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Singlet oxygen detection in biological systems: Uses and limitations
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ABSTRACT
The study of singlet oxygen in biological systems is challenging in many ways. Singlet oxygen is a relatively
unstable ephemeral molecule, and its properties make it highly reactive with many biomolecules, making
it difficult to quantify accurately. Several methods have been developed to study this elusive molecule,
but most studies thus far have focused on those conditions that produce relatively large amounts of
singlet oxygen. However, the need for more sensitive methods is required as one begins to explore the
levels of singlet oxygen required in signaling and regulatory processes. Here we discuss the various
methods used in the study of singlet oxygen, and outline their uses and limitations.
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Singlet oxygen is a highly reactive form of Reactive Oxygen
Species (ROS), which preferentially interacts with most biomo-
lecules such as lipids, proteins, and DNA/RNA, with a prefer-
ence for electron rich regions which imparts a form of
selectivity to its interaction. Previous studies of singlet oxygen
production under physiological conditions in plants stem from
3 main sources; by using photosensitizers such as Rose Bengal,1

by stimulation of photoinhibition through a combination of
light stress and inhibitors of electron transport such as DCMU
and DMBIB,2 and by using singlet oxygen generating mutant
lines such as flu and Ch1.3,4 These produce copious amounts of
singlet oxygen in the light. Intriguingly, singlet oxygen produc-
tion was observed also in the dark, independent of chlorophyll,
and was stimulated by wounding, dehydration and flagellin 22
elicitor treatments, in root tip cells of Arabidopsis.5 This raises
the question about the possible sources of [dark] singlet oxygen
and the need to measure low levels.

In our recent paper, we characterized the formation of singlet
oxygen and cell death under dehydration stress in the dark in
Arabidopsis, as well as by photodynamic means.6 In the course
of this work, we investigated various methods that are presently
being used to study singlet oxygen in biological systems. These
measurements are challenging as the amount of singlet oxygen
being produced in the dark is very low. By EPR spectroscopy it
was estimated to be about 1 nmol gFW¡1 min¡1, which is much
smaller than that observed in photoinhibited chloroplasts7 or in
DCMU/high-light treated plants.8 In such circumstances, it is
important to utilize methods that are sensitive enough to detect
low levels of singlet oxygen, and also to improve the sensitivity
of current methods. An indirect method uses qRT-PCR of tran-
scripts activated by singlet oxygen. More direct methods include
using probes that interact directly with singlet oxygen e.g. quali-
tative observation of fluorescent probe Singlet Oxygen Sensor
Green (SOSG), or by quantitative EPR spectroscopy with spin

traps that form stable radicals with singlet oxygen. This sum-
mary will highlight these methods and other approaches, to pro-
vide specific insights on their uses and limitations.

SOSG

SOSG reacts with singlet oxygen to produce SOSG endoperox-
ides (SOSG-EP). The formation of the endoperoxide exposes a
fluorescein fluorophore. SOSG was characterized previously to
be a sensitive and specific probe for singlet oxygen,9 being able
to detect at least levels of singlet oxygen produced by nanomo-
lar concentrations of the photosensitizer Rose Bengal,10 and
based on the literature, appears to be the probe of choice when
studying singlet oxygen. However, it has been observed that
SOSG can be subjected to self-activation when exposed to spe-
cific wavelengths of light, indicating that careful use of this
probe and proper controls are necessary to obtain meaningful
results.11 The first issue lies with the direct conversion of the
anthracene quencher moiety into the endoperoxide form when
stimulated with strong laser light at 420–440 nm. This is
important to consider when other fluorophores such as CFP
are being studied within the same system, and the appropriate
lasers and fluorophores should be applied accordingly. A sec-
ond and more prevalent issue lies with the excitation of the
fluorescein molecule of SOSG at 530 nm, which can transfer its
energy to an oxygen molecule and generate singlet oxygen.
Thus once SOSG is activated, a self-propagating singlet oxygen
cycle may be initiated.12 The use of low laser excitation energy
can serve to minimize the reaction but it means that SOSG
should not be used to quantify singlet oxygen production,
although qualitative measurements under controlled conditions
are valid. Another issue is its intracellular localization. No ester
derivatives are available that aid in sequestration of SOSG
within the cell so that incubation times of at least 20 min at a
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relatively high concentration of 100 mM was found to be neces-
sary. Once in the cell and activated, SOSG-EP can be detected
in most organelles.5

EPR spectroscopy

EPR spectroscopy detects compounds with unpaired elec-
trons. The direct measurement of singlet oxygen is difficult
due to its extremely short half-life (»4 ms in water). Spe-
cific spin traps were developed that react with singlet oxy-
gen to form a stable nitroxide radical which can be
measured using EPR.13 The theoretical limit of detection of
EPR in a Bruker ELEXSYS E500 spectrometer has a rough
concentration sensitivity limit of 4.0 £ 10¡12 mol. However,
when working with biological samples, several key consider-
ations have to be addressed. Firstly, the presence of water
causes an attenuation of the EPR signal to a working limit
of about 1 £ 10¡9 mol.14 In order to further improve the
EPR signal to noise ratio, extraction methods have to be
developed to separate the EPR responsive radical portion
from its aqueous environment. Secondly, many biomole-
cules can interact with the spin traps. Hence, it is useful to
check if modifications to the trap have occurred.

Thirdly, the amount of spin trap penetration into tissue is an
important consideration, and one should note that not all spin
traps function optimally at physiological pH. For example,
some of the piperidine based spin traps, such as 2,2,6,6-tetra-
methylpiperidine (TEMP), and 2,2,6,6-tetramethylpiperidinol
(4-hydroxy-TEMP), used frequently for singlet oxygen studies
function optimally at pH 11, with sensitivity decreasing with
pH.15 The sensitivity to pH of 4-hydroxy-TEMP is illustrated
in Fig. 1. Thus, under these conditions at physiological pH
7 the probe works at about 10% of its potential rate. It is useful
to account for this when selecting a spin trap to use, for exam-
ple in cytosolic versus apoplastic or thylakoid membrane sur-
face studies.16 Fourthly, the specificity and sensitivity of the
spin trap plays a role in determining if a usable signal to noise
ratio can be accomplished. The 4-hydroxy-TEMP spin trap was

shown to produce an EPR signal of several folds higher than
TEMP in photodynamic activation of rose bengal.10

One common modification that can occur to spin traps in
plant tissue is reductive or oxidative changes that render them
[EPR silent].17,18,19 In our protocol, we utilized EDTA and
N-ethyl maleimide (NEM) in the extraction buffer to curb vari-
ous side reactions that could occur through enzymes, metal
ions or sulfhydryl groups.6,17 In Fig. 2, we introduced the stable
radical form of the 4-hydroxy-TEMP spin trap (4-hydroxy-
TEMPO) to Arabidopsis seedlings, and showed that the addi-
tion of EDTA and NEM to the extraction buffer improved the
signal to noise ratio. In the past decade, methods have been
developed that have combined EPR spectroscopy with LC-MS
techniques, which have proven to be powerful tools in studying
and quantifying the formation of various spin trap-organic rad-
ical adducts. These methods are especially useful due to their
great resolution of intracellular processes and their ability to
measure EPR silent species.20,21,22. In summary, the amounts of
singlet oxygen measured will depend on the type of spin trap
used and the conditions of its use.

Lipid peroxidation

Lipid peroxidation is a downstream indirect effect of ROS forma-
tion, and lipid radicals have been suggested to play roles in cell sig-
naling.23 As such, various methods of lipid peroxidation have been
used as a proxy for measuring general ROS production. The sim-
plest procedure is the Thiobarbituric (TBA) assay that uses 2-thio-
barturic acid to form an adduct with Malondialdehyde (MDA), a
downstream product of oxidized lipids. This adduct can then be
measured via colorimetric or fluorometric means.24 The method is
non-specific, as various ROS can cause lipid peroxidation. How-
ever, applying combined chromatographic and mass spectrometry
techniques can serve to improve the resolution of MDA based
analyses.25

High-performance liquid chromatography-electrospray ioni-
zation-tandem mass spectrometry allows for the discrimination
between free radical (type I)- and singlet oxygen (1O2; type II)-
mediated lipid peroxidation (LPO) signatures by using hydroxy

Figure 1. Sensitivity of the 4-hydroxy-TEMP spin trap to pH. Four-hydroxy-TEMP
(50 mM) was prepared in buffers of varying pH: pH 6, (MES); pH 7, (Potassium
phosphate); pH 8, (Tris-HCl); pH 9, (Glycine); pH 10 CAPS, pH 11, (water), with and
without addition of 100 mM rose bengal and then exposed to light (1000 mE) for
5 min.

Figure 2. Effect of various extraction buffers on the EPR signal after incubating
Arabidopsis seedlings with 4-hydroxy-TEMPO radical. Arabidopsis seedlings
(2 week old) were incubated with 500 mM 4-hydroxy-TEMPO radical for 30 min,
washed thoroughly with DDW, and then flash frozen. For extraction, Ethanol (75%)
was supplemented with: DDW, 10 mM EDTA, 20 mM N-ethylmaleimide, or a com-
bination of EDTA and NEM as indicated.
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fatty acids (HOTEs) as specific reporters of interaction with sin-
glet oxygen.26 Enzymatic and non-enzymatic sources of lipid
peroxidation can be resolved by this method.27 This method was
used to show singlet oxygen production under various stress
conditions including high light stress, methyl viologen treat-
ment, drought,28 pathogen infection,29 and also with singlet oxy-
gen producing flu and Ch1 plants.4,30 The measurements were
particularly effective when applied to treatments that elicit a
strong response and over the scale of hours or days. Indeed,
under the photorespiratory stress conditions being tested, anti-
oxidant deficient mutant plants such as catalase, xanthophyll
and tocopherol were particularly effective in enhancing the
response.4,26 The technique was also sensitive enough to mea-
sure the effects of wounding and high light stress, although in
this case only total HOTE content was measured.31

Ultra-weak photon emission

A direct method to study singlet oxygen in vitro is to measure
the weak photon emission directly emitted during the decay of
singlet oxygen at 1270 nm.32,33 This method has been further
developed to study singlet oxygen in various biological systems,
including plants, which has provided a useful and specific tool
to monitor singlet oxygen production.34 Most of these analyses
focused on singlet oxygen production at the surfaces of cells35

or isolated organelles,36 or via the addition of photosensi-
tizers.37,38 However, due to the exceptionally weak photon
emission, it is difficult to detect signals that are emanating from
within the cell, firstly simply due to light scattering by biologi-
cal materials, which can reduce 1270 nm light penetration by
95%.35 This is further compounded by the extremely low quan-
tum yield of singlet oxygen phosphorescence (Fp) in water
which is close to 5 £ 10¡7, the short lifetime of singlet oxygen
of »4 ms in water, as well as the myriad of biological molecules
that can scavenge singlet oxygen.39 At the current state of the
art, detection of endogenous singlet oxygen from chloroplasts
in vivo via this technique was recently described as ‘a tall
order’.40

Oxidation of other biomolecules can lead to the release of
photons at other wavelengths.41 These emissions are: (1) triplet
excited carbonyl in the near UVA and blue–green areas (350–
550 nm), (2) singlet and triplet excited pigments in the green–
red (550–750 nm) and red-near IR (750–1000 nm) areas, respec-
tively and (3) collision of 2 1O2 (dimol emission) in the red (634
and 703 nm) and near IR (1270 nm) areas.42 Using a combina-
tion of different filters to monitor specific wavelengths of photon
emission generated under various stress conditions, it was possi-
ble to characterize several properties of photon emission gener-
ated in both in vitro and in vivo systems.31,43 In further
advances, the technique has been expanded to include visualiza-
tion of spontaneous photon emission in microbial and animal
cells, and also live animals and in humans.44,45 Hence, the tech-
nique requires attention to the types of ROS one is trying to mea-
sure, and the types of filters used. Importantly, the delayed
fluorescence of chlorophyll, and the reaction of radical carbonyl
groups with chlorophyll, can cause possible confounding factors
in the data analysis and necessitates pre-incubation in the dark
to allow for relaxation of the chlorophyll fluorescence.41,43

Real time quantitative PCR

Measuring the accumulation of specific transcripts by real time
qPCR can serve as an indirect means to detect the ephemeral
presence of singlet oxygen. By virtue of accumulated work
using microarray or RNAseq experiments5,46,47 and Genevesti-
gator databases, it has been possible to identify gene markers
selective for specific ROS like singlet oxygen. Indeed, many abi-
otic and biotic stresses show correlation with transcripts that
appear in the light-sensitive flu mutant as a result of photody-
namic singlet oxygen production.5 This technique was com-
bined with time course and concentration dependent studies to
provide a set of specific marker genes. We showed that tran-
scripts correlated with singlet oxygen, and not other ROS, such
as superoxide and hydrogen peroxide, were induced under
acute dehydration stress in the dark. The transcript induction
levels were comparable to singlet oxygen produced photody-
namically by rose bengal and acridine orange.6 Rose bengal was
shown in vitro to have an approximately 2.5-fold higher singlet
oxygen yield than acridine orange (Ito, 1978), and that differ-
ence appears to be correlated to the gene expression levels.
However, one cannot reliably correlate the strength of tran-
script accumulation and singlet oxygen production between
rose bengal and acridine orange as they accumulate in different
subcellular areas; the cell periphery and vacuole, respectively .6

The use of real-time qPCR with the appropriate genes extends
the sensitivity of the measurements.6 The observation that cer-
tain genes display a marked sensitivity to singlet oxygen that
are estimated by our measurements to be nanomolar quantities,
indicates that singlet oxygen seems to be a very potent signaling
factor.

Conclusions

Singlet oxygen appears to affect the cell in a localization and
dose dependent manner.48,49 When the amount of singlet oxy-
gen is high enough to overload cell scavenging systems, the cell
suffers cytotoxic damage and undergoes a rapid necrosis like
cell death.50 At lower levels, singlet oxygen appears to trigger a
programmed cell death type response.51 Much more remains to
be understood about the role of singlet oxygen in the cell. In
order to investigate the functions of this fascinating molecule at
physiological concentrations, methods have to be developed
and refined to provide reliable and accurate sources of informa-
tion. Ideally, the improvements in specificity and sensitivity
would be coupled with elucidation of the underlying biology.
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