aids to spectral analysis

As most radicals react to give further radicals, the possibility of
trapping multiple radicals with any spin trap is high, which can
make spectral analysis problematic. Furthermore, as the rate con-
stants for the trapping of radicals and spin adduct decay vary signifi-
cantly (cf. Table 1 and comments above), the most intense EPR signals
detected may not necessarily arise from the radical generated in the
highest yield, nor be from the most important radical in terms of bio-
logical action/effect. Thus a minor species that reacts rapidly with a
spin trap, and which gives a persistent adduct, may give much more
intense EPR spin adduct signals, than a major radical that reacts slow-
ly with a trap and/or gives a short-lived (or undetectable) adduct. As
such, it is of critical importance to determine whether the radicals
detected are central to the observed biological phenomenon, which
often requires complimentary functional/endpoint studies. A com-
mon method of examining this is to determine whether radical scav-
enging by the spin trap correlates with alterations to the biological



Fig. 3. Reactions resulting in artifactual spin adduct generation.
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endpoint. Analysis of mixtures of spin adducts can be challenging
and in some cases, definitive assignments are not possible. A number
of approaches have been developed to aid this process, which are
discussed further below.

Modification or blocking of a presumed site of radical formation can
be a powerful tool to determine the nature of trapped radicals, though
this is not always definitive. This method has been used extensively
with macromolecules such as proteins and enzymes, where techniques
to chemicallymodify, or block, side-chains groups have been developed
(reviewed in [64,65]). Examples include confirmation of the generation
of thiyl radicals on proteins by use of alkylating agents, such as
N-ethylmaleimide, iodoacetic acid and iodoacetamide, that block the
thiol group of Cys residues [66,67], reductive methylation which blocks
reactions at Lys residues [68], iodination which prevents detection of
phenoxyl radicals derived from Tyr residues [69,70]), treatment with
N-bromosuccinimide, which destroys Trp residues [69]), and treatment
with diethylpyrocarbonate, which blocks His residues [71]. Confirma-
tion of modification of particular sites (e.g. by loss of parent amino
acid or generation of products) is important, as there are multiple
reasons why modification may not be efficient, including steric and
electronic interactions that prevent modification of inaccessible resi-
dues. It should also be noted that many of the reagents used in such
modification methods are only partially selective and alteration of
other (unplanned) sites may also occur particularly when high concen-
trations of the modifying agent need to be employed [64,65].

Isotopic modification of the suspected site of radical formation has
proved to be a valuable method in identifying sites of radical genera-
tion. This approach relies on the fact that the isotopes with different
Table 4
Partition coefficients for spin traps in 1-octanol:phosphate buffer
(10 mM, pH 7.5).
Data from [54–57,63].

Spin trap Partition coefficient

DMPO 0.02–0.09
DEPMPO 0.06–0.17
POBN 0.09–0.15
CYPMPO 0.11–0.14
DBNBS 0.15
EMPO 0.15–0.19
BMPO 0.8
MNP 8.2
PBN 10.4–15
Nitrosobenzene 73.0
nuclear spins can alter the observed spectrum of the radical adduct
in defined and predictable ways. This may be due to removal of an
observed splitting (by substitution of the desired atom with a
nonmagnetic, I = 0, isotope), by reducing or altering an existing cou-
pling (e.g., by substitution of a hydrogen atom with a deuterium,
which results in the conversion of a large 1:1 doublet coupling into
a much smaller 1:1:1 triplet, or substitution of a 14N nucleus with
15N, which results in the conversion of a 1:1:1 triplet pattern into a
larger 1:1 doublet pattern), or by generating an additional coupling
(e.g., substitution of a 12C atom with a 13C atom (I = 0.5), which re-
sults in an additional doublet coupling). This type of approach is rel-
atively easy to achieve with low-molecular-mass compounds (e.g.
drugs, solvents, chemicals), and has provided useful information in
relation to the site of radical production on biological molecules of in-
terest, including amino acid, carbohydrate and nucleoside-derived
radicals (e.g. [72–75]).

This approach is more challenging with macromolecules such as
proteins, DNA, lipids or complex carbohydrates. This approach has
been used extensively with isolated, well-characterised, proteins
with the label introduced at defined sites using a labelled amino
acid and a bacterial or cell-free expression systems [76,77]. It should
be noted that this approach generally results in the labelling of all res-
idues of a particular type, and hence does not provide exact identifi-
cation of the radical site, but does provide information on the type
of amino acid involved. Of the various possible substitutions, those
that give additional large couplings (e.g. 12C to 13C) are most likely
to be definitive, as these give pronounced spectral changes.

Site-directed mutagenesis is an alternative, more selective ap-
proach, where a specific suspected radical site is altered to a residue
with different chemistry (or which yields spectrally-distinct species).
This approach has been used successfully to examine radical forma-
tion at Tyr, Trp and Cys residues in myoglobin and various peroxi-
dases treated with H2O2; in several cases both single and multiple
mutants have been examined (e.g. [76–80]). Such studies have pro-
vided important information on the transfer of “positive holes” or
electrons within 3-D structures, and the role of particular residues
as ‘sinks’ for oxidising species. As with chemical modification, verifi-
cation of the modification and an absence of other changes (e.g.
changes in structure and stability) are important for interpretation
of the data. It should however be noted that both chemical modifica-
tion and site-directed mutagenesis may not prevent radical forma-
tion: it may merely alter the radical site from one residue to
another [81], and hence EPR signals may still be detected.

image of Fig.�3
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The resolution of the additional couplings from an added radical
can provide very valuable data as to the nature of added radicals
and this can sometimes be achieved by use of isotope-substituted
(typically-deuterated) spin traps where the intrinsic line-width of
the adduct signals derived from these traps is decreased relative to
the hydrogen-containing species (see, e.g., [82]). Thus wholly (d14)
or partly (d9) deuterated PBN; wholly (d9) deuterated MNP; wholly
deuterated (d2) DBNBS and deuterated DEPMPO have been
synthesised and employed to provide greater spectral resolution
(e.g. [83,84]). 15N-labelled spin traps have also been developed as
this results in a large (1:1) doublet coupling from the nitroxide nitro-
gen in place of the 1:1:1 triplet coupling from 14N, with this resulting
is an increased spectral width (thereby decreasing potential overlap
of spectral lines) and a greater signal intensity due to the smaller
number of couplings [84,85].

Spectral simulation is a powerful tool to confirm proposed assign-
ments, but it should be noted that a satisfactory outcome does not
prove that an assignment is correct. It is therefore important that this
approach is used carefully, and that the inputs make chemical sense.
Simulations can also provide valuable data on the relative concentra-
tions of different adducts when multiple species are present, though it
should be noted that this data only applies to the adducts and not the
parent radicals from which they were formed (cf. the discussion
above regarding the kinetics of radical trapping and decay). This ap-
proach has been used for both low-molecular-mass, rapidly-tumbling
specieswhich yield isotropic spectra and also,more recently, anisotrop-
ic spectra arising from the trapping of protein-derived radicals (e.g.
fromDMPO and DEPMPO [24,86]). The large number of inputs required
for the latter type of simulations is likely to limit this approach to
systems where only a single, or a small number of adducts are formed.
Considerable progress has been made in this area and it is possible to
distinguish between the trapping of oxygen-, sulphur-, or carbon-
centred species with reasonable confidence [24,86].

Considerable effort has been expended in the last few years on the
development of spin traps that facilitate the detection of particular
radicals (e.g. O2

•−) or species generated at particular sites [25].Major ad-
vances have beenmade in developing traps that react rapidly with O2

•−,
and give adducts with longer half-lives compared to the traditional cy-
clic nitrone trap, DMPO (see Table 3). Some of these traps are commer-
cially available (e.g. DEPMPO, EMPO, BMPO, CYPMPO) and may allow
more ready detection in complex systems, including intact cells
[43,53]. DEPMPO, EMPO and related traps also have the advantage a de-
creased propensity of the superoxide radical adduct to undergo decay to
the hydroxyl radical adduct, a particular problem with DMPO, which
hasmade determiningwhether superoxide radical formation occurs ex-
clusively or in concert with hydroxyl radicals, rather difficult (see
above). Althoughmany of the newer traps do not undergo spontaneous
interconversion at significant (noticeable) rates, enzymatic reactions
may still occur and hence this problem may still persist, albeit to a less
significant extent [52,53].

Spin traps have been developed that localise to particular organ-
elles within cells, including cell membranes [87,88], mitochondria
(e.g. mitoPBN, mitoBMPO, mitoDEPMPO) which localise to this or-
ganelle due to the inclusion of a triphenylphosphonium substituent
[89–92]) and which bind to specific targets [93,94]. Unfortunately
the limited market for these materials may limit their commercial
availability.

6. Spin scavenging of reactive radicals in vivo and ex vivo

The term spin scavenging has been used to denote two different
processes: trapping of a radical with another radical (typically a
nitroxide) and subsequent product analysis; and secondly the use of
hydroxylamines that are readily oxidised to a nitroxide radical on re-
action with another radical. The former approach has been used less
frequently than the latter.
In the first of these methods, the initial radical can be “trapped”
using a stable nitroxide (e.g. TEMPO) to give non-radical products,
which can then be characterised by a range of techniques, with
mass spectrometry (MS) a common choice. This method has been
employed to characterise radical formation on myoglobin treated
with H2O2 [95,96]. This approach has some advantages over conven-
tional spin trapping, in that the rate constants for reaction of the
“trap” nitroxide with the initial radical are often near, or at, the diffu-
sion limit (as they are radical–radical rather than radical–molecule
reactions) making the trapping reaction more efficient [97]. A recent
study has reported kinetic data on the rates of reaction of a number of
peptide and protein radicals with TEMPO and related species with
these values being in the range 106–108 M−1 s−1 [98]. Although
some of the resulting adducts appear to be sufficiently stable to un-
dergo subsequent mass spectroscopic analysis (thereby eliminating
a potential source of artefacts [95]), it is unclear whether all of the
species survive, and it would not be surprising if some of the adducts
(particularly those with weak N\O\X bonds, where X = S, N, OR,
OOR, OH, and OOH, arising from the trapping of sulphur, nitrogen,
alkoxyl, peroxyl, hydroxyl, and superoxide radicals) were unstable
and hence not readily detected. This technique may therefore be pri-
marily limited to carbon-centred species. In addition, the spin scav-
enging approach may be complicated by the ability of nitroxides to
shuttle between different oxidation states, particularly in the pres-
ence of heme-containing proteins, generating adducts independently
of spin scavenging reactions (e.g. [96]). With appropriate controls,
spin scavenging can provide a powerful method of directly examining
radical formation on macromolecules and give accurate data on not
only the type of radical trapped, but also its exact location within a
macromolecule.

In the second approach, a hydroxylamine, which is EPR-silent and
hence does not give rise to any background signals, is oxidised to an
EPR-detectable nitroxide (e.g. [99]). This process can be both rapid,
and efficient, if high levels of hydroxylamine are used. Highly
substituted 5- or 6-membered ring species are most commonly used
as these yield persistent nitroxide radicals [99]. These hydroxyl-
amines typically react with O2

•− with much higher rate constants
than traditional spin traps such as DMPO and DEPMPO, and as such
may be useful markers of O2

•− formation [100–102]. However, as hy-
droxylamine oxidation can occur with multiple radicals, and also be
induced by peroxidase enzymes, this approach needs to be used
with care, and its limitations understood. The issue of lack of specific-
ity can be addressed by parallel experiments, for example, by the ad-
dition of superoxide dismutase (SOD) to implicate O2

•−, as this should
decrease the intensity of the nitroxide EPR signal if O2

•− (or species
derived from this) are causative in the oxidation [102]. This does
however require the enzyme to have access to the site of O2

•− forma-
tion, which may not always be easy to achieve.

A number of hydroxylamines that have desirable properties (low
artifactual oxidation, rapid kinetics of reaction with radicals, persis-
tent nitroxides once oxidised) have been developed and are commer-
cially available. Addition of specific groups has allowed these
materials to be localised at particular sites (external or internal to
cells) and in specific sub-cellular organelles (e.g. mitochondria)
[103]. One clear limitation of this approach is the lack of data relating
to the nature of the oxidising radical. Although SOD can be used to ex-
amine the role of O2

•−, there are limited options when other radicals
or oxidants are involved. Hydroxylamines that can be detected by
other spectroscopic means (e.g. by fluorescence) have also been de-
veloped [104], together with pro-fluorescent nitroxides as markers
of oxidation processes in vitro and in vivo (reviewed [105]).

7. Spin trapping of nitric oxide (NO•)

Nitric oxide (NO•) is a key intracellular signalling molecule, and an
important regulator of numerous biological processes (e.g. vascular
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dilation, blood pressure regulation, platelet aggregation, neurotrans-
mission). As such, there is therefore widespread interest in the detec-
tion and quantification of NO• in complex systems. As the unpaired
electron in NO• is delocalised across both the oxygen and nitrogen,
it does not react rapidly with traditional EPR spin traps, and conse-
quently alternative approaches are required to detect this species.

One well-established, biologically-important, reaction of NO• is its
reaction with Fe(II) heme species, a process that occurs with a high
rate constant. This process allows the detection of NO• in situations
where heme proteins are endogenous or can be easily introduced,
as nitrosyl-heme species can be readily detected by EPR, with the
spectra having highly distinctive triplet 1:1:1 couplings arising from
the interaction of the unpaired electron with the nitrogen atom
[106]. Moreover, the origin of the observed spectra can be verified
by using 15N-labelled precursors, which results in conversion of the
triplet coupling to a large doublet [107]. Endogenous Fe(II) heme pro-
teins, in particular haemoglobin (Hb) and myoglobin, have been
widely used in this respect allowing measurements to be made on
humans, and the prospect of in vivo quantification using L-band spec-
trometers [108,109]. The detection limit of Hb-NO in human blood
has been reported to be ~200 nM, but basal levels (in both arterial
and venous blood) appear to be below this limit. Exposure to NO•

results in dramatic increases in blood concentrations with levels in
the range 0.25–2.5 μM having been reported, with these levels
remaining elevated for considerable periods (half-life ~ 40 min)
[110]. These concentrations are similar to those detected by
tri-iodide chemiluminescence, but lower than those reported for
other methods (e.g. some chemiluminescence techniques) [110].
This approach of trapping with endogenous heme proteins has been
extended to plants, where NO• formation has been detected using
leghaemoglobin (a myoglobin analogue) in the symbiotic root nod-
ules on leguminous plants [111].

Nitronyl nitroxides (e.g. 2-(4-carboxyphenyl)-4,4,5,5-
tetramethylimidazoline-1-oxyl-3-oxide; carboxy-PTIO) react with
NO• to yield iminonitroxides (e.g. 2-(4-carboxyphenyl)-4,4,5,5-
tetramethylimidazoline-1-oxyl), which have highly distinctive EPR
spectra that are markedly different to the parent nitroxide, thereby
allowing the two radicals to be readily discerned from each other.
This therefore provides a method that allows the formation of NO•

to be examined [112–114]. The stoichiometry of the reaction of NO•

with carboxy-PTIO is theoretically 1:1 [113], but later work suggests
that the true figure is closer to 0.6:1 as a result of the occurrence of
competing reactions [114]. It has also been reported that the stoichi-
ometry of conversion varies with the rate of NO• generation, making
quantification of NO• by this method difficult [114]. As might be
expected, these nitronyl nitroxides also react rapidlywith other radicals
such as O2

•− (with k ~ 8 × 105 M−1 s−1) but this process does not gen-
erate the iminonitroxide [115]. However, reactivity with O2

•−, together
with other reduction pathways that remove nitroxides (e.g. reaction
with GSH and ascorbate [115]), may significantly perturb the concen-
tration of both the parent nitroxide and the product iminonitroxide
making quantification of NO• by this means problematic. Nitronyl
nitroxides have recently used as an agent to distinguish between NO•

and HNO [116].
Water-soluble Fe(II) dithiocarbamate complexes (e.g. those derived

from diethyldithiocarbamate (DETC), N-methyl-D-glucamine (MGD),
N-(dithiocarboxy)sarcosine (DTCS)) have been used extensively both
in vitro and in vivo to quantify NO• (reviewed [117–120]). This results
in the formation of EPR-detectable Fe–NO complexes at room tempera-
ture, with distinctive nitrogen hyperfine couplings and g values
(e.g. aN ~ 1.25 mT, g ~ 2.04 for the (MGD)2–Fe(II) species). As with
other NO• trapping methods, the identity of the complex can be con-
firmed using 15N-labelled materials which result in the appropriate
changes in numbers of absorptions, hyperfine coupling constants and
line intensities [118,119]. A range of ligands can be used, in order to
provide persistent NO• adduct complexes that accumulate, even with
relatively low rates of NO• generation. It should be noted that the Fe
centre needs to be kept in the +2 state (or to be readily reduced to
this [121,122]) for the reaction to occur. Variation in the ligands also al-
lows the solubility of the complex to be altered, allowing examinationof
different environments, and modulated penetration into cell, plant or
animal systems [122]. However it should be borne in mind that high
levels of iron complexes can be toxic, and that (auto)oxidation of the
complex is likely to result in oxidant formation, thereby perturbing
the system under study. As such there is a need for a balance between
having sufficient complex to trap any NO• generated, and the possibility
of the trapping agent generating significant damage to the system
under study. Although (MGD)2–Fe(II) and (DCTS)2–Fe(II) complexes
fulfil some of these criteria (e.g. long lifetimes in blood — up to 12 h
[108]), which has allowed them to be used in studies on animals (e.g.
in studies on brain, liver, kidney, heart and urine) and plants [122]
and detected non-invasively using L-band EPR [118], their potential
toxicity is a significant potential drawback. No toxicity has been
reported at levels of up to 2.5 g kg−1 for MGD itself [123]), but this
would be expected to be system specific and perturbations may occur
at lower levels. Furthermore, the stability of the complexes in water,
particularly at low pH values, and the poor water solubility of the
DETC species can limit their use [120].

Another approach that has been used to study both O2 and NO•

concentrations is broadening of the EPR lines arising from solid
carbon-based paramagnetic species (chars) [124]. This approach has
been used extensively to study O2 levels in vivo, but a similar
line-broadening effect occurs with NO•, and hence this could be
used potentially to measure NO• concentrations [125]. However, the
levels of NO• required to detect significant changes are in the pharma-
cological range rather than the physiological, and hence this method
may not be sensitive enough to measure the concentrations present
in vivo in animals. Changes in O2 levels may also confound measure-
ments, as this will also contribute to the overall linewidth [125].

8. Complementary techniques that can be used together with EPR
to provide additional data

Whilst detection and identification of radicals and paramagnetic
metal ions can be a goal in itself, many current research programmes
are more broadly focused, with the goal of examining the role of rad-
icals in a particular biological/medical context. It has therefore be-
come increasingly necessary to pair EPR measurements with other
methods (e.g. product analysis) in order to provide a more in depth
picture of the role and consequences of radical generation. A wide
range of quantitative techniques have therefore been developed
that allow additional information pertinent to radical generation
and reactions to be obtained. These include quantification of loss of
parent materials, formation of specific protein (e.g. side-chain) oxida-
tion products (reviewed [126]), products of DNA damage (reviewed
[127,128]) and lipid oxidation products (isoprostanes, hydroperox-
ides, alcohols, epoxides, hydrocarbons, aldehydes [129–131]) and de-
tection of generic markers of such reactions (e.g. protein carbonyls
[126,132], DNA strand breaks [133], protein thiol levels [126]).
These methods depend on the sensitivity and resolving power of
techniques such as HPLC and GC, with detection of materials by UV,
visible and fluorescence spectroscopy, electrochemistry and various
MS techniques. MS in particular has become a powerful tool in the
search for, and quantification of, low levels of oxidation products in
biological samples (e.g. [130,134]).

A wide range of other semi-quantitative techniques have also
been developed to further study radical processes. These include the
use of dyes that have altered fluorescence properties (gain, loss, or al-
tered wavelength) on oxidation (e.g. [135–138]. However, results
from experiments with many fluorescent dyes need to be interpreted
with care, as often fluorescence changes are not specific to particular
radicals [139,140]). Other methods include the use of specific
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electrodes (e.g. for NO•, O2, H2O2), and ELISA and Western-blotting
methods using antibodies raised against specific oxidation products
(e.g. protein carbonyls, 3-nitrotyrosine, methionine sulphoxide,
isoprostanes [126]).

Many of these techniques have been coupled with EPR to aid rad-
ical identification and characterisation of the resulting products. Di-
rect MS analysis has been attempted for spin adducts, primarily
with well-characterised systems. For example, MS has been coupled
with MNP spin trapping to detect radicals generated from liver me-
tabolism of halocarbons [141,142], and the formation of thiyl radicals
[143], with various low-molecular-mass radicals trapped by DEPMPO
also quantified in this manner [144,145]. For complex systems with
multiple radicals, and hence many radical adducts, the MS approach
has been combined with HPLC or UPLC separation to resolve the
products prior to analysis. Gas chromatography (GC) for such studies
is more limiting, as separation conditions tend to promote adduct
degradation, in contrast to HPLC for example, where water-based el-
uents, and ambient temperatures that can be used. The HPLC-MS ap-
proach has been used extensively, and successfully, to examine a
number of systems [146–157]. In many cases, the species detected
by MS are not the radical adducts themselves, but species derived
from them, either by oxidation or reduction (e.g. [158,159]). This is
not necessarily a disadvantage, as long as the chemistry that results
in the formation of these species is well understood. Indeed the abil-
ity of a number of techniques to detect nitrones resulting from oxida-
tion or disproportionation of initial radical adducts has resulted in the
development of novel approaches to radical detection in biological
systems.

Kagan and colleagues have developed an assay for glutathione
thiyl radicals in cells, where the nitrone formed from decay of the ini-
tial (short-lived) GS• adduct to DMPO is detected by LC-MS [160].
Whilst this method can yield valuable data, absolute quantification
of GS• by this approach may be limited by the presence of alternative
removal pathways for the initial adduct (e.g. rapid nitroxide reduc-
tion to the hydroxylamine). As the ratio of these two routes is likely
to be system dependent, the yield of GS-DMPO nitrone may vary sig-
nificantly, and hence be misleading.

The detection of nitrones arising from adduct decay has also been
exploited in the in the technique of immuno-spin trapping [46]. In
this (non-EPR) technique, antibodies raised against a DMPO nitrone
derivative are used to probe for the presence of DMPO adducts to
macromolecules. These antibodies, which can be used in ELISA or
Western blotting experiments, detect the nitrone present on the mac-
romolecules, and by linking this recognition (which is highly specific
as cyclic nitrones are very rare in nature) to highly sensitive detection
systems (e.g. enhanced chemiluminescence), the initial presence of
radical adducts can be detected with great sensitivity and specificity
[46,161–163]. This approach has been used with great success to de-
tect radicals in both isolated systems and in cells formed on a range of
proteins [164–170] and DNA [161,171]. The use of fluorescently-
tagged secondary antibodies and confocal microscopy has allowed
sites of radical adduct formation to be determined in intact cells,
though it is not possible to identify specific types of radical formed,
as the antibodies recognise only the nitrone function and not the
group through which the nitrone is linked [170]. This approach also
has utility for the visualisation of radical formation in vivo, when
used in combination with magnetic resonance imaging [172] or
immunohistochemistry [173]. In each case, immuno-spin trapping
should be seen as a highly sensitive and specific complimentary tech-
nique to more traditional EPR studies where information is obtained
on the nature of the intermediate species.

9. Constraints and pitfalls of using EPR

EPR is a highly specific and powerful tool for detecting radicals
and some metal ions in biological systems and is, and is likely to
remain, the “gold standard” for the detection and identification of
radicals in biological systems. When used correctly, it has an
unparallelled potential to provide detailed information on the identi-
ty, structure, concentration, motion and environment of radicals and
paramagnetic metal ions, without the common problem of complex
interfering background signals, which complicate many other spec-
troscopic techniques. However, it is a far from a faultless technique,
and it is critically important that the user is aware of the shortcom-
ings and limitations of this technology, which are a ready trap for
the unwary.

Whilst the sensitivity of modern spectrometers is a great asset in
detecting the low levels of radicals that are present in biological sys-
tems, this also brings with it attendant problems particularly with re-
gard to determining whether radical formation is a major process and
responsible for observed effects, or merely a minor side reaction that
appears to be important because it generates significant concentra-
tions of persistent radicals that can be readily detected. Furthermore
the greater sensitivity of modern EPR spectrometers allows the detec-
tion of minor impurities in reagents and supposedly pure spin traps
which are a significant nuisance.

Although there is a significant body of data available in the literature
on hyperfine coupling constants and g values for many radicals, there
remain a number of significant omissions that hinder the development
of the technique. In particular, the field would benefit from further data
in the following areas: a) the rate constants for spin trapping and spin
adduct decay processes and kinetics which prevent true quantification
of spin trapping data; b) methods for the analysis of complex mixtures
of radical adducts particularly those present on biological macromole-
cules,which yield highly complex spectra due to the slow rate ofmotion
of these species resulting in broad overlapping spectral lines; c) the
eternal problem of deciphering which signals are true radical adduct
and which are artefacts in spin trapping studies; d) spin traps that
have both high rate constants for trapping and slow rates of radical ad-
duct decay (i.e. give persistent adduct species; e) additional spin traps
that can be compartmentalised or localised at particular sites in intact
systems (though immuno-spin trapping offers promise in this area);
f) additional spin traps of low toxicity and that are inert in the systems
under study; and finally (and possibly most importantly), a spin trap
that can be used safely in humans, though there are an increasing
number of promising potential therapeutic applications of nitrones
(reviewed [174]).

Acknowledgements

The authors are grateful to the Australian Research Council (through
the Discovery and Centres of Excellence programmes, grants
DP0988311 and CE0561607 respectively), the National Health and
Medical Research Council of Australia, and the National Heart Founda-
tion Australia (Grant in Aid G09S4313, Fellowship CR08S3959) for fi-
nancial support.

References

[1] G.R. Buettner, Spin trapping: ESR parameters of spin adducts, Free Radic. Biol.
Med. 3 (1987) 259–303.

[2] F.A. Villamena, J.L. Zweier, Detection of reactive oxygen and nitrogen species by
EPR spin trapping, Antioxid. Redox Signal. 6 (2004) 619–629.

[3] J.L. Clement, N. Ferre, D. Siri, H. Karoui, A. Rockenbauer, P. Tordo, Assignment of
the EPR spectrum of 5,5-dimethyl-1-pyrroline N-oxide (DMPO) superoxide spin
adduct, J. Org. Chem. 70 (2005) 1198–1203.

[4] J.A. Weil, J.R. Bolton, J.E. Wertz, Electron Paramagnetic Resonance: Elementary
Theory and Practical Applications, Wiley, New York, 1994.

[5] M.L. McCormick, J.P. Gaut, T.S. Lin, B.E. Britigan, G.R. Buettner, J.W. Heinecke,
Electron paramagnetic resonance detection of free tyrosyl radical generated by
myeloperoxidase, lactoperoxidase, and horseradish peroxidase, J. Biol. Chem.
273 (1998) 32030–32037.

[6] G.R. Buettner, B.A. Jurkiewicz, Ascorbate free radical as a marker of oxidative
stress: an EPR study, Free Radic. Biol. Med. 14 (1993) 49–55.

[7] G.R. Buettner, The pecking order of free radicals and antioxidants: lipid peroxida-
tion, α-tocopherol, and ascorbate, Arch. Biochem. Biophys. 300 (1993) 535–543.



718 C.L. Hawkins, M.J. Davies / Biochimica et Biophysica Acta 1840 (2014) 708–721
[8] H. Ostdal, L.H. Skibsted, H.J. Andersen, Formation of long-lived protein radicals
in the reaction between H2O2-activated metmyoglobin and other proteins,
Free Radic. Biol. Med. 23 (1997) 754–761.

[9] J.A. Irwin, H. Ostdal, M.J. Davies, Myoglobin-induced oxidative damage:
evidence for radical transfer from oxidized myoglobin to other proteins and an-
tioxidants, Arch. Biochem. Biophys. 362 (1999) 94–104.

[10] M.J. Davies, Direct detection of radical production in the ischaemic and reperfused
myocardium: current status, Free Radic. Res. Commun. 7 (1989) 275–284.

[11] C.L. Hawkins, M.J. Davies, EPR studies on the selectivity of hydroxyl radical attack
on amino acids and peptides, J. Chem. Soc. Perkin Trans. 2 (1998) 2617–2622.

[12] C.L. Hawkins, M.J. Davies, Direct detection and identification of radicals generat-
ed during the hydroxyl radical-induced degradation of hyaluronic acid and re-
lated materials, Free Radic. Biol. Med. 21 (1996) 275–290.

[13] A. Bruckner, In situ electron paramagnetic resonance: a unique tool for analyz-
ing structure-reactivity relationships in heterogeneous catalysis, Chem. Soc.
Rev. 39 (2010) 4673–4684.

[14] N. Stadler, R.A. Lindner,M.J. Davies, Direct detection andquantification of transition
metal ions in human atherosclerotic plaques: evidence for the presence of elevated
levels of iron and copper, Arterioscler. Thromb. Vasc. Biol. 24 (2004) 949–954.

[15] A. Levina, P.A. Lay, Mechanistic studies of relevance to the biological activities of
chromium, Coord. Chem. Rev. 249 (2005) 281–298.

[16] C. Lagercrantz, Spin trapping of some short-lived radicals by the nitroxide method,
J. Phys. Chem. 75 (1971) 3466–3475.

[17] E.G. Janzen, Spin Trapping, Acc. Chem. Res. 4 (1971) 31–40.
[18] M.J. Perkins, Spin trapping, Adv. Phys. Org. Chem. 17 (1980) 1–64.
[19] E.G. Janzen, D.L. Haire, Two decades of spin trapping, Adv. Free Rad. Chem. 1

(1990) 253–295.
[20] L.J. Berliner, V. Khramtsov, H. Fujii, T.L. Clanton, Unique in vivo applications of

spin traps, Free Radic. Biol. Med. 30 (2001) 489–499.
[21] M.J. Davies, G.S. Timmins, R.J.H. Clark, R.E. Hester, EPR spectroscopy of biologi-

cally relevant free radicals in cellular, ex vivo, and in vivo systems, Biomedical
Applications of Spectroscopy, John Wiley & Sons Ltd, 1996, pp. 217–266.

[22] M.J. Davies, Detection and identification of macromolecule-derived radicals by
EPR spin trapping, Res. Chem. Intermed. 19 (1993) 669–679.

[23] M.J. Davies, C.L. Hawkins, EPR spin trapping of protein radicals, Free Radic. Biol.
Med. 36 (2004) 1072–1086.

[24] J.-L. Clement, B.C. Gilbert, A. Rockenbauer, P. Tordo, Radical damage to proteins
studied by EPR spin-trapping techniques, J. Chem. Soc. Perkin Trans. 2 (2001)
1463–1470.

[25] P. Tordo, Spin-trapping: recent developments and applications, in: B.C. Gilbert,
N.M. Atherton, M.J. Davies (Eds.), Electron Paramagnetic Resonance, 16, Royal
Society of Chemistry, Cambridge, 1998, pp. 116–144.

[26] M.J. Davies, Recent developments in spin trapping, in: B.C. Gilbert, M.J. Davies,
D.M. Murphy (Eds.), Electron Paramagnetic Resonance, 18, Royal Society of
Chemistry, Cambridge, 2002, pp. 47–73.

[27] C. Mottley, R.P. Mason, Nitroxide radical adducts in biology: chemistry, applica-
tions, and pitfalls, in: L.J. Berliner, J. Reuben (Eds.), Biological Magnetic Resonance,
8, Plenum Publishing Corporation, 1989, pp. 489–546.

[28] B. Liu, Z. Nie, J.G. Song, Y.P. Lui, K.J. Liu, Q. Tian, Y. Liu, Eliminating and inhibiting
hydroxylamine oxidation in DEPMPO spin trapping experiments, Appl. Magn.
Reson. 29 (2005) 597–604.

[29] L. Hamilton, B.R. Nielsen, C.A. Davies, M.C. Symons, P.G. Winyard, Purity of dif-
ferent preparations of sodium 3,5-dibromo-4-nitrosobenzenesulphonate and
their applicability for EPR spin trapping, Free Radic. Res. 37 (2003) 41–49.

[30] S.K. Jackson, K.J. Liu, M. Liu, G.S. Timmins, Detection and removal of contaminat-
ing hydroxylamines from the spin trap DEPMPO, and re-evaluation of its use to
indicate nitrone radical cation formation and S(N)1 reactions, Free Radic. Biol.
Med. 32 (2002) 228–232.

[31] K.T. Knecht, R.P. Mason, In vivo spin trapping of xenobiotic free radical metabo-
lites, Arch. Biochem. Biophys. 303 (1993) 185–194.

[32] H.M. Swartz, N. Khan, V.V. Khramtsov, Use of electron paramagnetic resonance
spectroscopy to evaluate the redox state in vivo, Antioxid. Redox Signal. 9
(2007) 1757–1771.

[33] I. Zini, A. Tomasi, R. Grimaldi, V. Vannini, L.F. Agnati, Detection of free radicals
during brain ischemia and reperfusion by spin trapping and microdialysis,
Neurosci. Lett. 138 (1992) 279–282.

[34] J.G. Coghlan, W.D. Flitter, A.E. Holley, M. Norell, A.G. Mitchell, C.D. Ilsley, T.F.
Slater, Detection of free radicals and cholesterol hydroperoxides in blood
taken from the coronary sinus of man during percutaneous transluminal coro-
nary angioplasty, Free Radic. Res. Commun. 14 (1991) 409–417.

[35] W.D. Flitter, Free radicals and myocardial reperfusion injury, Br. Med. Bull. 49
(1993) 545–555.

[36] T. Ashton, I.S. Young, J.R. Peters, E. Jones, S.K. Jackson, B. Davies, C.C. Rowlands,
Electron spin resonance spectroscopy, exercise, and oxidative stress: an ascorbic
acid intervention study, J. Appl. Physiol. 87 (1999) 2032–2036.

[37] R.M. Haywood, P. Wardman, D.T. Gault, C. Linge, Ruby laser irradiation
(694 nm) of human skin biopsies: assessment by electron spin resonance spec-
troscopy of free radical production and oxidative stress during laser depilation,
Photochem. Photobiol. 70 (1999) 348–352.

[38] T.J. Kemp, Kinetic aspects of spin trapping, Prog. React. Kinet. Mech. 24 (1999)
287–358.

[39] R.G. Gasanov, R.K. Freidlina, Application of the spin trapping method in kinetic
measurements, Russ. Chem. Rev. 56 (1987) 264–275.

[40] E. Finkelstein, G.M. Rosen, E.J. Rauckman, Spin trapping. Kinetics of the reaction
of superoxide and hydroxyl radicals with nitrones, J. Am. Chem. Soc. 102 (1980)
4994–4999.
[41] S. Goldstein, G.M. Rosen, A. Russo, A. Samuni, Kinetics of spin trapping superoxide,
hydroxyl and aliphatic radicals by cyclic nitrones, J. Phys. Chem. A 108 (2004)
6679–6685.

[42] R.A. Burgett, X. Bao, F.A. Villamena, Superoxide radical anion adduct of
5,5-dimethyl-1-pyrroline N-oxide (DMPO). 3. Effect of mildly acidic pH on ther-
modynamics and kinetics of adduct formation, J. Phys. Chem. A 112 (2008)
2247–2455.

[43] H. Shi, G. Timmins, M. Monske, A. Burdick, B. Kalyanaraman, Y. Liu, J.L. Clement,
S. Burchiel, K.J. Liu, Evaluation of spin trapping agents and trapping conditions
for detection of cell-generated reactive oxygen species, Arch. Biochem. Biophys.
437 (2005) 59–68.

[44] N. Khan, C.M. Wilmot, G.M. Rosen, E. Demidenko, J. Sun, J. Joseph, J. O'Hara, B.
Kalyanaraman, H.M. Swartz, Spin traps: in vitro toxicity and stability of radical
adducts, Free Radic. Biol. Med. 34 (2003) 1473–1481.

[45] N. Kocherginsky, H.M. Swartz, Nitroxide Spin Labels. Reactions in Biology and
Chemistry, Boca Raton, CRC Press, 1995.

[46] R.P. Mason, Using anti-5,5-dimethyl-1-pyrroline N-oxide (anti-DMPO) to detect
protein radicals in time and space with immuno-spin trapping, Free Radic. Biol.
Med. 36 (2004) 1214–1223.

[47] R.P. Mason, B. Kalyanaraman, B.E. Tainer, T.E. Eling, A carbon-centered free rad-
ical intermediate in the prostaglandin synthetase oxidation of arachidonic acid.
Spin trapping and oxygen uptake studies, J. Biol. Chem. 255 (1980) 5019–5022.

[48] L. Eberson, ‘Inverted spin trappping’. Reactions between the radical cation of
x-phenyl-n-tert-butylnitrone and ionic and neutral nucleophiles, J. Chem. Soc.
Perkin Trans. 2 (1992) 1807–1813.

[49] L. Eberson, O. Persson, Fluoro spin adducts and their modes of formation,
J. Chem. Soc. (1997) 893–898.

[50] C. Frejaville, H. Karoui, B. Tuccio, F. Le Moigne, M. Culcasi, S. Pietri, R. Lauricella,
P. Tordo, 5-(Diethoxyphosphoryl)-5-methyl-1-pyrroline N-oxide: a new effi-
cient phosphorylated nitrone for the in vitro and in vivo spin trapping of
oxygen-centred radicals, J. Med. Chem. 38 (1995) 258–265.

[51] H. Zhao, J. Joseph, H. Zhang, H. Karoui, B. Kalyanaraman, Synthesis and biochem-
ical applications of a solid cyclic nitrone spin trap: a relatively superior trap for
detecting superoxide anions and glutathiyl radicals, Free Radic. Biol. Med. 31
(2001) 599–606.

[52] G. Olive, A. Mercier, F. Le Moigne, A. Rockenbauer, P. Tordo, 2-ethoxycarbonyl-
2-methyl-3,4-dihydro-2H-pyrrole-1-oxide: evaluation of the spin trapping proper-
ties, Free Radic. Biol. Med. 28 (2000) 403–408.

[53] K. Saito, M. Takahashi, M. Kamibayashi, T. Ozawa, M. Kohno, Comparison of su-
peroxide detection abilities of newly developed spin traps in the living cells,
Free Radic. Res. 43 (2009) 668–676.

[54] E.A. Konorev, J.E. Baker, J.E. Joseph, B. Kalyanaraman, Vasodilatory and toxic ef-
fects of spin traps on aerobic cardiac function, Free Radic. Biol. Med. 14 (1993)
127–137.

[55] G. Gosset, J.L. Clement, M. Culcasi, A. Rockenbauer, S. Pietri, CyDEPMPOs: a class
of stable cyclic DEPMPO derivatives with improved properties as mechanistic
markers of stereoselective hydroxyl radical adduct formation in biological sys-
tems, Bioorg. Med. Chem. 19 (2011) 2218–2230.

[56] M. Kamibayashi, S. Oowada, H. Kameda, T. Okada, O. Inanami, S. Ohta, T. Ozawa, K.
Makino, Y. Kotake, Synthesis and characterization of a practically better DEPMPO-
type spin trap, 5-(2,2-dimethyl-1,3-propoxy cyclophosphoryl)-5-methyl-1-pyrroline
N-oxide (CYPMPO), Free Radic. Res. 40 (2006) 1166–1172.

[57] K. Stolze, N. Udilova, H. Nohl, Spin adducts of superoxide, alkoxyl, and lipid-derived
radicals with EMPO and its derivatives, Biol. Chem. 383 (2002) 813–820.

[58] M. Sentjurc, R.P. Mason, Inhibition of radical adduct reduction and reoxidation
of the corresponding hydroxylamines in in vivo spin trapping of carbon
tetrachloride-derived radicals, Free Radic. Biol. Med. 13 (1992) 151–160.

[59] K.T. Knecht, J.A. Degray, R.P. Mason, Free radical metabolism of halothane in
vivo: radical adducts detected in bile, Mol. Pharmacol. 41 (1992) 943–949.

[60] N. Kocherginsky, H.M. Swartz, Metabolism, toxicity and distribution of spin
traps, Nitroxide Spin Labels. Reactions in Biology and Chemistry, CRC Press,
Boca Raton, 1995, pp. 199–206.

[61] E.G. Janzen, J.L. Poyer, C.F. Schaefer, P.E. Downs, C.M. Dubose, Biological spin
trapping 2. Toxicity of nitrone spin traps — dose-ranging in the Rat, J. Biochem.
Biophys. Methods 30 (1995) 239–247.

[62] R.F. Haseloff, K. Mertsch, E. Rohde, I. Baeger, I.A. Grigor'ev, I.E. Blasig, Cytotoxicity of
spin trapping compounds, FEBS Lett. 418 (1997) 73–75.

[63] N. Rohr-Udilova, K. Stolze, B. Marian, H. Nohl, Cytotoxicity of novel derivatives of
the spin trap EMPO, Bioorgan. Med. Chem. Lett. 16 (2006) 541–546.

[64] G.E. Means, R.E. Feeney, Chemical Modification of Proteins, Holden-Day, San
Francisco, 1971.

[65] R.L. Lundblad, Techniques in Protein Modification, CRC Press, Boca Raton, 1995.
[66] P. Graceffa, Spin labeling of protein sulfhydryl groups by spin trapping a sulfur

radical: application to bovine serum albumin and myosin, Arch. Biochem.
Biophys. 225 (1983) 802–808.

[67] M.J. Davies, B.C. Gilbert, R.M. Haywood, Radical-induced damage to bovine
serum albumin: role of the cysteine residue, Free Radic. Res. Commun. 18
(1993) 353–367.

[68] C.L. Hawkins, M.J. Davies, Hypochlorite-induced damage to proteins: formation
of nitrogen-centred radicals from lysine residues and their role in protein frag-
mentation, Biochem. J. 332 (1998) 617–625.

[69] Y.R. Chen, R.P. Mason, Mechanism in the reaction of cytochrome c oxidase with
organic hydroperoxides: an ESR spin-trapping investigation, Biochem. J. 365
(2002) 461–469.

[70] M.J. Davies, Identification of a globin free radical in equine myoglobin treated
with peroxides, Biochim. Biophys. Acta 1077 (1991) 86–90.



719C.L. Hawkins, M.J. Davies / Biochimica et Biophysica Acta 1840 (2014) 708–721
[71] M.R. Gunther, A. Peters, M.K. Sivaneri, Histidinyl radical formation in the
self-peroxidation reaction of bovine copper-zinc superoxide dismutase, J. Biol.
Chem. 277 (2002) 9160–9166.

[72] W.F. Ho, B.C. Gilbert, M.J. Davies, EPR spin trapping studies of the reaction of the
hydroxyl and other electrophilic radicals with uridine and related compounds.
Isotopic substitution to refine analyses and aid quantification, J. Chem. Soc.
Perkin Trans. 2 (1997) 2533–2538.

[73] C.L. Hawkins, M.J. Davies, Reaction of HOCl with amino acids and peptides: EPR
evidence for rapid rearrangement and fragmentation reactions of nitrogen-
centered radicals, J. Chem. Soc. Perkin Trans. 2 (1998) 1937–1945.

[74] M.D. Rees, C.L. Hawkins, M.J. Davies, Hypochlorite-mediated fragmentation of
hyaluronan, chondritin sulfates, and related N-acetyl glycosamines, J. Am.
Chem. Soc. 125 (2003) 13719–13733.

[75] V.V. Agon, W.A. Bubb, A. Wright, C.L. Hawkins, M.J. Davies, Sensitizer-mediated
photooxidation of histidine residues: evidence for the formation of reactive
side-chain peroxides, Free Radic. Biol. Med. 40 (2006) 698–710.

[76] J.A. DeGray, M.R. Gunther, R. Tschirret-Guth, P.R. Ortiz de Montellano, R.P.
Mason, Peroxidation of a specific tryptophan of metmyoglobin by hydrogen per-
oxide, J. Biol. Chem. 272 (1997) 2359–2362.

[77] M.R. Gunther, R.A. Tschirret-Guth, O.M. Lardinois, P.R. Ortiz de Montellano,
Tryptophan-14 is the preferred site of DBNBS spin trapping in the self-
peroxidation reaction of sperm whale metmyoglobin with a single equivalent
of hydrogen peroxide, Chem. Res. Toxicol. 16 (2003) 652–660.

[78] M.R. Gunther, R.A. Tschirret-Guth, H.E.Witkowska, Y.C. Fann, D.P. Barr, P.R. Ortiz de
Montellano, R.P.Mason, Site-specific spin trapping of tyrosine radicals in the oxida-
tion of metmyoglobin by hydrogen peroxide, Biochem. J. 330 (1998) 1293–1299.

[79] P.K. Witting, D.J. Douglas, A.G. Mauk, Reaction of Human Myoglobin and H2O2.
Involvement of a thiyl radical produced at cysteine 110, J. Biol. Chem. 275
(2000) 20391–20398.

[80] V.P. Miller, D.B. Goodin, A.E. Friedman, C. Hartmann, d.M.P. Ortiz, Horseradish
peroxidase Phe172 → Tyr mutant. Sequential formation of compound I with a
porphyrin radical cation and a protein radical, J. Biol. Chem. 270 (1995)
18413–18419.

[81] H. Ostdal, H.J. Andersen, M.J. Davies, Formation of long-lived radicals on proteins
by radical transfer from heme enzymes-a common process? Arch. Biochem.
Biophys. 362 (1999) 105–112.

[82] D.L. Haire, E.G. Janzen, Enhanced diagnostic EPR and ENDOR spectroscopy of
radical spin adducts of deuterated alpha-phenyl N-tert-butyl nitrone, Magn.
Reson. Chem. 32 (1994) 151–157.

[83] J.-L. Clément, J.-P. Finet, C. Fréjaville, P. Tordo, Deuterated analogues of the free
radical trap DEPMPO: synthesis and EPR studies, Org. Biomol. Chem. 1 (2003)
1591–1597.

[84] G.S. Timmins, X. Wei, C.L. Hawkins, R.J.K. Taylor, M.J. Davies, The synthesis
and use of a 15N and 2H labelled derivative of the spin trap 3,5-dibromo-4-
nitrosobenzenesulphonic acid, Redox Rep. 2 (1996) 407–410.

[85] H. Zhang, J. Joseph, J. Vasquez-Vivar, H. Karoui, C. Nsanzumuhire, P. Martasek, P.
Tordo, B. Kalyanaraman, Detection of superoxide anion using an isotopically
labeled nitrone spin trap: potential biological applications, FEBS Lett. 473 (2000)
58–62.

[86] J.-L. Clement, B.C. Gilbert, A. Rockenbauer, P. Tordo, A.C. Whitwood, Observation
of protein-derived (BSA) oxygen-centered radicals by EPR spin-trapping tech-
niques, Free Radic. Res. 36 (2002) 883–891.

[87] K. Stolze, N. Udilova, K. Nohl, Spin trapping of lipid radicals with
DEPMPO-derived spin traps: detection of superoxide, alkyl and alkoxyl radicals
in aqueous and lipid phase, Free Radic. Biol. Med. 29 (2000) 1005–1014.

[88] K. Stolze, N. Udilova, H. Nohl, Lipid radicals: properties and detection by spin
trapping, Acta Biochim. Pol. 47 (2000) 923–930.

[89] R.A. Smith, R.C. Hartley, M.P. Murphy, Mitochondria-targeted small molecule
therapeutics and probes, Antioxid. Redox Signal. 15 (2011) 3021–3038.

[90] P.H. Reddy, Mitochondrial oxidative damage in aging and Alzheimer's disease:
implications for mitochondrially targeted antioxidant therapeutics, J. Biomed.
Biotechnol. 2006 (2006) 31372.

[91] Y. Xu, B. Kalyanaraman, Synthesis and ESR studies of a novel cyclic nitrone spin
trap attached to a phosphonium group-a suitable trap for mitochondria-
generated ROS? Free Radic. Res. 41 (2007) 1–7.

[92] M. Hardy, A. Rockenbauer, J. Vasquez-Vivar, C. Felix, M. Lopez, S. Srinivasan, N.
Avadhani, P. Tordo, B. Kalyanaraman, Detection, characterization, and decay ki-
netics of ROS and thiyl adducts of mito-DEPMPO spin trap, Chem. Res. Toxicol.
20 (2007) 1053–1060.

[93] O. Ouari, A. Polidori, B. Pucci, P. Tordo, F. Chalier, Synthesis of a glycolipidic am-
phiphile nitrone as a new spin trap, J. Org. Chem. 64 (1999) 3554–3556.

[94] O. Ouari, F. Chalier, R. Bonaly, B. Pucci, P. Tordo, Synthesis and spin-trapping behav-
iour of glycosylated nitrones, J. Chem. Soc. Perkin Trans. 2 (1998) 2299–2307.

[95] P.J. Wright, A.M. English, Scavenging with TEMPO to identify peptide- and
protein-based radicals by mass spectrometry: advantages of spin scavenging
over spin trapping, J. Am. Chem. Soc. 125 (2003) 8655–8665.

[96] O.M. Lardinois, D.A. Maltby, K.F. Medzihradszky, P.R. de Montellano, K.B. Tomer, R.P.
Mason, L.J. Deterding, Spin scavenging analysis of myoglobin protein-centered radi-
cals using stable nitroxide radicals: characterization of oxoammonium cation-
induced modifications, Chem. Res. Toxicol. 22 (2009) 1034–1049.

[97] R.P. Hill, E.M. Fielden, S.C. Lillicrap, J.A. Stanley, Letter: Studies of the
radiosensitizing action in vivo of 2,2,6,6, tetramethyl-4-piperidinol-N-oxyl
(TMPN), Int. J. Radiat. Biol. Relat. Stud. Phys. Chem. Med. 27 (1975) 499–501.

[98] D.I. Pattison, M. Lam, S.S. Shinde, R.F. Anderson, M.J. Davies, The nitroxide
TEMPO is an efficient scavenger of protein radicals: Cellular and kinetic studies,
Free Radic. Biol. Med. 53 (2012) 1664–1674.
[99] B. Fink, S. Dikalov, E. Bassenge, A new approach for extracellular spin trapping of
nitroglycerin-induced superoxide radicals both in vitro and in vivo, Free Radic.
Biol. Med. 28 (2000) 121–128.

[100] S. Dikalov,M. Skatchkov, E. Bassenge, Quantification of peroxynitrite, superoxide, and
peroxyl radicals by a new spin trap hydroxylamine 1-hydroxy-2,2,6,6-tetramethyl-
4-oxo- piperidine, Biochem. Biophys. Res. Commun. 230 (1997) 54–57.

[101] S. Dikalov, M. Skatchkov, E. Bassenge, Spin trapping of superoxide radicals
and peroxynitrite by 1-hydroxy-3- carboxy-pyrrolidine and 1-hydroxy-2,2,6,
6-tetramethyl-4-oxo-piperidine and the stability of corresponding nitroxyl
radicals towards biological reductants, Biochem. Biophys. Res. Commun. 231
(1997) 701–704.

[102] S. Dikalov, M. Skatchkov, B. Fink, E. Bassenge, Quantification of superoxide rad-
icals and peroxynitrite in vascular cells using oxidation of sterically hindered
hydroxylamines and electron spin resonance, Nitric Oxide 1 (1997) 423–431.

[103] S.I. Dikalov, I.A. Kirilyuk, M. Voinov, I.A. Grigor'ev, EPR detection of cellular and
mitochondrial superoxide using cyclic hydroxylamines, Free Radic. Res. 45
(2011) 417–430.

[104] R. Wang, F. Yu, P. Liu, L. Chen, A turn-on fluorescent probe based on hydroxyl-
amine oxidation for detecting ferric ion selectively in living cells, Chem.
Commun. (Camb.) 48 (2012) 5310–5312.

[105] J.P. Blinco, K.E. Fairfull-Smith, B.J. Morrow, S.E. Bottle, Profluorescent nitroxides
as sensitive probes of oxidative change and free radical reactions, Aust. J.
Chem. 64 (2011) 373–389.

[106] C.C. McDonald, W.D. Phillips, H.F. Mower, An electron spin resonance study of
some complexes of iron, nitric oxide and anionic ligands, J. Am. Chem. Soc. 87
(1965) 3319–3326.

[107] J. Jiang, S.J. Jordan, D.P. Barr, M.R. Gunther, H. Maeda, R.P. Mason, In vivo produc-
tion of nitric oxide in rats after administration of hydroxyurea, Mol. Pharmacol.
52 (1997) 1081–1086.

[108] H. Fujii, L.J. Berliner, Nitric oxide: prospects and perspectives of in vivo detection
by L-band EPR spectroscopy, Phys. Med. Biol. 43 (1998) 1949–1956.

[109] P. Tsai, S. Porasuphatana, H.J. Halpern, E.D. Barth, G.M. Rosen, In vivo in situ de-
tection of nitric oxide using low-frequency EPR spectroscopy, Methods Mol. Biol.
196 (2002) 227–237.

[110] B. Piknova, M.T. Gladwin, A.N. Schechter, N. Hogg, Electron paramagnetic reso-
nance analysis of nitrosylhemoglobin in humans during NO inhalation, J. Biol.
Chem. 280 (2005) 40583–40588.

[111] C. Mathieu, S. Moreau, P. Frendo, A. Puppo, M.J. Davies, Direct detection of rad-
icals in intact soybean nodules: presence of nitric oxide-leghemoglobin com-
plexes, Free Radic. Biol. Med. 24 (1998) 1242–1249.

[112] J. Joseph, B. Kalyanaraman, J.S. Hyde, Trapping of nitric oxide by nitronyl
nitroxides: an electron spin resonance investigation, Biochem. Biophys. Res.
Commun. 192 (1993) 926–934.

[113] T. Akaike, M. Yoshida, Y. Miyamoto, K. Sato, M. Kohno, K. Sasamoto, K. Miyazaki,
S. Ueda, H. Maeda, Antagonistic action of imidazolineoxyl N-oxides against
endothelium-derived relaxing factor/NO through a radical reaction, Biochemis-
try 32 (1993) 827–832.

[114] N. Hogg, R.J. Singh, J. Joseph, F. Neese, B. Kalyanaraman, Reactions of nitric oxide
with nitronyl nitroxides and oxygen: prediction of nitrite and nitrate formation
by kinetic simulation, Free Radic. Res. 22 (1995) 47–56.

[115] R.F. Haseloff, S. Zollner, I.A. Kirilyuk, I.A. Grigor'ev, R. Reszka, R. Bernhardt, K.
Mertsch, B. Roloff, I.E. Blasig, Superoxide-mediated reduction of the nitroxide
group can prevent detection of nitric oxide by nitronyl nitroxides, Free Radic.
Res. 26 (1997) 7–17.

[116] A.A. Bobko, A. Ivanov, V.V. Khramtsov, Discriminative EPR detection of NO and
HNO by encapsulated nitronyl nitroxides, Free Radic. Res. 47 (2013) 74–81.

[117] A.M. Komarov, A. Reif, H.H. Schmidt, In vitro detection of nitric oxide and nitroxyl
by electron paramagnetic resonance, Methods Enzymol. 359 (2002) 18–27.

[118] H. Fujii, L.J. Berliner, In vivo and in vitro detection of NO by EPR, Biol. Magn.
Reson. 18 (2003) 381–402.

[119] T. Yoshimura, Y. Kotake, Spin trapping of nitric oxidewith the iron-dithiocarbamate
complex: chemistry and biology, Antioxid. Redox Signal. 6 (2004) 639–647.

[120] A.F. Vanin, A. Huisman, E.E. van Faassen, Iron dithiocarbamate as spin trap for
nitric oxide detection: pitfalls and successes, Methods Enzymol. 359 (2002)
27–42.

[121] A.F. Vanin, A.P. Poltorakov, V.D. Mikoyan, L.N. Kubrina, E. van Faassen, Why
iron-dithiocarbamates ensure detection of nitric oxide in cells and tissues, Nitric
Oxide 15 (2006) 295–311.

[122] A.F. Vanin, L.M. Bevers, V.D. Mikoyan, A.P. Poltorakov, L.N. Kubrina, E. van
Faassen, Reduction enhances yields of nitric oxide trapping by iron-
diethyldithiocarbamate complex in biological systems, Nitric Oxide 16 (2007)
71–81.

[123] L.A. Shinobu, S.G. Jones, M.M. Jones, Sodium N-methyl-D-glucamine dithiocarba-
mate and cadmium intoxication, Acta Pharmacol. Toxicol. (Copenh) 54 (1984)
189–194.

[124] N. Khan, H. Hou, P. Hein, R.J. Comi, J.C. Buckey, O. Grinberg, I. Salikhov, S.Y. Lu, H.
Wallach, H.M. Swartz, Black magic and EPR oximetry: from lab to initial clinical
trials, Adv. Exp. Med. Biol. 566 (2005) 119–125.

[125] J.L. Zweier, A. Samouilov, M. Chzhan, Measurement of nitric oxide with a
solid-state-char EPR probe, J. Magn. Reson. B 109 (1995) 259–263.

[126] C.L. Hawkins, P.E. Morgan, M.J. Davies, Quantification of protein modification by
oxidants, Free Radic. Biol. Med. 46 (2009) 965–988.

[127] J. Cadet, T. Douki, D. Gasparutto, J.L. Ravanat, Oxidative damage to DNA: formation,
measurement and biochemical features, Mutat. Res. 531 (2003) 5–23.

[128] M. Dizdaroglu, Chemical determination of free radical-induced damage to DNA,
Free Radic. Biol. Med. 10 (1991) 225–242.



720 C.L. Hawkins, M.J. Davies / Biochimica et Biophysica Acta 1840 (2014) 708–721
[129] S.S. Fam, J.D. Morrow, The isoprostanes: unique products of arachidonic acid
oxidation–a review, Curr. Med. Chem. 10 (2003) 1723–1740.

[130] A. Reis, C.M. Spickett, Chemistry of phospholipid oxidation, Biochim. Biophys.
Acta 1818 (2012) 2374–2387.

[131] H. Yin, N.A. Porter, New insights regarding the autoxidation of polyunsaturated
fatty acids, Antioxid. Redox Signal. 7 (2005) 170–184.

[132] R.L. Levine, N. Wehr, J.A. Williams, E.R. Stadtman, E. Shacter, Determination of
carbonyl groups in oxidized proteins, Methods Mol. Biol. 99 (2000) 15–24.

[133] P. Moller, Assessment of reference values for DNA damage detected by the
comet assay in human blood cell DNA, Mutat. Res. 612 (2006) 84–104.

[134] C.M. Spickett, A.R. Pitt, Protein oxidation: role in signalling and detection by
mass spectrometry, Amino Acids 42 (2012) 5–21.

[135] J. Zielonka, J. Vasquez-Vivar, B. Kalyanaraman, Detection of 2-hydroxyethidium
in cellular systems: a unique marker product of superoxide and hydroethidine,
Nat. Protocol. 3 (2008) 8–21.

[136] G.G. Borisenko, I. Martin, Q. Zhao, A.A. Amoscato, V.E. Kagan, Nitroxides scav-
enge myeloperoxidase-catalyzed thiyl radicals in model systems and in cells,
J. Am. Chem. Soc. 126 (2004) 9221–9232.

[137] H. Zhao, J. Joseph, H.M. Fales, E.A. Sokoloski, R.L. Levine, J. Vasquez-Vivar, B.
Kalyanaraman, Detection and characterization of the product of hydroethidine
and intracellular superoxide by HPLC and limitations of fluorescence, Proc.
Natl. Acad. Sci. USA 102 (2005) 5727–5732.

[138] M.G. Bonini, C. Rota, A. Tomasi, R.P. Mason, The oxidation of 2′,7′-
dichlorofluorescin to reactive oxygen species: a self-fulfilling prophesy? Free
Radic. Biol. Med. 40 (2006) 968–975.

[139] B. Kalyanaraman, V. Darley-Usmar, K.J. Davies, P.A. Dennery, H.J. Forman, M.B.
Grisham, G.E. Mann, K. Moore, L.J. Roberts III, H. Ischiropoulos, Measuring reac-
tive oxygen and nitrogen species with fluorescent probes: challenges and limi-
tations, Free Radic. Biol. Med. 52 (2012) 1–6.

[140] P. Wardman, Fluorescent and luminescent probes for measurement of oxidative
and nitrosative species in cells and tissues: progress, pitfalls, and prospects, Free
Radic. Biol. Med. 43 (2007) 995–1022.

[141] H. Sang, E.G. Janzen, J.L. Poyer, P.B. McCay, The structure of free radical metabo-
lites detected by EPR spin trapping and mass spectroscopy from halocarbons in
rat liver microsomes, Free Radic. Biol. Med. 22 (1997) 843–852.

[142] E.G. Janzen, R.A. Towner, P.H. Krygsman, Mass spectroscopy and chromatogra-
phy of the trichloromethyl radical adduct of phenyl tert-butyl nitrone, Free
Radic. Res. Commun. 9 (1990) 353–360.

[143] M. Triquigneaux, L. Charles, C. Andre-Barres, B. Tuccio, A combined spin
trapping/EPR/mass spectrometry approach to study the formation of a cyclic per-
oxide by dienolic precursor autoxidation, Org. Biomol. Chem. 8 (2010) 1361–1367.

[144] A. Reis, M.R. Domingues, M.M. Oliveira, P. Domingues, Identification of free rad-
icals by spin trapping with DEPMPO and MCPIO using tandem mass spectrome-
try, Eur. J. Mass Spectrom. (Chichester, Eng.) 15 (2009) 689–703.

[145] B. Tuccio, R. Lauricella, L. Charles, Characterisation of free radical spin adducts of
the cyclic beta-phosphorylated nitrone DEPMPO using tandem mass spectrom-
etry, Int. J. Mass Spectrom. 252 (2006) 47–53.

[146] H. Iwahashi, A. Ikeda, Y. Negoro, R. Kido, Detection of radical species in
haematin-catalysed retinoic acid 5,6-epoxidation by using HPLC-EPR spectrom-
etry, Biochem. J. 236 (1986) 509–514.

[147] H. Iwahashi, C.E. Parker, R.P. Mason, K.B. Tomer, Radical identification of liquid
chromatography/thermospray mass spectrometry, Rapid Commun. Mass
Spectrom. 4 (1990) 352–354.

[148] H. Iwahashi, P.W. Albro, S.R. McGown, K.B. Tomer, R.P. Mason, Isolation and identifi-
cation of alpha-(4-pyridyl-1-oxide)-N-tert-butylnitrone radical adducts formed by
the decomposition of the hydroperoxides of linoleic acid, linolenic acid, and arachi-
donic acid by soybean lipoxygenase, Arch. Biochem. Biophys. 285 (1991) 172–180.

[149] H. Iwahashi, C.E. Parker, R.P. Mason, K.B. Tomer, Radical adducts of nitrosobenzene
and 2-methyl-2-nitrosopropane with 12,13-epoxylinoleic acid radical, 12,13-
epoxylinolenic acid radical and 14,15-epoxyarachidonic acid radical. Identification
byHPLC-EPR and liquid chromatography-thermospray-MS, Biochem. J. 276 (1991)
447–453.

[150] H. Iwahashi, C.E. Parker, R.P. Mason, K.B. Tomer, Combined liquid chromatography/
electron paramagnetic resonance spectrometry/electrospray ionization mass spec-
trometry for radical identification, Anal. Chem. 64 (1992) 2244–2252.

[151] H. Iwahashi, C.E. Parker, K.B. Tomer, R.P. Mason, Detection of the ethyl- and
pentyl-radical adducts of alpha-(4-pyridyl-1-oxide)-N-tert-butylnitrone in
rat-liver microsomes treated with ADP, NADPH and ferric chloride, Free Radic.
Res. Commun. 16 (1992) 295–301.

[152] H. Iwahashi, L.J. Deterding, C.E. Parker, R.P. Mason, K.B. Tomer, Identification of
radical adducts formed in the reactions of unsaturated fatty acids with soybean
lipoxgenase using continous flow fast atom bombardment with tandem mass
spectrometry, Free Radic. Res. 25 (1996) 255–274.

[153] K. Kumamoto, T. Hirai, S. Kishioka, H. Iwahashi, Identification of 1-ethoxyethyl
radicals in the reaction of ferrous ions with serums from rats exposed to diethyl
ether, Toxicol. Lett. 154 (2004) 235–239.

[154] H. Iwahashi, T. Hirai, K. Kumamoto, High performance liquid chromatography/
electron spin resonance/mass spectrometry analyses of radicals formed in an
anaerobic reaction of 9- (or 13-) hydroperoxide octadecadienoic acids with fer-
rous ions, J. Chromatog. A 1132 (2006) 67–75.

[155] S.Y. Qian, Y.R. Chen, L.J. Deterding, Y.C. Fann, C.F. Chignell, K.B. Tomer, R.P.
Mason, Identification of protein-derived tyrosyl radical in the reaction of cyto-
chrome c and hydrogen peroxide: characterization by ESR spin- trapping,
HPLC and MS, Biochem. J. 363 (2002) 281–288.

[156] S.Y. Qian, Q. Guo, G.H. Yue, K.B. Tomer, R.P. Mason, Modification of liquid
chromatography/electron spin resonance andmass spectrometry allows reliable
identification of radical adducts formed from soybean lipoxygenase-derived
peroxidation of polyunsaturated fatty acids, Free Radic. Biol. Med. 31 (Suppl. 1)
(2001) S14.

[157] S.Y. Qian, R.P. Mason, A novel approach charcterizes the radicals formed in lipid per-
oxidation: optimization of chromatography assists adduct identification with ESR
spin-trapping andmass spectrometry, FreeRadic. Biol.Med. 31 (Suppl. 1) (2001) S13.

[158] J.L. Dage, B.L. Ackermann, R.J. Barbuch, R.C. Bernotas, D.F. Ohlweiler, K.D.
Haegele, C.E. Thomas, Evidence for a novel pentyl radical adduct of the cyclic
nitrone spin trap MDL 101,002, Free Radic. Biol. Med. 22 (1997) 807–812.

[159] P. Domingues, M.R. Domingues, F.M. Amado, A.J. Ferrer-Correia, Detection and
characterization of hydroxyl radical adducts by mass spectrometry, J. Am. Soc.
Mass Spectrom. 12 (2001) 1214–1219.

[160] R. Goldman, G.H. Claycamp, M.A. Sweetland, A.V. Sedlov, V.A. Tyurin, E.R. Kisin,
Y.Y. Tyurina, V.B. Ritov, S.L. Wenger, S.G. Grant, V.E. Kagan, Myeloperoxidase-
catalyzed redox-cycling of phenol promotes lipid peroxidation and thiol oxida-
tion in HL-60 cells, Free Radic. Biol. Med. 27 (1999) 1050–1063.

[161] D.C. Ramirez, S.E. Mejiba, R.P. Mason, Immuno-spin trapping of DNA radicals,
Nat. Methods 3 (2006) 123–127.

[162] D.C. Ramirez, R.P. Mason, Immuno-spin trapping: detection of protein-centered
radicals, Current Protocols in Toxicology, John Wiley & Sons, Inc., 2005,
pp. 17.17.11–17.17.18.

[163] D.C. Ramirez, S.E. Gomez-Mejiba, R.P. Mason, Immuno-spin trapping analyses of
DNA radicals, Nat. Protocol. 2 (2007) 512–522.

[164] Q. Guo, C.D. Detweiler, R.P.Mason, Protein radical formation during lactoperoxidase-
mediated oxidation of the suicide substrate glutathione - Immunochemical detec-
tion of a lactoperoxidase radical-derived 5,5-dimethyl-1-pyrroline N-oxide nitrone
adduct, J. Biol. Chem. 279 (2004) 13272–13283.

[165] C.D. Detweiler, L.J. Deterding, K.B. Tomer, C.F. Chignell, D. Germolec, R.P. Mason,
Immunological identification of the heart myoglobin radical formed by hydro-
gen peroxide, Free Radic. Biol. Med. 33 (2002) 364–369.

[166] Y.-Y. He, D.C. Ramirez, C.D. Detweiler, R.P. Mason, C.F. Chignell, UVA-
ketoprofen-induced hemoglobin radicals detected by immuno-spin trapping,
Photochem. Photobiol. 77 (2003) 585–591.

[167] L.J. Deterding, D.C. Ramirez, J.R. Dubin, R.P. Mason, K.B. Tomer, Identification of
free radicals on hemoglobin from its self-peroxidation using mass spectrometry
and immuno-spin trapping: observation of a histidinyl radical, J. Biol. Chem. 279
(2004) 11600–11607.

[168] Y.R. Chen, C.L. Chen, W. Chen, J.L. Zweier, O. Augusto, R. Radi, R.P. Mason, Forma-
tion of protein tyrosine ortho-semiquinone radical and nitrotyrosine from cyto-
chrome c-derived tyrosyl radical, J. Biol. Chem. 279 (2004) 18054–18062.

[169] K. Nakai, R.P. Mason, Immunochemical detection of nitric oxide and nitrogen di-
oxide trapping of the tyrosyl radical and the resulting nitrotyrosine in sperm
whale myoglobin, Free Radic. Biol. Med. 39 (2005) 1050–1058.

[170] M.G. Bonini, A.G. Siraki, B.S. Atanassov, R.P. Mason, Immunolocalization of
hypochlorite-induced, catalase-bound free radical formation in mouse hepato-
cytes, Free Radic. Biol. Med. 42 (2007) 530–540.

[171] S. Bhattacharjee, L.J. Deterding, S. Chatterjee, J. Jiang, M. Ehrenshaft, O. Lardinois,
D.C. Ramirez, K.B. Tomer, R.P. Mason, Site-specific radical formation in DNA in-
duced by Cu(II)-H2O2 oxidizing system, using ESR, immuno-spin trapping,
LC-MS, and MS/MS, Free Radic. Biol. Med. 50 (2011) 1536–1545.

[172] R.A. Towner, N. Smith, D. Saunders, M. Henderson, K. Downum, F. Lupu, R.
Silasi-Mansat, D.C. Ramirez, S.E. Gomez-Mejiba, M.G. Bonini, M. Ehrenshaft, R.P.
Mason, In vivo imaging of immuno-spin trapped radicals with molecular magnetic
resonance imaging in a diabetic mouse model, Diabetes 61 (2012) 2405–2413.

[173] S. Dogan, G. OzlemElpek, E. Kirimlioglu Konuk, N. Demir,M. Aslan,Measurement of
intracellular biomolecular oxidation in liver ischemia-reperfusion injury via
immuno-spin trapping, Free Radic. Biol. Med. 53 (2012) 406–414.

[174] F.A. Villamena, A. Das, K.M. Nash, Potential implication of the chemical properties
and bioactivity of nitrone spin traps for therapeutics, Future Med. Chem. 4
(2012) 1171–1207.

[175] F.A. Villamena, C.M. Hadad, J.L. Zweier, Kinetic study and theoretical analysis of
hydroxyl radical trapping and spin adduct decay of alkoxycarbonyl and
dialkoxyphosphoryl nitrones in aqueous media, J. Phys. Chem. A 107 (2003)
4407–4414.

[176] F.A. Villamena, J.L. Zweier, Superoxide radical trapping and spin adduct decay of
5-tert-butoxycarbonyl-5-methyl-1-pyrroline N-oxide (BocMPO): kinetics and
theroretical analysis, J. Chem. Soc. Perkin Trans. 2 (2002) 1340–1344.

[177] A. Keszler, B. Kalyanaraman, N. Hogg, Comparative investigation of superoxide
trapping by cyclic nitrone spin traps: the use of singular value decomposition and
multiple linear regression analysis, Free Radic. Biol. Med. 35 (2003) 1149–1157.

[178] R. Lauricella, A. Allouch,V. Roubaud, J.C. Bouteiller, B. Tuccio, A newkinetic approach
to the evaluation of rate constants for the spin trapping of superoxide/hydroperoxyl
radical by nitrones in aqueous media, Org. Biomol. Chem. 2 (2004) 1304–1309.

[179] H. Taniguchi, K.P. Madden, An in situ radiolysis time-resolved ESR study of the
kinetics of spin trapping by 5,5-dimethyl-1-pyrroline-N-oxide, J. Am. Chem.
Soc. 121 (1999) 11875–11879.

[180] M.J. Davies, L.G. Forni, S.L. Shuter, Electron spin resonance andpulse radiolysis studies
on the spin trappingof sulphur-centered radicals, Chem. Biol. Int. 61 (1987) 177–188.

[181] W. Bors, C. Michel, K. Stettmaier, Radical species produced from the photolytic
and pulse-radiolytic degradation of tert-butyl hydroperoxide. An EPR spin trap-
ping investigation, J. Chem. Soc. Perkin Trans. 2 (1992) 1513–1517.

[182] C. Anderson Evans, Spin trapping, Aldrichchimica Acta 12 (1979) 23–29.
[183] C. Frejaville, H. Karoui, B. Tuccio, F. le Moigne, M. Culcasi, S. Pietri, R. Lauricella, P.

Tordo, 5-Diethoxyphosphoryl-5-methyl-1-pyrroline N-oxide (DEPMPO): a new
phosphorylated nitrone for the efficient in vitro and in vivo spin trapping of
oxygen-centred radicals, J. Chem. Soc. Chem. Comm. (1994) 1793–1794.



721C.L. Hawkins, M.J. Davies / Biochimica et Biophysica Acta 1840 (2014) 708–721
[184] V. Roubaud, S. Sankarapandi, P. Kuppusamy, P. Tordo, J. Zweier, Quantitative mea-
surement of superoxide generation using the spin trap 5-(Diethoxyphosphoryl)-
5-methyl-1-pyrroline-N-oxide, Anal. Biochem. 247 (1997) 404–411.

[185] G.M. Rosen, P. Tsai, J.Weaver, S. Porasuphatana, L.J. Roman, A.A. Starkov, G. Fiskum,
S. Pou, The role of tetrahydrobiopterin in the regulation of neuronal nitric-oxide
synthase-generated superoxide, J. Biol. Chem. 277 (2002) 40275–40280.

[186] P. Tsai, K. Ichikawa, C. Mailer, S. Pou, H.J. Halpern, B.H. Robinson, R. Nielsen, G.M.
Rosen, Esters of 5-carboxyl-5-methyl-1-pyrroline N-oxide: a family of spin traps
for superoxide, J. Org. Chem. 68 (2003) 7811–7817.

[187] P. Schmid, K.U. Ingold, Rate constants for spin trapping. Primary alkyl radicals,
J. Am. Chem. Soc. 99 (1977) 6434–6435.
[188] G. Durand, F. Choteau, B. Pucci, F.A. Villamena, Reactivity of superoxide radical
anion and hydroperoxyl radical with alpha-phenyl-N-tert-butylnitrone (PBN)
derivatives, J. Phys. Chem. A 112 (2008) 12498–12509.

[189] K.P. Madden, H. Taniguchi, An in situ radiolysis time-resolved electron spin res-
onance study of 2-methyl-2-nitrosopropane spin trapping kinetics, J. Am. Chem.
Soc. 113 (1991) 5541–5547.

[190] O. Ito, M. Matsuda, Kinetic study for spin-trapping reactions of thiyl radicals
with nitroso compounds, J. Am. Chem. Soc. 105 (1983) 1937–1940.

[191] W. Bors, K. Stettmaier, Determination of rate constants of the spin trap
3,5-dibromo-4-nitrosobenzenesulfonic acid with various radicals by pulse radi-
olysis and competition kinetics, J. Chem. Soc. Perkin Trans. 2 (1992) 1509–1512.


	Detection and characterisation of radicals in biological materials using EPR methodology
	1. Introduction
	2. General principles of EPR spectroscopy
	3. Direct EPR detection of reactive radicals in vivo and ex vivo
	4. Direct EPR detection of transition metal ions in vivo and ex vivo
	5. Spin trapping of reactive radicals in vivo and ex vivo
	5.1. General principles
	5.2. Kinetics of adduct formation and decay
	5.3. Potential transformations of spin trap and adducts
	5.4. Pharmacokinetics of trap and adducts
	5.5. Toxicity
	5.6. Aids to spectral analysis

	6. Spin scavenging of reactive radicals in vivo and ex vivo
	7. Spin trapping of nitric oxide (NO)
	8. Complementary techniques that can be used together with EPR to provide additional data
	9. Constraints and pitfalls of using EPR
	Acknowledgements
	References


