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Radical ions of organic dyes are highly reactive species and have been studied for decades by transient
absorption spectroscopy and pulse radiolysis experiments in oxygen-depleted solution. Here we show
by continuous wave EPR, absorption, and fluorescence experiments that the triplet state of rhodamine
dyes can be photoreduced by thiols to form stable radical anions in aqueous solution with a lifetime of
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up to several hours. Our data demonstrate that reduction of the triplet state and photoinduced
oxidation of reactive intermediates by oxygen represents a general mechanism for reversible
photoswitching of dyes in aqueous thiol-containing solutions highlighting the key role of molecular
oxygen for super-resolution fluorescence imaging. Since cells contain the thiol glutathione at millimolar
concentrations and reactive oxygen species are formed as side products our findings are of consequence

for live cell fluorescence microscopy.

Introduction

Carbon-based free radicals are trivalent compounds with one
unpaired electron in an open shell configuration. Radicals play
an important role in combustion, atmospheric chemistry, polymer-
ization, plasma chemistry, biochemistry, and many other chemical
processes, including human physiology.! Although generally short-
lived due to their reactivity, some organic radicals are relatively
stable because of the delocalization of the unpaired electron in a
conjugated 7 system. The first free radical, triphenylmethyl, was
prepared by Gomberg more than 100 years ago by homolysis of
triphenylmethyl chloride by a metal.*> Triphenylmethyl is stable
because the free electron is delocalized and the radical center is
shielded by three phenyl groups making it difficult for the radical
to react with other molecules. Since triphenylmethyl is rather
unreactive, a solution of the radical usually survives for several
days in the absence of oxygen. Such stable radicals can be easily
detected by continuous wave electron paramagnetic resonance
(EPR) spectroscopy.®™

Free radicals of organic dyes can be produced in a photoinduced
process by excited state reactions with suitable electron donor
or acceptor molecules. Rhodamine dyes, for example, are widely
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used as labels in fluorescence microscopy applications and produce
the corresponding non-fluorescent semi-reduced form much more
easily than the semi-oxidized form upon photoinduced electron
transfer with suitable electron donors.®” Free radicals of organic
dyes are usually short-lived (micro- to millisecond lifetimes)
and are therefore studied by transient absorption spectroscopy
and pulse radiolysis experiments in oxygen-depleted solutions.®**
Since the photostability of fluorescent dyes sets detection limits,
especially in single-molecule sensitive fluorescence microscopy
applications, and ionized dye species are involved in major pho-
tobleaching pathways, their controlled formation and prevention
attracted considerable interest in recent years.'**

In most photostability improvement concepts the triplet state
of the dye is quenched upon reduction or oxidation by suited
electron donors or acceptors and a radical ion is formed. The
singlet state of the dye is then restored by a second complementary
redox reaction. Controlling the oxidation and reduction pathways
through buffer conditions termed ROXS (reducing and oxidizing
system) has been used successfully to reduce photobleaching of
dyes.’>'¢ The photoinduced formation of charged intermediates
plays also a vital role in photobleaching, photoconversion (e.g.
oxidative ‘redding’), and reversible photoswitching of fluorescent
proteins.'” Furthermore, charged intermediates of fluorophores
are likewise the key for several single-molecule-based super-
resolution imaging methods.”* However, the experimental ver-
ification of the involvement of dye radicals in photobleaching
pathways and single-molecule photoswitching methods is still
challenging due to the high reactivity of free radicals at room
temperature in aqueous solution. Driven by the importance of
radical formation for reversible photoswitching, photobleaching
and photoconversion of fluorescent dyes we performed an EPR,

This journal is © The Royal Society of Chemistry and Owner Societies 2011

Photochem. Photobiol. Sci., 2011, 10, 499-506 | 499


http://dx.doi.org/10.1039/c0pp00317d
http://dx.doi.org/10.1039/c0pp00317d
https://doi.org/10.1039/c0pp00317d
https://pubs.rsc.org/en/journals/journal/PP
https://pubs.rsc.org/en/journals/journal/PP?issueid=PP010004

Open Access Article. Published on 10 December 2010. Downloaded on 3/1/2026 12:38:18 AM.

View Article Online

A
F,
kisc
A
°F
o Kk (RSH/RS)
=
B
0.4 03 -
Time after
. irradiation (h)
o %% @ ‘
o O 0.24
c c
@ ©
2 021 Qo
[e] o
3 3
< < 0
0.14
0.01— : T 0.04— ; T
300 400 500 300 400 500 600
Wavelength (nm) Wavelength (nm)
D E
1.04 — Prior irr. 101 Alexa 488
o © o
1 c /\ 1
5 .(‘,2)’ 5 054
£ £
© ©
0.0
) )
)] 7}
o 05 o o5l
o a
i} i}
-1.04
0 50 100 3470 3480 3490 3500

Time (s) Magnetic field (G)

Fig. 1 Reaction scheme, absorption, and EPR spectra of stable rhodamine radicals. (A) The dye is excited with rate k.., fluoresces with k;, or enters
the triplet state °F) dependent on its intersystem crossing rate k.. The triplet state of the fluorophore can react with oxygen (k’;.(O,)) to repopulate the
singlet ground state F, and produce singlet oxygen 'O,, or react with the thiol with rate k',.o(RSH/RS") to form the semireduced dye radical (F*) and the
thiyl radical (RS"). The semireduced dye radical can react with oxygen to repopulate the fluorescent singlet state with rate k.,(O,). (B) Absorption spectra
of an aqueous Alexa Fluor 488 solution containing 100 mM MEA, pH 9.3 before and after irradiation at 488 nm for 5 min. The radical anion exhibits
an absorption maximum at 396 nm with an extinction coefficient of ¢ = 5.1 x 10* 1 mol™' em™. (C) Absorption spectra of Alexa Fluor 488 measured in a
sealed cuvette with time after photoreduction. The lifetime of the radical anion was determined to be about seven hours. (D, E) EPR spectra and time
dependent behavior of the signal of a 10~ M aqueous solution of Alexa Fluor 488 in the presence of 100 mM MEA, pH 9.3 after irradiation at 488 nm
for several minutes. The exponential decay of the EPR signal reveals a radical lifetime of ~100 min in non-sealed EPR capillary tubes. The pH of the
solution was increased to 9.3 to facilitate photoreduction. The radical anion disappears immediately upon purging of the capillary with air.

absorption, and fluorescence spectroscopy study starting with the
most commonly used rhodamine derivatives (most Alexa Fluor-
and ATTO-dyes).

Materials and methods

The switching characteristics of thiazine, oxazine and rho-
damine fluorophores were analyzed at the ensemble level us-
ing UM concentrated dye solutions containing 10-200 mM

B-mercaptoethylamine (MEA-HCI; Sigma) in standard glass
cuvettes (50-500 pL; Hellma, Germany). The pH-value was
adjusted with KOH. Photoswitching experiments were carried
out in a custom-made cuvette holder using laser irradiation at
405 (Cube 405-100C; Coherent, Santa Clara, CA) and 488,
514, 568, and 647 nm provided by an argon-krypton laser
(Innova 70C, Coherent) and fluorescence detection by a fiber
optic spectrometer (Ocean Optics, USB2000). The argon-krypton
laser lines were selected by an acousto-optical transmission filter
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(AOTF; AAOptics, Paris, France) and optionally combined with
405 nm using a dichroic beam splitter. Absorption spectra were
recorded with a standard absorption spectrometer (Lambda
25, PerkinElmer, USA). For recording the radical anions via
absorption spectroscopy (Fig. 1 and S2, ESIf), 500 uL cuvettes
were completely filled with uM dye solution containing MEA.
Prior to measurement the cuvette was covered with a small glass
slice, sealed with nail polish and completely irradiated for 2—10 min
with 100-500 mW cm™. For photoswitching experiments as shown
in Fig. 2 and Fig. 5 50 puL cuvettes containing 50 uL of a uM dye
solution were used to ensure that the whole volume was irradiated.
Standard fluorescence spectra were recorded with a fluorescence
spectrometer (FluoSpec: Cary Eclipse, Varian, USA).
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ATTO dyes (ATTO 488, ATTO 532, ATTO 565, ATTO 655,
ATTO 680) were purchased from ATTO Tec GmbH (Siegen,
Germany), Alexa Fluor dyes (Alexa 488, Alexa 532, Alexa 568)
as well as Rhodamine 6G and Rhodamine 123 from Invitrogen
GmbH (Darmstadt, Germany), and Dy505 and Dy530 from
Dyomics GmbH (Jena, Germany). Methylene blue was purchased
from Sigma Aldrich (St. Louis, USA).

X-Band (9.54 GHz) cw-EPR measurements were performed
at room temperature using a Bruker E500 spectrometer equipped
with a TE102 cavity. Experimental parameters were set at 100 kHz
modulation frequency, 5 Gauss modulation amplitude (1 Gauss
for the rhodamine 6G sample), 1 mW microwave power, 40.96
ms time constant, 40.96 ms conversion time, 1024 points, 60-80 G
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Fig. 2 Reversible photoswitching of rhodamine dyes. Alexa Fluor 488 in the presence of 100 mM MEA at pH 7.4 (A-D) and pH 9.3 (E, F). (A)
Irradiation of Alexa Fluor 488 at 488 nm with an excitation intensity of 650 mW cm™. The fluorescence was recovered by gently agitating the solution
to dissolve oxygen from the headspace of the cuvette. (B) Alternating irradiation at 488 nm (650 mW c¢cm) and 405 nm (50 mW cm) without agitating,
i.e. without oxygen balancing. (C) Direct comparison of the fluorescence decrease measured in the presence (black) and absence (red) of additional
oxygen dissolved from the headspace. The delay in fluorescence decrease demonstrates that oxygen first has to be consumed before stable rhodamine
radicals are formed. (D, E) To extract the photoswitching rate k,; the cuvette was irradiated at 488 nm and the decrease in fluorescence intensity was
monitored between 520-550 nm. The decay curve can be approximated by a monoexponential function. (D, F) The photoswitching rate k,, was obtained
by simultaneously irradiating the sample at 405 nm and at 488 nm (135 mW c¢m™) fitting the increase in fluorescence intensity by an exponential growth
model. k. and k,, show a linear dependence on excitation intensity in the range of 60-340 and 1-28 mW cm2, respectively. Error bars represent standard
deviations of 5 measurements.

This journal is © The Royal Society of Chemistry and Owner Societies 2011 Photochem. Photobiol. Sci., 2011, 10, 499-506 | 501


https://doi.org/10.1039/c0pp00317d

Open Access Article. Published on 10 December 2010. Downloaded on 3/1/2026 12:38:18 AM.

View Article Online

sweep width, typically 1-4 scans. In order to investigate the lifetime
of created radicals, we performed 2D experiments, in which field
sweep was kept on x-axis and time was varied on y-axis. Sweep time
for individual field sweep was 41 s with usually 50-100 slices in the
time domain. The EPR signal was recorded as the first derivative
of the absorption signal. The radical lifetime was then determined
by fitting the decrease of the signal intensity over time applying
an exponential decay function. Individual samples of 20 pL of
mixtures containing 30—100 uM dye solution and 5-200 mM MEA
were placed into quartz EPR tubes with 1 mm inner diameter
and spectra were recorded prior and after irradiation with laser
light of appropriate wavelength. To facilitate sample purging with
air, the solution was transferred to Eppendorf safe-lock tubes
using a Hamilton syringe, flushed briefly with air and returned
into the EPR tube. With the purpose of resolving the hyperfine
interaction of the stable organic radical induced by illumination
of the fluorophore, we reduced the modulation amplitude to 0.1 G,
increased the number of accumulated scans to 10, and decreased
the sweep width to 30 G.

Subdiffraction fluorescence imaging according to the SSTORM
principle was performed as described earlier.”® Briefly, an in-
verted microscope (Olympus IX-71; Olympus, Japan) in total
internal reflection fluorescence (TIRF) configuration equipped
with an oil-immersion objective (60x, NA 1.45, Olympus) was
used. Wavelengths at 641 nm (Cube 640-100C; Coherent),
488 nm (Sapphire 488 LP; Coherent, USA) and 405 nm (Cube
405-100C; Coherent) were sequentially combined by dichroic
mirrors (LaserMUX; AHF Analysentechnik, Germany; HC
410/504/582/669; Semrock, Rochester, NY), and focused onto
the back focal plane of the microscope lens. The fluorescence
light in the detection path was filtered using a bandpass filter
(HQ 535/50 or ET700/75; AHF Analysentechnik), before be-
ing projected on an electron-multiplying CCD camera (Andor
Ixon DV897; Belfast, Northern Ireland, UK). Additional lenses
were used to generate a final resolution of 91 nm per pixel.
Reconstructed dSTORM images were generated from widefield
microscopy images using the rapid>’STORM software (Picoquant,
Berlin, Germany). Spots appearing too wide or too elliptical,
as well as spots with a fluorescence signal containing less than
500 or more than 3000 photons were discarded from further
analysis.

COS-7 and U373 cells were grown at 37 °C and 5% CO, in
DMEM high glucose medium (Gibco) supplemented with 10%

FCS (Gibco). Cells were plated in LabTek eight well chambered
coverglass (Nunc). After 12-24 h, cells were fixed using 3.7%
paraformaldehyde in PBS for 10 min. The fixed cells were washed
with PBS, permeabilized (PBS containing 0.5% v/v Triton X-100)
for 10 min, and treated with blocking buffer (PBS containing
5% w/v BSA (Bovine Serum Albumin; Sigma) for 30 min. For
actin staining (Fig. 3) cells were incubated with Alexa Fluor 488
Phalloidin (A12379; Invitrogen) for 60 min at a concentration of
10®* mol L' followed by three washing steps using PBS containing
0.1% v/v Tween 20 (Sigma). Prior to dSTORM measurements
cells were embedded in 0.2 M carbonate buffer supplemented with
B-mercaptoethylamine (MEA, Sigma) with a final concentration
of 100 mM MEA at pH 8.

Results and discussion
Photoinduced formation of stable rhodamine radicals

In order to understand the photophysics of rhodamine dyes the
redox reactivity has to be considered. With reduction potentials
varying between E° = — 0.90 V and E° = — 0.70 V vs. SCE’
rhodamine derivatives exhibit a pronounced electron affinity and
are efficiently quenched by potent electron donors such as tryp-
tophan and guanosine with one-electron oxidation potentials E,,
between 0.6 V and 1.3 V versus SCE.*** As compared to aromatic
amines, thiol compounds such as B-mercaptoethylamine (MEA)
or glutathione (GSH) are weaker electron donors at neutral pH.?*
Therefore, thiol (RSH/RS™) concentrations 250 mM and pH
values >8 are required to noticeably quench the first excited singlet
state of rhodamine dyes with a lifetime of a few nanoseconds. The
triplet state of rhodamine derivatives, however, exhibits lifetimes
in the microsecond range in aqueous buffer®**?”** and is therefore
already quenched by millimolar concentrations of MEA and GSH
at pH ~ 8. Accordingly, photo-reduction of the rhodamine Alexa
Fluor 488 by thiols in aqueous solutions can be described by
the scheme shown in Fig. 1. The photoreaction is initiated by
intersystem crossing from the excited singlet state to the triplet
state. In the presence of molecular oxygen the triplet state is
efficiently quenched via energy transfer from the dye triplet to
triplet oxygen to produce singlet molecular oxygen.” The thiol
competes with molecular oxygen in triplet quenching, naturally
present at 200-250 uM concentration in aqueous solvents at room
temperature, forming the thiyl and dye radical (Fig. 1).

488 nm * 405 nm

Fig. 3 The effect of direct excitation of rhodamine radical anions. Super-resolution imaging of actin filaments in U373 cells with Alexa Fluor 488
phalloidin according to the ISTORM concept®*’. Photoswitching of Alexa Fluor 488 was performed in 100 mM MEA (pH 8.0) at room temperature
exciting at 488 nm with an excitation intensity of 5 kW cm™ and a frame rate of 60 Hz. (A—C) Demonstration of the influence of additional excitation
at 405 nm with 0.1 kW cm™ on the number of rhodamine dyes residing in their fluorescent on-state. (D) Reconstructed /STORM image. The lower left
part shows the conventional widefield image to emphasize the improvement in resolution.
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Table 1 Absorption maxima and extinction coefficients of rhodamine
dyes (A, €) and their radical anions (A.q, &.¢) measured in aqueous
solution

Dye Amx/M &/Lmol™ cm™  A,4/nm  &,4/L mol™ cm™
Alexa Fluor 488 491 71000 396 51000
Dy 505 500 80000 386 33000
Rhodamine 123 500 101000 386 42000
ATTO 488 501 90000 400 47000
Rhodamine 6G 526 105000 422 38000
ATTO 532 532 115000 420 53000
ATTO 565 564 120000 432 28000

Values were determined from data shown in Fig. 2 and S2 and do not
consider reversible follow up reactions.

The produced thiyl radicals (RS") scavenge molecular oxygen
as well. The main reactions of thiyl radicals in aqueous solution
are conjugation with thiols or thiolates (RS + RS~ <> RSSR™),
dimerization (RS* + RS* — RSSR) to the corresponding disulfides
or reaction with molecular oxygen (RS* + O, — RSOO"). The free
radical reactions can generate superoxide radicals (RSSR*- + O,
— RSSR + 0,7) and hydrogen peroxide (O, + O, + 2H* —
H,0, + 0,).3*

In summary a consequence of the reaction mechanism is oxygen
consumption by ‘quenching’ of the triplet, dye radical, and thiyl
radical. Thus, with proceeding irradiation of an aqueous solution
of a rhodamine dye in the presence of thiols, oxygen is consumed
and the radical anion is formed with an efficiency limited by
the amount of residual oxygen present in the sample. Upon
re-dissolving oxygen, e.g. by shaking a cuvette with air-filled
headspace, the radical anion is immediately oxidized (Fig. 1, S27).

Irradiation of an aqueous solution of rhodamine dyes in the
presence of 100 mM thiols (e.g. MEA or GSH) induces the forma-
tion of stable radical anions with lifetimes of minutes to several
hours at room temperature in standard non-sealed EPR capillary
tubes (Fig. 1D, 1E, and S1). Transient absorption spectroscopy
and pulse radiolysis with nitrogen saturated aqueous solutions (pH
7) already showed that the radical anion of different rhodamine
dyes exhibit absorption maxima at 380-430 nm with an extinction
coefficient of 4.2 x 10* I mol™ cm™ at 420 nm (as measured for
rhodamine B) and a lifetime of several tens of milliseconds.®*?’
We now found that all rhodamine dyes investigated in this study
(Alexa Fluor 488, Alexa Fluor 532, Alexa Fluor 568, Rh 123,
Rh 6G, Dy 505, Dy 530, ATTO 488, ATTO 532, ATTO 565)
form stable radical anions upon irradiation in the presence of
thiols with lifetimes prolonged by three to six orders of magnitude
and absorbing at 380-430 nm (Table 1, Fig. 1 and S1-S3). The
absorption maxima, extinction coefficients and EPR spectra with
partially resolved hyperfine interaction unequivocally demonstrate
the formation of stable dye radicals in aqueous solution. This result
is intriguing and surprising at the same time since rhodamine dyes
have been investigated extensively for decades without any study
having uncovered the formation of such stable dye radicals.

The process of photo-reduction (by irradiation in the presence
of thiols) and oxidation (by re-dissolving molecular oxygen)
is reversible and can be repeated over many cycles for most
rhodamine dyes with only minimal irreversible photodestruction
(Fig. 2). In addition, photo-excitation of the radical anion at
405 nm induces recovery of the fluorescent form without any

oxygen being required (Fig. 2). The production and quenching
of dye radicals can thus occur in a photoinduced process and
be related to a fluorescent off and on state. The first order rate
constants for off- and on-switching (k. and k,,, respectively)
follow a linear dependence on the excitation intensities. While k,
is controlled by the singlet-state excitation intensity (for Alexa 488
at 488 nm), the intersystem crossing yield, and the concentration
of thiolate, k., is determined by the radical excitation intensity (for
Alexa Fluor 488 at 405 nm) and the concentration of molecular
oxygen.

Since the photoswitching rates and lifetimes of the underlying
fluorescent and non-fluorescent radical state can be fine adjusted
by the irradiation intensity of two different laser beams, stable dye
radicals are of great significance for super-resolution fluorescence
imaging based on single-molecule localization (Fig. 3).22¢ Fluo-
rescence intermittency with stable and tunable off-state duration
is a key requirement in super-resolution imaging and the ratio of
the two photoswitching rates determines the achievable optical
resolution.®*** Excitation of the radical anion offers an elegant
way to shorten the lifetime of the off-state, whereas reduction
of the oxygen concentration of the sample, using, for example,
an enzymatic oxygen scavenging system, prolongs the lifetime of
the off-state. Tuning these parameters allows arbitrary control of
the off-state duration from microseconds to minutes over several
orders of magnitude.

Photoreduction of other dyes

Radical formation was further observed for oxazine and thiazine
dyes. Whereas rhodamine dyes are trapped in their radical state in
the presence of reducing thiols, thiazine and oxazine dyes such
as methylene blue (MB) and ATTO 655 can accept a second
electron to form the colorless leuco-dye due to their higher
lying one-electron reduction potentials of Egzy = —0.30 V, and
—0.42 V, respectively, measured versus SCE.”® This is corroborated
by electrochemical studies which indicate that the semireduced
radical of MB and ATTO 655 is unlikely to be oxidized by
molecular oxygen (Epq < —0.44 V vs. SCE).*® Therefore, the
semireduced radicals of MB and ATTO 655 tend to accept a
second electron forming the leuco-dye. The leuco-dye remains
stable in oxygen-depleted environments (Fig. 4, S4, and S5).

The classical analogue of this photoinduced reversible for-
mation of a colorless leuco-dye is the so-called ‘blue bottle’
experiment.* It comprises the thiazine dye MB dissolved in an
aqueous alkaline glucose solution in a sealed bottle with reason-
able headspace, so that when shaken the solution is thoroughly
aerated. Due to reduction of MB to its reduced form (leuco-MB)
by deprotonated glucose (or thiols), the solution turns colorless
and turns blue again when shaken due to oxidation of the leuco-
dye by re-dissolved oxygen from the headspace (Fig. S6, ESIt).

Using high thiolate concentrations, two-step photo-reduction
proceeds very efficiently and the semireduced dye intermediate
cannot be detected by continuous wave (cw) EPR spectroscopy.
However, applying a low thiol to dye ratio ((RSH/RS"]/[F]) in
the range of 1-10 corresponding to a reducer to dye ([RS™]/[F])
ratio of 0.1-1 at pH 7.4, conditions can be established that
ensure the formation of a substantial steady-state concentration of
semireduced dye radicals (Fig. 4, S4, and S5). Furthermore, in the
case of the oxazine dye ATTO 655 the number of dyes residing in
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Fig. 4 Reaction scheme describing photoreduction of oxazine and
thiazine dyes by thiols in aqueous solution. (A) The fluorophore is
excited with rate k.., fluoresces with kg, or enters the triplet state *F)
dependent on its intersystem crossing rate k.. The triplet state of the
fluorophore can react with oxygen (k.(O,)) to repopulate the singlet
ground state F, and produce singlet oxygen 'O,, or react with the
thiol with rate k' .o(RSH/RS") (likely via a charge-transfer intermediate
(F-RSH/RS")) to form the semireduced fluorophore radical (F*) and the
thiyl radical (RS"). In aqueous solvents radical ions are efficiently solvated
and escape rapid recombination. The semireduced dye radical can either
accept a second electron to form the corresponding leuco-dye with rate
k*..«(RSH/RS") or react with oxygen to repopulate the fluorescent singlet
state with rate k',(O,) producing superoxide radicals (O,"~) and hydrogen
peroxide (O, + O, + 2H* — H,0, + O,). Finally, the leuco-dye can
react with oxygen with rate k%, (0,) to restore the colored form. (B)
EPR experiments of the colored (F) and non-colored leuco-dye (FH) in
the presence of high thiol concentrations show no signature of unpaired
electrons. (C) On the other hand, applying a low RSH/RS™ and relatively
high dye concentration (5 mM MEA and 5 x 10* M ATTO 655) at
pH 7.4 corresponding to a reducer to dye ([RS7]/[F]) ratio of 0.1-1, the
steady-state concentration of the intermediate radical is just high enough
to be detectable by EPR. (D) The radical anion disappears immediately
upon purging of the capillary with air.

the fluorescent state can be substantially increased by additional
irradiation at 405 nm corroborating the involvement of radical
anions absorbing at ~400 nm (Fig. 5).

The finding of the involvement of radicals in reversible photo-
switching of rhodamine, oxazine and thiazine dyes prompts us
to reconsider reversible photoswitching of cyanine dyes in the
presence of thiols and oxygen scavengers.'*?*¥ In contrast to
rhodamine dyes, cyanine dyes are less prone to photo-reduction’
and it is rational to presume that radical anions, intermediately
formed upon irradiation of a thiol-containing aqueous dye
solution, will be immediately quenched by molecular oxygen. If the
oxygen concentration is reduced, e.g. by an enzymatic scavenging
system, photo-reduction is facilitated since both, triplet state and
the resulting semireduced radical anion exhibit longer lifetimes. It
has previously been observed that the fluorescent state of cyanine
dyes can be restored in a photoinduced process upon irradiation
of what could be the intermediate radical at ~500 nm."?*3” The
fact that radical anions of structurally related cyanine dyes with

similar length of the polymethine chain show strong absorption
at shorter wavelengths with an absorption maximum at ~500 nm?
strongly suggests the involvement of radical species in fluorescence
experiments with cyanine dyes. Similar to the photoinduced leuco-
dye formation of thiazine and oxazine dyes, a follow up reaction
of photo-reduction of the triplet state could involve thiol-adduct
formation to the polymethine bridge of the dye, as was recently
observed by mass spectroscopy.*

Consequences for photoswitching and live cell fluorescence
microscopy

The reaction mechanism unravels that the role of molecular oxygen
in dye photophysics is twofold™ because it quenches not only
the triplet state but likewise other reactive species such as radical
anions and leuco-dyes. This finding demonstrates that molecular
oxygen is essential for super-resolution imaging based on single-
molecule localization. This is rationalized by two simple facts: first,
in the absence of oxygen dyes can be trapped in reduced states and
second, the triplet state can be quenched in the absence of oxygen
by thiols or other reducing components. At the ensemble level the
fluorescence intensity will therefore decrease exponentially upon
irradiation in the absence of oxygen, whereas the fluorescence
decrease is delayed in the presence of oxygen because oxygen first
has to be consumed (Fig. 2C). That is, in the absence of oxygen the
triplet state is substantially prolonged and quenched by the thiol.
In other words, in the absence of oxygen and presence of millimolar
thiol concentrations the number of fluorescence photons detected
from a single dye molecule before it enters the stable radical anion
state is solely determined by its intersystem crossing yield. With
intersystem crossing yields of 0.2-1%%%%?7% single rhodamine dyes
would emit at best 500 fluorescence photons before being reduced
by the thiol. Hence, only ~25-50 photons would be detected
from a single molecule assuming an overall detection efficiency
of ~5-10% rendering precise single-molecule localization difficult.
In other words, a minimum amount of oxygen is required to
ensure the detection of enough fluorescence photons from the on
state of single emitters before they enter a stable off state. These
findings demonstrate that the triplet state of organic dyes has to
be considered as part of the ‘on state’ in super-resolution imaging
based on single-molecule localization whereas the off state is the
charged radical or leuco-dye state.

Furthermore, our data demonstrate that photoinduced dye
radical formation by thiols is accompanied by thiyl radical
formation and subsequent production of reactive oxygen species
such as superoxide radicals and hydrogen peroxide. Since the
tripeptide glutathione is the most abundant low-molecular-weight
thiol protectant and antioxidant in mammalian biology and kept
in a reduced state at millimolar concentration in animal cells*>*
and oxygen is naturally present, live-cell super-resolution imaging
is feasible with rhodamine and oxazine dyes in combination with
suitable chemical tags.* However, whereas thiols and oxygen
enable reversible photoswitching of dyes in living cells, our data
also clearly indicate that cellular damage has to be considered in
all live cell fluorescence microscopy experiments. The extent of
cell damage might be negligible for low irradiation intensities and
dye concentrations corresponding to low radical concentrations
but certainly induces cell death with increasing concentration of
fluorescent labels especially in combination with high irradiation
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Fig.5 Light-induced reversible photoswitching of ATTO 655. (A, B) Upon irradiation of an aqueous solution of ATTO 655 at 647 nm (200 mW c¢cm™) in
the presence of 100 mM MEA, pH 9.3 the non-fluorescent form is formed almost quantitatively within seconds. The proceeding reaction is accompanied
by oxygen consumption. Upon agitation of the cuvette (marked by a gray bar), fresh oxygen is dissolved from the headspace and the singlet state is
restored efficiently because oxygen oxidizes both, leuco-dye as well as radical anion (see right peak at ~320 s in (A)). About 30% of the colored fluorescent
form can be recovered upon irradiation of the sample at 405 nm (330 mW cm™) without dissolving additional oxygen (marked by a blue bar). This implies
that irradiation at 405 nm induces photooxidation of radical anions and disaranges the equilibrium between the three states colored dye, radical anion,
and leuco-dye. Measurements were performed in microcuvettes with a sample volume of ~50 pl irradiating the entire sample volume to minimize errors
due to diffusion processes. (C) The effect of photoinduced restoration for ATTO 655 can also be observed at the single-molecule level (10 mM MEA, pH
7.4). In these experiments microtubulin filaments of a fixed COS-7 cell were labeled with ATTO 655 labeled antibodies. The widefield fluorescence images
measured in the absence of additional irradiation at 405 nm show that the majority of dyes has been transferred to the off state. Only a few dyes reside
in their fluorescent form. Upon additional irradiation at 405 nm the number of dyes (molecules) residing in the fluorescent state can be substantially

increased in ISTORM experiments (D); a single frame corresponds to 37.5 ms.

intensities. The role of photoinduced radical and reactive oxy-
gen species formation in live cell fluorescence microscopy with
fluorescent proteins cannot be answered accurately yet. But the
increasing number of reports demonstrating the involvement
of charged species in photoswitching and photoconversion of
fluorescent proteins®' supposes that related reaction mechanisms
and consequences also have to be considered.

Conclusions

The accomplished spectroscopic study has revealed several un-
foreseen important results. First, the triplet state of rhodamine
dyes can be reduced by thiols to form stable radical anions in
aqueous solution with lifetimes of up to several hours. In case
of oxazine and thiazine dyes with higher electron affinity the
semireduced radical anion represents an intermediate that can
be further reduced to the leuco-dye by two electron or hydrogen
atom transfer steps. The lifetimes of the radical anions can be
controlled by both, the oxygen concentration and direct excitation.
Second, our data demonstrate that the reducing environment of
cells induces cell damage in fluorescence microscopy especially
at high dye concentrations under high irradiation intensities.
Third, the reaction mechanism for radical anion formation and
destruction involves several very efficient oxygen consuming steps.
That is, an aqueous sample containing millimolar concentrations
of thiols and oxazine, thiazine, or rhodamine dyes removes oxygen
efficiently upon irradiation. Consequently, the sample could also

be used as oxygen sensor announcing the presence of oxygen in
an immediate color change. Furthermore, the interdependence
between formation of stable dye radicals and oxygen depletion
suggests a broad range of applications including production of
reactive oxygen species as substantial ingredients in photodynamic
therapy, or distance measurements by EPR based on radical spin
interactions. Stable radicals might also serve as charge carriers in
optoelectronic applications.
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