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Photoisomerization of the Cyanine Dye Alexa-Fluor® 647 (AF-647) in
the Context of dSTORM Super-Resolution Microscopy
Joshua K. G. Karlsson,[a] Alex Laude,[b] Michael J. Hall[c] and Anthony Harriman[a,*]
Abstract: Cyanine dyes, as used in super-resolution fluorescence
microscopy, undergo light-induced “blinking”, enabling localization of
fluorophores with spatial resolution beyond the optical diffraction limit.
Despite a plethora of studies, the molecular origins of this blinking are
not well understood. Here, we examine the photophysical properties
of a bio-conjugate cyanine dye (AF-647), used extensively in
dSTORM imaging. In the absence of a potent sacrificial reductant,
light-induced electron transfer and intermediates formed via the metastable, triplet-excited state are considered unlikely to play a significant
role in the blinking events. Instead, it is found that, under conditions
appropriate to dSTORM microscopy, AF-647 undergoes reversible
photo-induced isomerization to at least two long-lived dark species.
These photo-isomers are characterized spectroscopically and their
interconversion probed by computational means. The first-formed
isomer is light sensitive and transforms to a longer-lived species in
modest yield that could be involved in dSTORM related blinking.
Permanent photo-bleaching of AF-647 occurs with very low quantum
yield and is partially suppressed by the anaerobic redox buffer.

Introduction
Super-resolution imaging of biological substrates by way of
fluorescence microscopy has advanced precipitously over the
past few decades to the point where highly sophisticated
instruments are commercially available. [1-5] Nanometer-resolution
fluorescence microscopes surpass the fundamental optical
diffraction limit first described by Abbe in 1873, which sets a
lateral resolution limit of ca. 200 nm for traditional optical
microscopes.[6] Such advances have ensured that fluorescence
remains a preferred method for biomedical imaging, where it
allows for a non-invasive, dynamic imaging platform.
Improvements in spatial resolution have been made possible
using high power lasers to selectively excite appended emissive
bio-labels.[7-12] Subsequent fluorescence mapping relies on
detecting emission from individual molecules. Localization of
discrete fluorescent spots is followed by reconstruction of the
image in a layered approach, often by stochastic activation of
different subsets of fluorophores. Note, however, that single
molecules in this context usually refers to bio-molecules
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decorated with numerous fluorophore labels and emission is not
necessarily from a “single” emitter.
Contemporary “super-resolution” techniques include photoactivated localization microscopy, PALM, and stochastic optical
reconstruction microscopy, STORM.[3,13,14] Broadly speaking,
these techniques use a single excitation laser to propel the
majority of fluorescent labels into a dark state so that the residual
emitters can be seen with improved clarity. The most advanced
techniques regularly achieve a lateral resolution of ca. 20 nm and
three-dimensional imaging is possible in combination with
confocal microscopy.[15-20] Multi-colour protocols, utilizing more
than one type of emitter, allow for greater selectivity and have
contributed to better imaging.[2,5] The net result is a dynamic field
providing complementary techniques suitable for rapid imaging of
bio-medically relevant materials.
Super-resolution imaging is becoming ever more elaborate,
as is the software used to process the acquired data, [21-24] but a
somewhat restricted range of fluorophores is employed as biomarkers. These emitters tend to be either small organic dyes or
fluorescent proteins. Commonly used fluorophores include
cyanine, rhodamine and ATTO based dyes.[25-27] The stochastic
super-resolution imaging methods rely on some type of rational
on/off fluorescence “blinking” of the emitter, which ultimately
allows one to discern between adjacent fluorophores where the
labelling density is high (which is necessary for a clear image).
Without this optical signature, the technique cannot provide the
desired spatial resolution. Furthermore, it is important to
distinguish between blinking, a totally reversible process, and
permanent fading of the fluorophore, which is an inevitable and
undesirable competing process. Perhaps the most extreme
utilization of fluorescence blinking is seen with dSTORM (direct
stochastic optical reconstruction microscopy) imaging,[28] where a
single fluorophore is used as the bio-marker. Other superresolution fluorescence techniques tend to use somewhat more
elaborate photophysical phenomena, such as stimulated
emission or electronic energy transfer.[5,12]
This naturally leads to questions related to what makes a
fluorophore “blink” and what type of fluorescent probe is most
appropriate for such studies. There is yet to be general consensus
on the blinking mechanism,[29] but past studies with common
organic emitters have highlighted cyanine dyes as being among
the best performers. Most imaging studies are made in the
presence of redox-active buffers, leading to the possibility that
the blinking mechanism might revolve around light-induced
electron transfer between components of the buffer and the
labelling dye.[30] To better accommodate this likelihood, the metastable triplet-excited state of the fluorophore has been invoked
as the reactive precursor.[27,31] It has also been proposed that
reversible adduct formation between cyanine dye and the neutral
thiol radical, formed at high pH, is a possible candidate for the
dark state inherent to photochemical blinking.[32] Of late, there
has been considerable research aimed at better understanding
the competing bleaching mechanism and at subsequently
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protecting the cyanine fluorophore against photo-fading.[33,34] This
is important because of the need to work in the near-infrared
region, where biological samples are more permeable to light, to
reduce cell auto-fluorescence and light scattering.[35]

Scheme 1. Pictorial representation of the processes relevant to light-induced
electron transfer between the (singlet or triplet) excited state of the cyanine dye
and the redox-active thiol (RSH) present in the buffer. The one-electron reduced
form of the dye (represented here generically as a -radical anion) is assigned
a key role. Under aerobic conditions, this intermediate will be oxidized by
molecular oxygen, reforming the fluorescent dye and generating superoxide
anions. Under anaerobic conditions, the radical anion will disproportionate
(DISP) to give the corresponding di-anion, which. will be re-oxidized by trace
amounts of oxygen. The neutral thiol radical (RS ) formed during the primary
electron transfer step undergoes dimerization to give the weak oxidant RSSR
or cross-coupling with the -radical anion.

This points to a redox cycle of the type depicted in Scheme 1.
There are, however, potential problems with this generic
sequence in terms of the basic photophysical properties of
cyanine dyes. The most obvious issue is that such chromophores
tend to give extremely low triplet quantum yields [36] often <1%.[37]
Triplet-excited states, including those derived from cyanine
dyes,[38] are usually quenched by molecular oxygen, generating
the highly reactive singlet molecular oxygen as a potential
bleach.[39] For this reason, buffers used for dSTORM imaging
contain enzymatic scavenging agents to minimize O2 levels.[40]
For example, the O2 concentration of the redox buffer used in this
work has been measured with a palladium porphyrin chemical
sensor[41] as being ca. 15 M (SI pages S1-S4). This can be
compared with the 10 M measured[40b] for a comparable buffer
with a membrane electrode. On the basis of the triplet quenching
rate constant being one-ninth of the diffusion-controlled
bimolecular rate limit,[42] as set by spin statistics,[43] we can predict
an O2-limited triplet lifetime of ca. 80 s (SI page S5). Taken
together with the low triplet yield, this situation does not favour
high yields of the one-electron reduced form of the dye (N.B. this
will be a neutral radical with respect to the cyanine core), although
the triplet state could well contribute towards photo-bleaching of
the dye. It should be emphasized that there is no direct
spectroscopic data to support the triplet redox-based mechanism.
In particular, the all-important neutral radical remains elusive; to
the best of our knowledge, this radical has not been characterized
under any relevant experimental conditions. Its lifetime under

operating conditions also remains a mystery, although
suggestions that this might extend to seconds or even minutes
have been raised.[44] In fact, quenching by residual oxygen in the
anaerobic buffer is expected to reduce the radical lifetime to ca.
60 s (SI page S5). Our cyclic voltammetry studies, performed
under anaerobic conditions, provide an upper limit for this lifetime
of ca. 10 ms (SI page S27).
Recent examination[45] of the photophysical properties of farred absorbing cyanine dyes in fluid solution confirms the low triplet
quantum yields. The main process competing with fluorescence
is light-induced isomerization of the polymethine backbone. The
many resonance structures available to such cyanine, and indeed
merocyanine, dyes tend to obscure the bond order[46] and thereby
promote isomerization from the fluorescent state. This process is
highly reversible and gives rise to transient formation of a dark
state (i.e., the geometrical isomer). This raises the possibility that
light-induced isomerization might play a role, however minor, in
the blinking process. We are not the first to suggest this option,
indeed certain fluorescent proteins such as Dronpa are believed
to undergo photo-switching through a combination of cis-trans
isomerization and changes in protonation. [47] Concerns have been
raised, however, that the lifetime of the photo-isomer, this typically
being on the order of a few hundred microseconds, [48] is much too
short for effective blinking. We challenge this view by the simple
expediency of raising the idea of dual-isomerization (vide infra).

Figure 1. Example of a dSTORM image of AF-647–labelled microtubules (tubulin) in HeLa cells, the field of view depicts microtubules at the base (100200 nm) of three adjoining cells. Microtubules were identified using two
commercially available mono-clonal anti--tubulin antibodies and labelled using
goat anti-mouse AF647 secondary antibodies. The insert shows an expansion
of the region identified. Scale bars refer to 5 m for main image and 0.5 m for
insert.

Our main interest in this field is to develop new fluorophores
for super-resolution imaging microscopy[49] and, as such, it is
imperative that the light-induced blinking process is better
understood. To do this, we turn our attention to a popular far-red
emitting cyanine dye, Alexa Fluor® 647 (AF-647), which is known
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to perform well under dSTORM imaging conditions.[28,29] For
reference purposes, Figure 1 provides a 2D Total Internal
Reflection Fluorescence dSTORM image of microtubules in HeLa
cells having a low loading of AF-647 (SI pages S6 and S7). We
now report on the photophysical and electrochemical properties
of AF-647 and set out to quantify the likely processes that follow
from illumination in the presence of the redox buffer. It will be
shown that light-induced isomerization cannot be ignored. The
main question, therefore, relates to whether photo-isomerization
might contribute significantly to the blinking events. If this were to
be the case, many associated questions spring to mind; such as,
what is the role of the redox buffer?

Results and Discussion
Characterization of the Excited-Singlet State
The main photophysical properties recorded for the target dye,
Alexa Fluor® 647 (AF-647), in phosphate buffer at pH 7.4 are
compiled in Table 1. The molecular formula is provided as an
insert to Figure 2 (Figures S6-S8). A well-defined absorption
maximum (ABS) is observed at 649 nm (MAX = 240,000 M-1 cm-1),
for which the oscillator strength is calculated to be 1.35.
Fluorescence is readily observed, with the maximum (FLU)
appearing at 670 nm (Figure 2). Both absorption and emission
spectral profiles exhibit vibronic progressions (Figures S15 and
S16) while, from the corresponding 0,0 transitions, the Stokes
shift is determined to be 790 cm-1. At optically dilute
concentrations, the fluorescence quantum yield (F) recorded for
AF-647 is 0.34 ± 0.02 while the fluorescence lifetime (S) is 1.2 ±
0.1 ns. Time-resolved emission decay profiles are well
represented as single-exponential fits after excitation at 635 nm
(Figure S20). Finally, the radiative rate constant (k RAD = 3.4 x 108
s-1) calculated from the Strickler-Berg expression[50] is in good
agreement with that derived experimentally.

Table 1. Compilation of the main spectroscopic properties recorded for AF647 in phosphate buffer at pH 7.4. [See also SI Table S2.]
ABS / nm

FLU / nm

F

S / ns

kRAD / 108 s-1

649

670

0.34

1.2

2.8

The buffer used in dSTORM imaging contains a mild thiol
reducing agent,[51] namely 2-mercaptoethylamine-HCl (RSH). It
was noted that the addition of pure RSH to aqueous solutions of
AF647 at pH 7.4 caused loss of fluorescence from the emitting
dye (Figure 3). The fluorescence quenching behaviour does not
follow Stern-Volmer kinetics (Figure S36) but is well described[52]
in terms of static quenching with a binding constant of ca. 1 M-1.
At saturation, the fluorescence quantum yield is predicted to fall
to 0.11, which corresponds to a decrease of ca. 67% from the
initial value. The fit to the experimental data does not require an
additional dynamic quenching process,[53] such that the
bimolecular quenching rate constant is <108 M-1 s-1 under these
conditions. At low thiol concentrations, there was no obvious
effect on the fluorescence lifetime but, in the presence of RSH
(1.0M), the decay curves became notably bi-exponential (Figure
S37). Most of the fluorescence (i.e., 65%) decayed with the same
lifetime as noted in the absence of thiol. However, a second
component, corresponding to a lifetime of 0.4 ± 0.1 ns, was
required for a good statistical fit (Figure S37). This shorter lifetime
is attributed to the 1:1 complex while the longer lifetime is due to
free dye. Within this model, the rate constant for fluorescence
quenching within the complex is estimated to be 1.6 x 10 9 s-1.

Figure 3. Steady-state fluorescence quenching of AF-647 with the redox-active
thiol in phosphate buffer at pH 7.4. The fit to the experimental data corresponds
to a 1:1 static fluorescence complexation model with a binding constant of 1.02
M-1. The limiting fluorescence quantum yield at saturation is extrapolated to be
0.11. The insert shows the generic scheme for fluorescence quenching by the
thiol. The solid points were recorded after addition of KOH to give pH 10.5.
Figure 2. Normalized steady-state absorption (red curve) and emission (black
curve) spectra recorded for AF-647 in phosphate buffer (pH 7.4) at room
temperature. Note the good mirror symmetry between the two profiles despite
the relatively large Stokes shift. The molecular formula is provided as an insert.

Cyclic voltammetry was used to determine the Gibbs freeenergy change (GET) associated with electron transfer from the
thiol to the excited-singlet state of AF-647 at pH 7.4. Details are
provided as part of the SI (pages S27-S29). In summary, AF-647
shows a quasi-reversible oxidation wave with a half-wave
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potential of 0.63 V vs SCE together with an irreversible reduction
peak centred at -0.96 V vs SCE at slow scan rates. We will return
to the significance of the lack of reversibility of the reductive
process when considering the role of the one-electron reduced
species (vide infra). Our values are in line with literature data[40a,54]
for related cyanine dyes. Now, as a rough approximation, the
reduction potential of the excited-singlet state can be estimated
from the peak potential measured at a scan rate of 60 mV/s (EP =
-0.96 V vs SCE) and the corresponding excitation energy (E X =
1.88 eV) derived as the crossover point between normalized
absorption and fluorescence spectra (Figure 2). The resulting
potential is ca. 0.92 V vs SCE. In aqueous solution at pH 7.4, RSH
displays an irreversible oxidation process with a peak potential of
0.32 V vs SCE. This step remains electrochemically irreversible
at scan rates from 0.06 to 1 V/s. Taking the peak potential as a
crude measure of the half-wave potential for RSH, we obtain GET
= -0.60 eV at pH 7.4. Although this is not a true thermodynamic
value, and electrostatic effects have been ignored (SI page S26),
this estimate seems consistent with the level of fluorescence
quenching observed for the 1:1 complex. Furthermore, adding
base to the solution causes a further fall in fluorescence intensity.
This is in agreement with our observation that the oxidation peak
for RSH moves towards a less positive value at pH10, where GET
= -0.75 eV.[55]
A key observation is that RSH forms a 1:1 complex with AF647 under our conditions (Figure 3). Similar complexation has
been reported[56] for RSH and certain metallo-porphyrins in water.
We have also shown that there is little, if any, dynamic
fluorescence quenching, which means that free RSH does not
react with the short-lived, excited-singlet state of AF-647 under
these conditions. The dye will be present in an anionic form,
because of the many sulfonate groups, while the pKA values for
thiol and amino groups present in RSH are 8.3[57] and 10.73[58]
respectively. These pKA values are close to those found for
cysteine[59] and can be used to infer that RSH carries a single
positive charge in neutral aqueous solution. As such, the driving
force for complexation between the reagents could be
electrostatic in nature. Dissociation of the complex following
electron transfer (insert to Figure 3) should result in formation of
the one-electron reduced form of AF-647 and the oxidized form of
the thiol. The latter is expected[60] to undergo fast deprotonation
at the thiol group to generate the neutral radical. This radical is
unlikely to have a prominent optical signature since the radical
character is centred on the sulphur atom and is expected to
dimerise rapidly to form RSSR (Scheme 1), as indeed happens
with cysteine.[61] However, the corresponding one-electron
reduced form of AF-647, if formed, should be detectable by
transient absorption spectroscopy since it is likely to be
coloured.[62]
We were unable to recover literature information regarding the
absorption spectral details for the one-electron reduced form of
AF-647, this being a neutral radical in terms of the cyanine core.
Our cyclic voltammetry studies (Figures S30 and S31) indicate
this species to be unstable in water, with a lifetime less than 10
ms (SI page S27). Comparable studies made with related cyanine
dyes in organic solvents also report unstable neutral radicals, due
to rapid dimerization.[54] These latter studies describe absorption

spectra for the reduced species as being blue-shifted relative to
that of the ground-state dye and similar to spectra for the oneelectron oxidized species in the same solvent. Absorption maxima
depend on substitution patterns and polymethine chain
lengths,[54a] making it difficult to predict the spectral features for
AF-647-derived redox transients. Furthermore, all our attempts to
generate an absorption spectrum for the neutral radical in water
failed to produce anything viable. For example, sodium dithionite
(5 mM) in deoxygenated water at pH 7.4 reduced AF-647 in the
dark but did not give a convincing spectrum for the intermediate
radical. Illumination of AF-647 in the presence of electron donors,
such as triethanolamine (0.1 M) or sodium ethylenediamine
tetraacetate (5 mM), caused bleaching of the ground-state
absorption bands without the appearance of product absorption
in the spectral window from 450 to 570 nm. Our conclusion is that
the neutral radical is too short lived under these conditions to be
detected by steady-state absorption spectroscopy. This situation
was not improved using fast (i.e., <1 s) scanning techniques.

Figure 4. (a) Comparison of absorption spectra recorded for the ground state
(grey curve) and the dication -radical (black curve) generated on photolysis in
the presence of persulfate. (b) Differential absorption spectrum attributed to the
AF-647 neutral radical formed by reaction of triplet AF-647 with added RSH (2
M) in the presence of sodium iodide (0.4 M). All solutions were thoroughly deaerated before starting the experiment. The molar absorption coefficient for the
neutral radical was obtained on the assumption of quantitative conversion from
the quenched triplet.

Illumination of AF-647 in deoxygenated water at pH 7.4 in the
presence of sodium persulfate (1 mM) resulted in bleaching of the
ground-state absorption band and concomitant formation of a new
feature absorbing in the blue region. This latter absorption
spectral profile is centred at 510 nm and has a general
appearance not dissimilar to that of the ground state (Figure 4a).
The molar absorption coefficient at 510 nm was measured relative
to the ground state to be 118,000 M-1 cm-1. The spectral features
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and relative intensity are consistent with those reported for the
one-electron oxidized form of a shorter cyanine dye in acetonitrile
solution.[63] In particular, both spectra show absorption in the farred region which is the signature of the -dication radical;[64] for
AF-647 in water the far-red absorption maximum lies at ca. 770
nm (Figure 4a). Consequently, we assign the new species seen
under oxidizing conditions to the one-electron oxidized form of
AF-647, this being a -dication radical in terms of the cyanine
framework. From literature precedents,[63] we can speculate that
the absorption maximum for the corresponding neutral radical
formed on one-electron reduction should lie between 450 and 550
nm in aqueous solution. The geometry of the polymethine bridge
for these oxidized and reduced species might no longer be alltrans![65]

Scheme 2. Illustration of the redox chemistry that follows from illumination of
AF-647 in the anaerobic redox buffer. The dye is abbreviated here as AF + to
emphasize the positive charge resident on the cyanine structure. Note, ISC and
CS refer to intersystem crossing and charge separation, respectively. Only the
triplet-excited state leads to formation of the neutral radical.

Transient absorption spectral studies were carried out in an
effort to ascertain if the 1:1 complex is a source of the neutral
radical. Measurements were made in the presence of RSH (1M)
under conditions where some 50% of AF-647 is expected to be
present as the 1:1 complex. Excitation was made at 620 nm with
a 4-ns laser pulse and interrogation of the signal was made across
the wavelength range from 450 to 550 nm. Comparing transient
signals observed with and without added RSH indicates that no
new transient species are evident on timescales from 20 ns to 500
s over this spectral window (Figure S33). Thus, the static
fluorescence quenching described above must be followed by fast
geminate recombination without dissociation into separated redox
products (Scheme 2). Such observations are commonplace for
singlet-excited states where geminate charge recombination is
spin allowed.[66] It also follows that intersystem crossing to the
triplet manifold does not accompany geminate charge
recombination. This latter finding was supported by observations
that the initial absorbance at 720 nm, attributed to the tripletexcited state (see below), decreases in the presence of the thiol
(Figures S34 and S35). Furthermore, the triplet excitation energy
lies above that of the charge-transfer state (vide infra) such that
the latter cannot be a source of the former.

Characterization of the Excited-Triplet State
Evidence for the involvement of the triplet-excited state was
sought by additional spectroscopic studies. Firstly, it was
established that low-temperature phosphorescence from AF-647
in an ethanol glass at 77K could be observed only after addition
of iodoethane (20% v/v) as spin orbit promotor (Figure S21).[67]
The emission intensity was low but could be isolated from residual
fluorescence using an optical chopper. The excitation and
absorption spectra were found to be in good agreement across
the wavelength range from 570 to 660 nm. From the emission
maximum at 747 nm, the triplet excitation energy can be
determined as 1.66 ± 0.05 eV. This corresponds to a singlet-triplet
energy gap of ca. 0.2 eV. The derived spectral profile is in
reasonable agreement with a prior literature report,[68] although it
was not possible to obtain a reliable quantum yield. From the
derived triplet energy, we conclude that the Gibbs free-energy
change accompanying light-induced electron transfer from the
thiol to the triplet-excited state is ca. -0.38 eV at pH 7.4.
Transient absorption spectroscopic studies were carried out
in an effort to monitor triplet formation in fluid solution. Initially,
excitation of AF-647 in aqueous solution at pH 7.4 was made in
the presence of high concentrations of sodium iodide as spin orbit
promotor. Two relatively long-lived transient species were
observed by following recovery of the ground-state absorbance at
650 nm (Figure 5). The shorter lifetime was dependent on the
concentration of sodium iodide (Figures S22 and S23) and also
on the presence of molecular oxygen. As such, this species is
attributed to the triplet-excited state of AF-647. The longer-lived
species is independent of the presence of either additive and, on
the basis of earlier work,[48] is identified as being a photo-isomer
(vide infra). In agreement with this assignment, we note that the
initial absorbance of the shorter-lived component (i.e., the tripletexcited state) increases with increasing concentration of iodide
but is not seen unless iodide is present (Figure S24).

Figure 5. Differential transient absorption spectrum derived for the tripletexcited state of AF-647 in de-aerated phosphate buffer at pH 7.4 containing
sodium iodide (0.4 M) as spin orbit promotor. The spectrum was isolated from
that for the longer-lived component (i.e., the photo-isomer) by decay-associated
extrapolation. The insert shows the overall kinetics associated with recovery of
the ground-state absorbance measured at 650 nm. The fit is to dual-exponential
kinetics with lifetimes of 40 and 590 s.
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In the presence of sodium iodide (0.4 M) the derived lifetimes
are 40 s and 590 s, respectively, for the triplet state and the
photo-isomer (Figure 5). The differential absorption spectrum for
the triplet-excited state was compiled using decay associated
extrapolation techniques[69] and is presented as Figure 5. Apart
from bleaching of the ground state absorption bands, the triplet
state shows pronounced absorption in the far-red region with a
maximum at 720 nm. The spectrum is similar to those reported by
Ciuba and Levitus[70] and by Blanchard et al.[71] for Cy5 (Figure
S6) in water. However, these differential absorption spectra differ
from that described by Xia et al.[68] for Cy5 in ethanol who report
the triplet state absorbing at 625 nm. Extrapolation of our kinetic
data collected at varying concentrations of iodide predicts an
inherent triplet lifetime of 220 ± 20 s in the absence of both iodide
and molecular oxygen (Figure S23, Table S1).
Indirect access to the triplet state was achieved by way of
triplet-triplet electronic energy transfer using Erythrosine as the
donor (Figure S25). The latter forms a long-lived (T = 1.2 ms)
triplet in almost quantitative yield in deoxygenated water, having
strong absorbance centred at 580 nm (εT = 11,000 M-1 cm-1).[72] In
the presence of increasing concentrations of AF-647, the lifetime
of triplet Erythrosine decreased steadily (Figure S26),
corresponding to a bimolecular quenching rate constant of 1.6 ±
0.2 x 109 M-1 s-1. The acceptor triplet absorbs at 720 nm, where
the corresponding differential molar absorption coefficient is
found to be 82,000 M-1 cm-1 by comparison with that of the donor
(Figures S27 and S28). Returning to direct excitation of AF-647 at
610 nm, it can now be established that the quantum yield for
inherent population of the triplet state is much less than 1% in the
absence of a spin-orbit promotor. This finding is in agreement with
early work by Chibisov[37a,73] with related cyanine dyes.
Because of overlapping transient signals, electronic energy
transfer from Erythrosine is not conducive to determining if triplet
quenching results in formation of the one-electron reduced form
of AF-647. Therefore, we resorted to using sodium iodide (0.4 M)
as spin orbit promotor despite the realization that this strategy
shortens the triplet lifetime to ca. 35 s in de-oxygenated solution
(Figure 6a). In fact, the triplet lifetime is further shortened to 1.5 ±
0.3 s upon addition of RSH (0.32 M) to the solution (Figure 6a).
On this basis, the rate constant for diffusional quenching of triplet
AF-647 by RSH is ca. 2 x 106 M-1 s-1. This value is well below the
diffusion-controlled rate limit but it is known [74] that thiols are poor
triplet-state quenchers. It is also important to note that quenching
of the triplet state requires orbital contact between the thiol and
the cyanine dye. It is possible that the negatively charged
peripheral groups intercept the positively-charged RSH before
reaching the cyanine core and this will not result in shortening of
the triplet lifetime.
Transient absorption spectral measurements made across
the blue-green region show weak absorption centred at 495 nm
(Figure 4b). This signal, which is seen only in the presence of
RSH and the spin-orbit promotor, appears consistent with the
spectrum expected for the elusive AF-647 neutral radical. There
is no independent support to confirm that this absorption profile is
due to the neutral radical. Kinetic measurements made at 500 nm
show that the species decays via mixed first- and second-order
kinetics with a half-life of ca. 1-5 ms (Figure 6b). This finding is

consistent with our failure to detect the neutral radical by steadystate absorption spectroscopy and with the cyclic voltammetry
studies. The contribution made by the second-order component
at shorter time increases at higher laser energies. This finding
suggests that an important decay channel involves self- or crosscoupling reactions between the AF-647- and thiol-derived neutral
radicals. This type of radical-radical coupling is expected to be
particularly important under microscope imaging conditions
because of the high laser power at the cover slip. The overall
redox chemistry can now be summarized by way of Scheme 2.

Figure 6. (a) Kinetic traces showing decay of the triplet-excited state of AF-647
in de-oxygenated aqueous solution in the presence of sodium iodide (0.4 M) as
spin-orbit promotor before (red curve) and after (black curve) addition of RSH
(0.32 M). The fits to the experimental data correspond to lifetimes of 34 and 1.5
s, respectively. (b) The red points refer to a kinetic trace recorded at 495 nm
following excitation of AF-647 in the presence of both sodium iodide (0.4 M) and
RSH (0.32 M). The fit is for mixed first- and second-order kinetics. The insert
shows the early stage of the same trace, confirming that the transient species
is derived from the triplet-excited state. Also shown (grey points) is the kinetic
trace obtained in the absence of sodium iodide.

Light-induced Isomerization
Cyanine[75] and merocyanine[76] dyes are known to undergo transcis isomerization of the polymethine backbone, which can be
monitored by fluorescence correlation spectroscopy as ms-scale
fluctuations or by transient absorption spectroscopy. [48,77] It is
generally accepted that these dyes exist in the all-trans groundstate geometry and that, because of rapid reverse isomerization,
the cis-isomer is essentially non-fluorescent. The ground-state
structure for AF-647 was confirmed as the all-trans configuration
using high-resolution NMR spectroscopy (SI pages S11-S13);
related dyes have been characterized by X-ray crystallography.[78]
Our NMR data confirm the presence of a single conformer having
characteristic coupling constants in line with an all-trans
polymethine bridge. Previous investigations into the mechanism
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of fluorescence blinking of cyanine dyes used for super-resolution
imaging noted light-induced isomerization as a side-effect.[79]
Although photo-isomerization serves the purpose of switching the
fluorophore between bright and dark states, concerns have been
raised[36b,80] about the timescale of such events. The photoisomers formed from cyanine dyes tend to revert back to the
original structure on the timescale of a few hundred s, depending
on the molecular structure and local viscosity. This might be too
short for an effective blinking procedure. Despite such
reservations, light-induced isomerization is an important process
in certain photoswitchable proteins.[81]
As mentioned above, the preferred blinking mechanism was
related to triplet state redox chemistry involving the imaging
buffer.[82] Other work commented on the possibility of accessing
the triplet state via a photo-isomer.[77,83] Our current
understanding of the photophysics of AF-647 is that both singlet
and triplet excited states are quenched by RSH in neutral
aqueous solution. Ground-state complexation between these
reagents leads to a situation where geminate charge
recombination prevents separation of any electron-transfer
products from the excited-singlet state. The triplet state is formed
in very low yield and, although reactive towards RSH at lower
quencher concentrations, does not give a detectable amount of
the one-electron reduced AF-647 species. On this basis, it is
difficult to imagine that fluorescence blinking arises solely
because of photoredox reactions. The only logical alternative
species able to give rise to fluorescence blinking is the photoisomer, provided this dark state is produced with a reasonable
quantum yield and possesses a suitably long lifetime. These
properties are unknown for AF-647 and are the subject of the next
phase of our investigation.
Excitation (FWHM = 4 ns,  = 590 nm) of AF-647 in airequilibrated phosphate buffer at pH 7.4 results in formation of a
transient species that persisted on times much longer than those
relevant to the triplet state. The characteristic sinusoidal pattern
(Figure S46) corresponding to ground-state bleach and transient
absorption at slightly longer wavelengths implies formation of a
photo-isomer (Figure 7).[84] Reconstruction of the isomer
absorption spectrum was achieved by adding successive
amounts of ground-state absorption to the transient signal until
the ground-state bleach had been completely recovered. This
approach indicates that the absorption spectrum of the isomer is
red-shifted by 37 nm compared to the ground-state. Multi-variate
spectral curve fitting[85] leads to an estimate for the molar
absorption coefficient at the peak maximum of 230,000 M-1 cm-1.
Global analysis indicates that the lifetime of the isomer is ca. 600
s in air-equilibrated solution at room temperature. This lifetime
remained the same on deoxygenation of the solution with a
stream of N2, in the presence of sodium iodide (0.4 M) or following
addition of RSH (0.32 M); see Table S5 for values.
Previous work using fluorescence correlation spectroscopy [86]
has pointed out that photo-isomers formed for related cyanine
dyes are susceptible to light-induced reverse isomerization. This
behaviour has serious implications for determination of the
quantum yield (PI) for photo-driven isomerization of AF-647. It
was observed that, even at low (i.e., <3 mJ per pulse) excitation
densities, the yield of the photo-isomer varied significantly,

depending on the intensity of the probe light. In fact, a second
isomer was detected at very low light intensities. This latter
species has a red-shifted absorption maximum relative to the
ground state but is blue shifted with respect to the photo-isomer
observed at higher probe intensities. The peak of the differential
transient absorption spectrum appears at 667 nm while its lifetime
of 200 s is shorter than that of the other isomer. Decay restores
the pre-pulse baseline. The yield of this second species
decreases quite dramatically with increasing intensity of the probe
beam. To be clear, we differentiate between these two isomers by
reference to their lifetimes; abbreviations therefore become PI200
and PI600 where PI refers to photo-isomer.

Figure 7. (a) Example of the differential absorption spectra recorded following
laser excitation of AF-647 in air-equilibrated aqueous solution. Individual traces
were recorded at delay times of 20, 180, 340, 540 and 940 μs. The lifetime of
the isomer is approximately 600 s. No attempt was made to reduce the
intensity of the probe beam. (b) Normalized absorption spectra compiled for the
three main geometrical structures. The black curve refers to absorption by the
ground state of AF-647 in water at pH 7.4. The red curve refers to absorption
by the isomer (designated PI600 in the text) shown in panel (a). The yellow curve
is the intermediary photo-isomer, designated as PI200 in the text, as observed at
very low probe light levels.

Simple logic can be used to argue that PI200 is the first formed
isomer and that it derives from the all-trans form of AF-647
considered to be the lowest-energy conformation. Extrapolation
to zero probe intensities, and calibration of the incident laser
intensity,[87] allows estimation of the quantum yield for formation
of PI200 as 0.30 ± 0.02. Reproducible measurements could be
obtained as long as both the laser pulse (<3 mJ/pulse) and the
probe beam were kept at low intensity. The latter was achieved
using a combination of narrow-band pass filters and neutral
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density filters. Repeat experiments with fresh samples gave
results matching to ±10%.
The simplest model that accounts for formation of PI200 is
indicated in Scheme 3a. Here, excitation of ground-state AF-647
at 590 nm generates the corresponding excited-singlet state. This
latter species forms the triplet-excited state in low yield via
intersystem crossing in competition to fluorescence. The excitedsinglet state also undergoes geometrical isomerization to form the
species designated as PI200. According to our simplified model,
this first isomer is formed in its ground state with a quantum yield
of 0.30 ± 0.04. The original ground-state conformer is recovered
as a dark process via first-order kinetics with the known lifetime of
200 s. It might be argued that at least some PI200 should be
formed as an excited-state species and we cannot eliminate this
as a possibility. The light-intensity effects, however, are more
difficult to explain if a high fraction of the isomer is formed initially
in an electronic excited state. There is no secondary growth for
the absorbance attributed to PI200 such that the triplet-excited
state of AF-647 can be ruled out as a precursor to photoisomerization.
The generic scheme illustrated in Scheme 3b is introduced to
allow for the pronounced light dependence recorded for photoisomerization of AF-647 in fluid solution. Here, PI200 is formed as
before but absorbs part of the excitation pulse and, more
significantly, the probe beam. This promotes the ground state to
the corresponding first-excited singlet state. In competition to
fluorescence, it is proposed that this excited state undergoes both
reverse isomerization (to restore the original conformation) and
forward isomerization (to generate the second isomer PI600). The
longer-lived isomer, PI600, is observed only under conditions of a
strong probe beam. In contrast, P200 is seen only under conditions
of a very weak probe beam. The model (Scheme 3b) indicates
that reverse isomerization of PI600 leads to formation of PI200 but
this could not be proven experimentally. A laser power
dependence[87] gave an estimate for the quantum yield for
formation of PI600 on the order of 12%, assuming only the original
ground state AF-647 absorbs the incident laser pulse. However,
according to the model, the two photo-isomers might be expected
to show a modest degree of cycling such that quantitative
measurements of yields and lifetimes become less reliable than
normal.
Temperature-dependence studies were carried out in airequilibrated solution at pH 7.4 for each of the two photo-isomers.
Arrhenius-type behaviour was observed in each case (Figure
S45) and allowed estimation of the corresponding activation
energies (EA) and pre-exponential factors (A). These parameters
are collected in Table 2, together with spectroscopic properties
derived for both photo-isomers. The activation energies are in line
with values reported for other polymethine dyes[88] in organic

solvents. Note, however, that the activation energy derived for
PI600 is substantially higher than the value recovered for PI200
under identical conditions other than the light intensities. These
activation energies include terms for the temperature effect on the
viscosity of water and for the rotational barrier association with the
particular isomerization step. The activation energy associated[89]
with the dynamic flow of water is temperature dependent in the
low temperature regime (0-10 0C) but settles towards a value of
ca. 18 kJ/mol at higher temperatures. Subtracting this value from
the recorded EA values allows estimation of the rotational barriers
as being roughly 33 and 51 kJ/mol, respectively, for PI200 and PI600.
This finding, together with the slower rate of isomerization, could
be indicative of a more substantial geometry change for PI 600.
Table 2. Compilation of properties derived for the two photo-isomers observed
with AF-647 in air-equilibrated phosphate buffer.
Isomer
PI200
PI600

EA (a)
33
51

A (b)
3.8 x 109
1.7 x 1012

MAX / nm
667
683

 / s
195
595

 (c)
0.30
0.12

(a) Activation energy derived from the linear Arrhenius plot in units of kJ/mol. (b)
Pre-exponential factor. (c) Approximate quantum yield for formation of the
photo-isomer following excitation at 610 nm.

The derived pre-exponential factors are subject to
considerable error by virtue of the large extrapolation and the
limited temperature range. The recovered values are 3.8 x 109
s-1 and 1.7 x 1012 s-1 for PI200 and PI600, respectively. Despite the
large uncertainties, it appears that barrierless isomerization[90] for
PI600 is much faster than for PI200. This situation is difficult to
explain, especially in the absence of structural information, but
caution must be exercised about the conditions used to monitor
PI600. Thus, for these measurements the light intensity was high
such that reverse photo-isomerization is a strong possibility. It is
also important to stress that a simple Arrhenius model, while
being relevant for the one-step dark isomerization for PI200, might
be too simplistic for the more complex reverse isomerization
inherent to PI600.[91]
Covalent attachment of AF-647 to a goat anti-mouse
secondary antibody analogue does not cause significant change
to the photophysical properties recorded in aqueous buffer (Table
S2, Figure S29). The only notable modification concerns the
lifetime of PI600, which is now increased to 1.4 ± 0.2 ms. This
prolonged lifetime brings it closer in line with fluorescence
fluctuation rates seen under microscope imaging conditions. [86] A
similar situation might happen for the neutral radical if a significant
contribution to the decay rate arises from self-coupling
reactions,since these will be severely hindered by attachment to
the substrate. Cross-coupling with the thiol radical should not be
affected by dye conjugation.
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Scheme 3. (a) Generic scheme intended to illustrate light-induced isomerisation of AF-647 to the shorter-lived photo-isomer. The approximate lifetime for each
process is indicated while thermal reversion of PI200 to AF-647 is highlighted. (b) Generic scheme intended to illustrate light-induced isomerisation of AF-647 to the
longer-lived photo-isomer. As shown, recovery of the ground-state conformation involves a two-step conversion of PI600, firstly to PI200 and then to the ground state.
A key feature is the light activation of PI200 to reach PI500. fl = fluorescence + internal conversion, ISC = intersystem crossing, ISOM = isomerization, REV-ISOM =
reverse isomerization. (c) Structural change proposed for the first isomerization step, namely AF-647 coverting to PI200. (d) Structural change proposed for the
second isomerization in which PI200 is converted via light absorption to PI600.

Computational Studies
Numerous quantum chemical procedures have been applied to
compute structures for cyanine dyes. [92] Such compounds are
ideal models for testing linear, free-electron treatments[93] and for
assessing the reliability of computer methods for calculating
optical spectra.[94] Calculations have also been used to predict
likely structures for cyanine-based photo-isomers,[95] including
ones similar to AF-647.[96] In our work, the ground-state structure
of AF-647 was computed for the solute embedded in a reservoir
of water molecules, after omitting much of the appended
hydrocarbon
fragments (Figure
S6).
The computed
(DFT/B3LYP/6-31G*/PCM(H2O)) geometry is shown in Scheme
3c and, as expected, has the polymethine-based bridge held in
the all-trans configuration. The terminal indole units are
positioned such that the two aza-N atoms are on the same side
of the polymethine chain (Figure S50). This structure, hereafter
abbreviated as NNADJ, is slightly more stable than the
corresponding all-trans arrangement with the aza-N atoms on
opposite sides of the polymethine-based bridge (Scheme 3c).
This latter geometry is abbreviated as NNOPP. The computed
energy difference for the two geometries is only 3.5 kJ/mol,
although this value will depend on the computational methodology
applied. Nonetheless, the calculations indicate that the two
isomers are close in energy but with NNADJ being slightly more
stable. As such, we tentatively identify NNADJ as being the ground-

state species while NNOPP is the most likely geometry for PI200.
The NMR results indicate only one isomer is present at room
temperature.
In support of this assignment, we note that the computed
optical absorption transitions are in line with experimental results.
Using ZINDO-S methods,[97] the absorption maximum calculated
for the energy-minimized NNADJ geometry lies at 648.1 nm, with
an oscillator strength of 1.513, in a water reservoir (SI, Table S6).
This transition is primarily from the HOMO to the LUMO
(coefficient 0.6811) with a small contribution from HOMO-1 to
LUMO+1 (coefficient 0.1134). The same calculations made for
NNOPP locate the absorption maximum at 654.5 nm, with an
oscillator strength of 1.478. Again, the band is mainly the HOMOLUMO transition (0.6818) with a modest contribution from HOMO1 to LUMO+1 (0.1114). There is no indication for the involvement
of charge-transfer interactions and the optical transitions appear
to be of ,* origin. It might be noted that calculations tend to
overestimate excitation energies for cyanine dyes, especially for
the singlet state.[94] This is not a major problem with our ZINDO-S
studies and it is important to note the calculation predicts the
correct relative ordering of excitation energies.
A non-rigid reaction chain profile,[98] starting from PI200 and
converting to AF-647 via rotation around the connecting C13-C14C15-N16 dihedral angle (Figure S51), establishes that the two
structures are interconverted simply by rotating one of the indole
terminals (Scheme 3c). The calculated rotational barrier for this
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transformation is 11.5 kJ/mol; NB, each geometry along the chain
was fully optimized. This barrier height is in fair agreement with
the experimental activation energy for return of NNOPP to NNADJ
(Figure 8). As such, light-induced transformation of AF-647 to
PI200 remains the most likely candidate for formation of the first
photo-isomer.

indicates that TTCTER can be converted to NNOPP by passing over
a modest energy barrier (Figure 9). This barrier, which has a
maximum height of ca. 18 kJ/mol for conversion of PI600 to PI200,
is fairly broad due to the involvement of resonance structures
which serve to lower the effective bond order. [68] The computed
barrier is significantly less than the activation energy determined
from the temperature dependence. This latter situation might
reflect the fact that return to the ground state requires passage
over two rotational barriers while the calculation refers to a single
rotation. Indeed, the dark transformation of PI 600 to the original
starting structure (i.e., NNADJ) can be considered to involve PI200
as a discrete intermediate (i.e., a 2-step process) or to proceed
directly (i.e., a single-step process). The latter possibility arises
because the many resonance structures available to AF-647
allow multiple structural changes to occur simultaneously.

Figure 8. Effect of dihedral angle for the C13-C14-C15-N16 connection on the total
energy of the system computed by the non-rigid chain method for AF-647 in a
reservoir of water molecules. The starting point is NNOPP and the final geometry
corresponds to NNADJ. N.B. Much of the periphery of the molecule has been
omitted for the computational studies.

Experiments indicate clearly that the geometry of PI 200 is
switched under illumination and this appears to be a highly
efficacious process. This behaviour explains the absence of
fluorescence from PI200. In part, photolysis is expected to restore
the ground-state geometry but the transient absorption studies
indicate competing formation of the second photo-isomer, PI600.
To accommodate the second photo-isomer, computational
studies were made to search for likely structures where the
polymethine backbone had undergone trans-cis isomerization at
one of the other C=C linkages (Scheme 3d). Of the possible
isomers, the most likely structure arises from rotation around the
second terminal indole unit (Figure S52). This re-arrangement
involves the smallest volume change and is more easily
accomplished than structures requiring rotation about the central
C=C double bond. Of course, resonance structures affect all the
polymethine bonding so that the overall bond order is more
complex than implied here. The proposed geometry, designated
as TTCTER (referring to the trans, trans, cis alignment of the
backbone), is compared to that of PI200 in Scheme 3d. It is seen
that the two aza-N atoms are held in the adjacent configuration
but the geometry differs at the site of attachment close to the
second indole unit. Relative to the lowest-energy geometry, NNADJ,
this new isomer is destabilised by ca. 8 kJ/mol. Calculations
(ZINDO-S) made on the energy minimized geometry
(DFT/B3LYP/6-31G*/PCM(H2O)) for TTCTER indicate an optical
transition maximum at 663 nm, with an oscillator strength of 1.168.
Again, the transition is primarily HOMO-LUMO (coefficient
0.6824) with a small contribution from HOMO-1 to LUMO+1
(0.1071). These optical properties are considered to be consistent
with the derived spectra determined experimentally.
Rotation around the C12C11C10C8 bond in the polymethine
backbone (Figure S52), using the non-rigid chain method,

Figure 9. Rotational energy barriers computed for the dark conversion of PI600
to the original ground-state conformation in a reservoir of water molecules. (a)
A two-step process involving intermediate population of PI200. (b) A single-step
process with multiple structural changes occurring simultaneously. In both
cases, the dihedral angle refers to the C11C12C13C14 connection in the
polymethine chain.

These calculations were made as before, starting from the
energy-minimized geometry found for TTCTER and terminating
with that of NNADJ (Figure 9). For convenience, the rotational
barrier is considered relative to the dihedral angle of the
C11C12C13C14 connection in the polymethine backbone (Figure
S52). The highest point of the barrier along the chain is ca. 25
kJ/mol, in surprisingly good agreement with the experimental
activation energy. Although the calculations do not indicate a
preferred pathway, they confirm that the second photo-isomer can
return to the ground state by way of an activated process. The
activation barrier is larger for back-isomerization of PI600 than for
PI200, in agreement with the measured rate constants.
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Photo-bleaching of AF-647 in Aqueous Solution
Our investigation of the optical properties AF-647 concludes with
a brief consideration of the role of permanent photo-bleaching,
which is an inevitable side-effect during microscopy. We have
been unable to locate literature reports of the quantum yields for
photo-bleaching of related cyanine dyes, although there have
been numerous studies aimed at improving the stability of the
dyes under illumination.[34] This latter work has culminated in the
introduction of the so-called “self-healing” cyanine dyes.[33] The
triplet state is often implicated [74] in the photo-bleaching process,
as are reactive oxygen species[99] produced via triplet
sensitization. It has also been reported that bleaching of a short
cyanine analogue involves an activated process [100] and we have
seen a similar effect for the photo-bleaching of Erythrosine.[72] In
general, there is no obvious correlation between light-induced
blinking and permanent photo-bleaching of the fluorophore but it
has been reported[74] that the presence of manganese(II) ions
promotes both photo-bleaching and triplet blinking.
During typical dSTORM imaging, AF-647 bleaches quite
quickly (Figure S38), with the kinetics following a power-law
dependence. Such experiments use the anaerobic buffer. Similar
photo-bleaching of AF-647 in air-equilibrated deionized water
occurs under continuous illumination with either white light or a
high-power 610 nm LED. Photo-bleaching of leads to progressive
loss of the chromophore without formation of coloured
intermediates (Figure S39). Bleaching of the ground-state
absorption profile can be treated in terms of first-order kinetics
(Figure S39) with the apparent rate of fading increasing
progressively with increasing light intensity until tending towards
saturation at high photon flux (Figures S40 and S41). Calibration
of the LED allowed estimation of the quantum yield for photobleaching as being 5.5 ± 0.8 x 10-6 in air-equilibrated solution.
Clearly, the low efficacy for this process precludes meaningful
mechanistic studies but it is notable that the rate of photobleaching halved in the presence of RSH (1M), under otherwise
identical conditions (Figure S43). Comparable rates of photobleaching were recorded with an AF-647-labelled goat antimouse IgG (H+L) secondary antibody derivative (Figure S42).[101]
Thus, attaching the dye to a substrate does not provide protection
against photo-fading.
In deionized water at pH 7.4, the rate of bleaching decreased
slightly on removal of the dissolved O2 (Figure S43). Under these
conditions, the rate limiting step is set by light absorption and not
the subsequent chemistry. In an attempt to replicate conditions
relevant to the microscope imaging protocols, the LED light
source was replaced with a train of 4-ns laser pulses delivered at
650 nm. The sample was sealed into a cover slip with adhesive
and illuminated through the microscope slide. The course of
reaction was followed by recording the fluorescence intensity
using a low power He:Ne laser for excitation. Under these static
conditions, the rate of photo-fading follows a power law
dependence. The initial rate (), measured over 40 pulses,
depends on the composition of the sample (Table S4, Figure S44).
In the presence of dissolved O2 but without added RSH, photobleaching occurs quickly. The rate of bleaching increases
markedly if the pH is increased to ca. 10 (Table S4). In neutral
solution in the absence of O2,  decreases (Table S4). This is a
non-trivial effect that clearly implicates O2 as being important for
photo-bleaching of AF-647. In the presence of O2, addition of RSH

has no effect on  but this is not the case when the anaerobic
buffer is used. Under these latter conditions, addition of RSH
causes  to decrease markedly (Table S4, Figure S44). This
finding indicates that the thiol plays an important role in providing
protection against photofading under high photon flux. Such
stabilization can only have its origins in light-induced electron
transfer from the triplet-excited state. Shortening the triplet
lifetime, for example via quenching by O 2, decreases the chance
of electron transfer and thereby curtails the protection.

Conclusions
This work reports the photophysical properties of AF-647 in
aqueous solution. This dye is a popular fluorophore for dSTORM
imaging where a single type of emitting dye is photochemically
driven into a dark (i.e., non-emissive) state. Spectroscopic studies
have shown that AF-647 gives low yields of the neutral radical on
excitation in the anaerobic redox buffer. The lifetime of this radical
has not been determined with any real accuracy but lies between
1 and 30 ms, according to the incident light intensity. It arises via
one-electron reduction of the triplet-excited state, which itself is
formed in very low yield. In marked contrast, AF-647 undergoes
light-induced isomerization in good yield. Additional information is
derived from cyclic voltammetry and partial characterization of the
neutral radical. There was no indication for delayed fluorescence
of the type reported[68] for Cy5 at either room temperature or 77K.
This generic information should be of interest to the research
community concerned with super-resolution microscopy.
Popular opinion relates the neutral radical (Scheme 1) to the
fluorescence blinking processes that play a critical role in the
subsequent imaging protocols. Given our concerns with respect
to the yield of the neutral radical, it is natural to enquire if some
other species might enter into the blinking chemistry. Logically,
this species would have to be a photo-isomer. This raises a series
of concerns that must be answered if the photo-isomer hypothesis
is to be taken seriously. For example, obvious issues that spring
to mind include: (i) the use of dyes that cannot undergo
photoisomerization, (ii) the role of the redox buffer, and (iii) the
relatively short lifetime of the photo-isomer. A more critical matter
relates to the purpose of having a green or blue laser in addition
to the essential red light source. In trying to address these points
it must be recognized that our work is carried out under relatively
low photon densities. This is in marked contrast to singlemolecule studies, where the photon-to-molecule ratio is much
higher, and photoswitching under the microscope.
In the early days of dSTORM imaging, Alexa Fluor ® 647 and
Cy5 (Figure S6) were the fluorophores of choice (these dyes differ
only in terms of sidechain composition) but more recent work has
used alternative cyanine-based dyes.[102] These include small
proteins with attached fluorophores, such as Dronpa. [103] Such
dyes are likely to give low triplet yields and undergo light-induced
isomerization, these processes being common to all
unconstrained cyanine dyes. Interestingly, it has been shown[104]
that photo-isomerization can be partially or completely inhibited
by locking some or all of the polymethine-based bridge into a
cyclic structure. Recently, a completely locked cyanine dye was
described[105] and compared with AF-647 under fluorescence
localization conditions. It was observed that, in the presence of a
strong reductant (i.e., borohydride), the locked cyanine performed
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as well as AF-647. This is to be expected since the locked cyanine
dye will be more responsive to light-induced electron transfer with
the sacrificial reductant since its inherent excited-state lifetime will
be longer. The result does not mean that photo-isomerization is
contrary to efficient photo-blinking in the absence of a potent
reductant.
Apart from cyanine dyes, several reports indicate that certain
rhodamine dyes function well under dSTORM conditions. [106]
These are not regular rhodamine dyes, however, since they are
equipped with the means for light-induced switching between
states (Figure S9); usually this involves reversible formation of a
spiro-ring form. For example, rhodamine dyes have been
designed for intramolecular nucleophilic attack, [107] reductive
caging[108] and addition of hydride anions. [109] In each case, the
dark state can be reconverted to the bright state by exposure to a
UV pulse. Each of the above dyes has easy access to a dark state
that is formed in high yield under laser illumination. In fact,
populating the dark state will be highly competitive with triplet
formation. These studies can be used to argue that successful
dSTORM imaging requires the dark state to be formed in high
yield.
As a further example, we point out that certain red-emitting
BODIPY dyes might have applications in multicolour singlemolecule localization microscopy (SMLM) protocols (Figure
S10).[110] Photo-switching of the BODIPY is sensitive to the nature
of the redox-active buffer but the mechanism has not been probed.
Interestingly, the compound in question [111] is expected to display
push-pull characteristics and, if so, would form the corresponding
triplet excited state in relatively high yield by way of charge
recombination.[112] This strengthens our belief that population of
the dark state must compete effectively with fluorescence and this
is not the case for formation of the AF-647 neutral radical.
We have not identified any obvious reaction between the
photo-isomers and the redox buffer. Earlier work reported [40] that
high quality dSTORM images are obtained only in the presence
of the buffer and we need to address the consequences of this
finding. The thiol decreases fluorescence due to complexation
with AF-647 and lowers the yields of both triplet and photo-isomer
because of fast geminate recombination. The thiol does react with
the triplet state but the resultant quantum yield of the neutral
radical has to be less than 1%. At the thiol concentrations used
for the buffer, the singlet-excited state of AF-647 is hardly affected
but the triplet state is quenched. The thiol will also reduce any
dication radical formed from the triplet excited state. [74] The major
effect of the anaerobic buffer is to lower the O2 concentration into
the region of about 15 M. These two factors, shorter triplet
lifetime and lower O2 concentration, combine to ensure that the
quantum yield for photo-bleaching is decreased dramatically
relative to air-equilibrated aqueous solution lacking the thiol. The
primary role of the anaerobic redox buffer, therefore, is to curtail
the deleterious photo-fading process. This, in essence, leads to a
high switching cycle; switching cycle refers to the average number
of times a single molecule can be cycled between the dark and
fluorescent states before undergoing permanent photo-bleaching.
Our work has confirmed the notion that isomerization is the
most important route for relaxation [36b] of the excited-singlet state
of AF-647. Isomerization, in fact, is the only significant
nonradiative escape channel available for AF-647. Under the high
light intensity conditions inherent to microscopy, AF-647 will be
converted to the second isomer, PI600. This species is formed with

a quantum yield of ca. 12% in aqueous solution and has a mean
lifetime of a few milliseconds when bound to the substrate. The
isomer will be recycled by CW laser excitation at 647 nm, where
the photo-isomer absorbs quite strongly. This recycling, together
with the intense excitation beam, serves to ensure that a high
fraction of AF-647 molecules are kept in a dark state. [48] This
ensures a low duty cycle. The concept of a photo-isomer fulfilling
the role of the dark state can accommodate studies using a
conjugate pair of orange and red-emitting cyanine dyes, Cy3 and
Cy5, in what is often called an activator-reporter pair.[113] Here, the
red excitation is absorbed by Cy5, which is switched between the
emissive and dark states as normal. Subsequent illumination of
Cy3 by the orange laser switches on electronic energy transfer to
the photo-isomer, thereby promoting its conversion to the bright
state. What is not clear from our results, however, is the putative
role of the ancillary laser excitation in the absence of an activatorreporter pair – in our dSTORM imaging this consists of a high
intensity blue laser source.

Experimental Section
Alexa Fluor® 647 NHS ester and the goat anti-mouse IgG (H+L)
secondary antibody derivative of this dye (Life Technologies®),
were used without further purification. Several different samples
of AF-647 were used throughout this study and each was
analysed by Bruker Avance III HD 700 MHz high-resolution NMR
spectroscopy prior to use. See Figure S11 for a typical example.
Related NMR spectra were used to confirm that the polymethine
backbone resides in the all-trans configuration. Water was
deionized and double distilled. All aqueous solutions were
prepared fresh. Where appropriate, solutions were purged for 15
minutes with O2-free nitrogen (BOC). Components for the redox
active buffer were purchased from ThermoFisher Scientific.
Spectroscopic-grade ethanol and iodoethane were purchased
from Sigma-Aldrich and used as received. Samples of 2aminoethanethiol.HCl (RSH) were obtained from ThermoFisher
Scientific and analysed by 1H and 13C NMR spectroscopy.
Samples of Erythrosine were available from an earlier study.[72]
The imaging buffer used throughout this work was prepared
from three separate solutions:
•
(A) Made from 10 μl of catalase (20 μg/ml), 20 μl of 1 M tris
(2-carboxyelthyl) phosphine hydrocholoride (4 mM), 2.5 ml
glycerin (50%), 125 μl of 1M KCl (25 mM), 100 μl of 1M pH
7.5 Tris-HCl (20 mM), 5 mg of glucose oxidase (1 mg/ml) and
completed to 5 ml volume with deionized water.
•
(B) Made from 4g glucose (100 mg/ml), 4 ml glycerin (10%)
and 36 ml deionized water.
•
(C) Made from 113.6 mg of RSH (1M) and 1 ml of deionized
water.
Prior to use, enzyme (A), glucose (B) and reducing agent (C)
solutions were mixed together in the ratio 50 μl, 400 μl, and 100
μl, respectively, followed by addition of phosphate buffer (450 l).
The concentration of dissolved O2 was measured using a
palladium porphyrin as a luminescent probe. [41] The probe was
calibrated by saturating an aqueous solution with calibrated
mixtures of N2/O2 and recording the ratio of fluorescence and
phosphorescence peaks. Separate studies measured the
phosphorescence lifetime following laser excitation at 00 nm.
Samples of the anaerobic buffer were prepared without the thiol
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and compared to the calibrated solutions. This latter comparison
was made with the sample contained in a microscope cover slip
sealed with adhesive and painted with poly(vinyl alcohol) solution
to prevent entry of air. Measurements were made 10-15 minutes
after preparation of the solution.
Absorption spectra were recorded with a Hitachi U-3310
spectrophotometer and fluorescence measurements were
recorded on a Horiba Fluorolog Tau-3 system. Excited-singlet
state lifetimes were recorded by time-correlated, single photon
counting using a short-duration (FWHM = 120 ps) laser diode as
excitation source ( = 635 nm). Fluorescence quantum yields
were measured relative to free-base tetraphenylporphyrin (F =
0.12 in N,N-dimethylformamide).[114] Optically dilute solutions
were used and corrections were made for changes in refractive
index.[115] Secondary measurements were made using various
cyanine dyes as the fluorescence standards. [45] Low-temperature
phosphorescence spectra were recorded at 77K with a Hitachi
F4500 fluorimeter using an Oxford Instruments Optistat DN
cryostat connected to an ITC temperature controller.
Spectroscopic grade ethanol mixed with 20% v/v iodoethane was
used as cryogenic solvent after purging with dried N2. All
luminescence spectra were supported by comparing the
excitation spectrum with the corresponding absorption spectrum
recorded under comparable conditions. Quenching studies were
made by adding various concentrations of solid RSH to the stirred
solution.
Transient absorption measurements were recorded with an
Applied Photophysics Ltd. LKS-70 set-up with a Q-switched
Nd:YAG 1064 nm laser coupled to a second harmonic generator
and an optical parametric oscillator (OPO) to obtain a selection of
excitation wavelengths in the red region. The pulse width of the
laser was 4 ns and the repetition rate was kept at 10 Hz. The laser
energy was varied over a wide range, with the pulse energies
being measured with a Gentec-EO Maestro pyroelectric detector.
The laser energy was calibrated using zinc(II) mesotetraphenylporphyrin in deaerated toluene. [87,116] As needed, the
laser intensity was varied with crossed-polarizers and the
monitoring beam was restricted with narrow band-pass filters and
further attenuated with neutral density filters. Transient absorption
spectra were recorded point-by-point, with 5 laser shots being
averaged at each wavelength. The sample was replenished for
each point. Kinetic measurements were made at fixed wavelength,
with 100 individual laser shots being averaged. Measurements
were made on several different time bases. Spectra were
analyzed using multi-variate spectral curve fitting.[69]
Cyclic voltammetry was made using a conventional 3electrode set-up. The working electrode was a highly polished
glassy carbon disc. A Pt wire was used as counter electrode while
the reference electrode was saturated calomel. The potentiostat
was obtained from HCH Instruments and a variety of scan rates
was used for each study. Solutions of RSH (2 mM) in aqueous
KCl (0.2M) were purged thoroughly with N2 prior to the experiment.
The working electrode was polished for each run. The scan rate
was varied from 0.06 V/s to 0.8 V/s but the voltammogram
remained electrochemically irreversible in all cases. Separate
studies used a higher pH value, adjusted by the dropwise addition
of KOH. For AF-647, the initial solution was prepared to give a
dye concentration of 0.2 mM in aqueous KCl (0.2 M). After purging
with N2, the same set-up was used to record voltammograms. The
pH was kept fixed at 7.4 but the scan rate was varied from 0.06

V/s to 0.6 V/s. For faster scan rates, the working electrode was
replaced with a carbon fibre microelectrode. This allowed the scan
rate to be increased to 2 V/s without introducing uncompensated
resistance.
Photo-bleaching studies were made as described earlier. [72]
Initial studies used a white light illuminator but more controlled
experiments were made with a high-power LED emitting at 610
nm. Output from the LED was collimated and focused onto the
sample cell. Part of the beam, typically corresponding to 5%, was
directed to a solar cell for calibration. Light leaving the sample cell
was collected and focused onto a second solar cell. The latter was
connected to a data integrator so that the amount of transmitted
light could be used to monitor kinetics for photo-fading of the dye.
For quantum yield measurements, the extent of photo-bleaching
was restricted to <5% and the LED was replaced with a stabilized
laser diode emitting at 630 nm. The effects of O2 and RSH were
established using solutions of AF-647 maintained in quartz microcuvettes having a volume of 200 L. Other photo-bleaching
studies made use of pulsed laser excitation. Here, individual laser
shots (4-ns, 650 nm, 4 mJ) were defocused onto the sample on a
microscope slide. The cover slip was sealed in place with
adhesive and coated with PVA solution to prevent entry of O 2. The
course of reaction was followed continuously by fluorescence
spectroscopy. All photo-bleaching measurements were repeated
numerous times.
Dyes were examined using a Nikon N-STORM system based
around a Nikon Eclipse Ti inverted microscope, 100x 1.49 Apo
TIRF objective and Ixon DU-887 EM CCD camera (Andor). Visible
light excitation was provided by a MPB VFL-P series CW laser
operated at 647 nm (300 mW total output power) while near-UV
excitation was made with a Coherent Cube laser operated at 405
nm (13.1 mW). The output of the red laser at the lens in the TIRFup configuration (EPI) was measured to be 29.2 mW. Laser
intensities were varied by an acousto-optical tuneable filter
(AOTF) as required. To increase contrast and minimize out-offocus emission produced from non-immobilised fluorophores,
excitation was performed using the total internal reflectance
fluorescence microscopy (TIRF) imaging technique which allows
visualization of fluorophores located within 100-200 nm of the
coverslip surface. Images were captured at 256 x 256 pixel
resolution and at a rate of 50 Hz (16 ms exposure). Any axial focal
drift was corrected in real time by the Nikon ‘perfect focus’ system.
Structural calculations were made using TURBOMOLE [117]
and were carried out at the DFT/B3LYP/6-31G*/PCM(H2O)) level.
The starting point used generic structures with the various double
bonds randomly oriented as trans or cis geometries. Full
geometry optimization was then carried out in order to identify the
lowest-energy conformation. Systematic rotation of the double
bonds was used to obtain complementary structures, each
geometry being optimized but retaining the cis/trans geometry
around the double bond of interest. On this basis, the structures
for the fluorescent species and the two dark photo-isomers were
identified and the total energies computed (DFT/B3LYP/631G*/PCM(H2O)). These final geometries were used for
subsequent semi-empirical calculations performed with the
AMPAC 10 package[118] at the PM6 level.[119] A water reservoir
was used with the PCM model.[120] A non-rigid chain calculation
was performed[98] to transform between any two optimized
geometries, with structure optimization at each point along the
trajectory. These calculations provide the basis for the rotational
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barriers mentioned in the text. The calculations were made only
at the ground-state level. Optical absorption spectra were
calculated by the ZINDO-S method[121] with the solute in a water
reservoir using the Gaussian 13 package.[122]
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