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Dyads consisting of a photochromic switch covalently linked to a fluorescent dye allow the emission from
the dye to be controlled by reversible photoisomerization of the switch; one form of the switch quenches
fluorescence by accepting energy from the dye. Here we investigate the use of dyads of this type for super-
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about a two-fold resolution-enhancement compared with conventional confocal microscopy. This was
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Introduction

The ability to resolve biological structures smaller than a few
hundred nanometers is critical for the study of spatial organi-
zation and dynamics in living cells. Before the invention of
super-resolution microscopy (SRM), the spatial resolution of
optical microscopes was limited by diffraction. However, there
is now a range of SRM techniques that allow sub-diffraction
imaging of biological samples.’” Stimulated emission deple-
tion (STED) is a form of SRM in which a long-wavelength donut-
shaped depletion laser is overlaid with the excitation laser,
forcing the spatially defined subset of molecules exposed to the
donut into a non-emissive state.® Fluorescence is only detected
from the central spot, which is not diffraction limited. However,
STED requires high laser powers (up to GW cm™?) which can
cause permanent photobleaching of the fluorophore and pho-
todamage to the sample. Techniques such as triplet relaxation
STED,” and scanning methods including RESCue, DyMIN and
MINFIELD have been developed to mitigate photodamage.*®
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STED belongs to a broader collection of SRM techniques called
‘reversible  saturable optical fluorescence transitions’
(RESOLFT) microscopy,'** which require an imaging agent to
be switched reversibly over many cycles between fluorescent
and non-fluorescent states. Switching the fluorescence using
a photochemical reaction requires lower laser intensities than
stimulated emission, making the technique potentially less
damaging to the sample. Ideally, the photochemical reaction is
driven in both directions using visible light (wavelength > 400
nm). UV irradiation should be avoided for imaging biological
samples, as phototoxic effects can disturb normal cell function,
and microscope optics are typically not optimized for wave-
lengths shorter than 400 nm. Here we demonstrate that small-
molecule dyads, consisting of a switchable quencher connected
to a fluorescent dye, can be used for RESOLFT microscopy. A
donut-shaped beam at 405 nm is used to switch the system into
its dark state, and excitation at 594 nm stimulates fluorescence
only from the center of the donut (Fig. 1).

RESOLFT has previously been demonstrated using reversibly
switchable fluorescent proteins.'*** However, the applications

o then

switch-off donut

»
_/\

excitation

o

emission

Fig.1 The principle of RESOLFT microscopy. A donut-shaped laser for
turning off fluorescence (violet) with zero intensity at the center is
spatially concentric with a Gaussian-shaped excitation laser (green).
The resulting fluorescent region of the sample (red) is smaller than the
diffraction limit.
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of fluorescent proteins are limited by low brightness, poor
photostability and large size, compared to synthetic dyes,"” and
they need to be introduced by genetic encoding. Therefore,
there is an urgent need for small-molecule reversibly switchable
fluorescent dyes for RESOLFT microscopy.”>>* A few small-
molecule dyes have been demonstrated previously for
RESOLFT microscopy.”® Fluorescent bis-sulfone diarylethenes
have been used for RESOLFT, although they rely on UV irradi-
ation (usually 350-365 nm) to switch them to the fluorescent
isomer.?>*>?¢ Another example utilizes a Cy3-Cy5 heterodimer
which can be switched using visible light, but requires long
irradiation times and addition of thiols to enable reversible
switching.** The ability to move the switching wavelengths away
from the UV towards the visible region is highly desirable.***¢

The fluorescence of a dye can be reversibly modulated using
a covalently-linked photoswitchable quencher.””** In our
system, quenching is achieved by Forster resonance energy
transfer (FRET). The dyad can exist in two states: a bright state
in which the quencher is inactive and a dark state in which the
quencher is activated and quenches the emission from the dye
(Fig. 2). Various implementations of this dyad concept have
been reported,”®** many of which use diarylethene photo-
switches as FRET acceptors, which are converted to their
quenching (closed) form by UV irradiation.>*3*32344%42 Gjljca
nanoparticles incorporating a rhodamine-diarylethene dyad
have been used to demonstrate enhanced spatial resolution in
a microscopy line profile using UV switching.** However, there
are few photoswitches that can be driven in both directions
using wavelengths longer than 400 nm without concomitant
loss of their favorable switching properties, such as high
conversion in the photostationary states in both directions and
suitable switching kinetics.*

Spironaphthoxazines are a promising class of photoswitch.*”
An indoline-substituted spironaphthoxazine (SO) exhibits
reversible switching from a yellow spiro form to a deep purple
merocyanine upon irradiation with violet light at 405 nm, with
a photostationary state comprising around 90% of the open
form (Fig. 3a). The colored open form exhibits a broad
absorption band at 460-640 nm and closes to the spiro form
either thermally, or accelerated by irradiation with visible light
>500 nm. The spironaphthoxazine can be switched from the
closed to the open form for several hundred cycles with
minimal fatigue in organic solvents.*”

Previously, we synthesized a dyad consisting of the spi-

ronaphthoxazine switch covalently linked to Atto565,
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Fig. 2 Schematic design of a dyad using a switchable quencher to
modulate the fluorescence of the emissive dye. Irradiation at 405 nm
switches the quencher to its active form.
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Fig. 3 (a) The closed and open structures of the spironaphthoxazine
(SO) switch and (b) the structures of dyads 1-5, and non-switching
reference compound 6.

a rhodamine-type fluorescent dye. This dyad was shown to be
taken up by HEK cells and switch between bright and dark
states in cellulo using confocal microscopy.” In the current
work, we have tested a range of related dyads, 1-5 (Fig. 3b),
made by attaching a selection of fluorescent dyes (Cy3.5 or
Atto590) to the spironaphthoxazine switch. Our choice of dyes
was determined by two major factors. Firstly, we require excel-
lent FRET efficiency. Secondly, we require dyes that are effi-
ciently excited using laser wavelengths available on our
RESOLFT microscope. The Atto590 and Cy3.5 derivatives are
both ideal for excitation with a 594 nm laser. The calculated
FRET efficiencies of the dyads are =99% (for overlap of the dye
emission spectrum with the absorption spectrum of the open
form of the switch; ESI Section 4%). Photoinduced electron
transfer (PET) may also contribute to the quenching of the flu-
orophore in these dyads.?®3337:39:4042:43,4546 The redox potentials
of the components (ESI Section 5f) suggest that PET is ther-
modynamically favorable, from both the closed and open forms
of the spironaphthoxazine to the Atto590 and Cy3.5 fluo-
rophores. We have explored several linker units to study their
effect on the molecular properties, but all these linkers are
probably too long for efficient PET, and we expect that FRET is
the dominant quenching mechanism.

Results and discussion

Dyads (1-5, Fig. 3b) were synthesized from dyes bearing
carboxylic acid groups. Amide coupling of Boc-protected amine
linkers to the dyes was followed by removal of Boc groups and
a second amide coupling to the spironaphthoxazine switch (see
ESI Section 2 for Experimental detailst). The photophysical
properties, such as fluorescence quantum yields and lifetimes,
of the dyads and their dye precursors were measured (see ESI

This journal is © The Royal Society of Chemistry 2020
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Section 3, Fig. S1-S11 and Table S1+1). The rigid linkers in dyads
4 and 5 resulted in small increases in fluorescence quantum
yield and lifetime compared to dyad 3.

We tested dyads 1-5 in giant unilamellar vesicles (GUVs)
consisting of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC;
lipid bilayer thickness 4-5 nm). The vesicles were formed by
electroformation and then incubated with the dyads. GUVs
provide a simple model membrane in which to investigate
imaging with the dyads. Images were taken through the equa-
torial plane of the spherical GUVs, giving ring-shaped patterns
(Fig. 4a). The choice of vesicle is important: the greater curva-
ture of small vesicles produces a high background signal on the
inside of the membrane, while imaging large vesicles requires
focusing deep into the sample to reach the equatorial plane,
which is not favorable for high resolution imaging. Therefore,
a compromise must be made, and we imaged vesicles with
diameters of 5-15 pm. In order to acquire RESOLFT images, we
needed to develop a suitable laser pulse sequence, which was
applied in a pixel-by-pixel fashion. We excited the dye using
a Gaussian-shaped 594 nm spot to acquire a confocal image
which was used as an internal control for each RESOLFT image.
Then, the dyads were switched to their non-fluorescent form
using a donut-shaped 405 nm irradiation. The Gaussian-shaped
594 nm spot was used to acquire the RESOLFT image from
material at the center of the donut, which remains in the fluo-
rescent form. Finally, recovery of the switch to its closed form
was accelerated using 640 nm light (for details, see ESI Section
71). Initial experiments established the laser powers required
for efficient excitation and switching using confocal imaging
(Fig. S18-5217). These results allowed us to select appropriate
parameters for RESOLFT imaging (Fig. 4 and S24-S28%). The
thickness (full-width-at-half-maximum, FWHM) of the image of
the membrane should correspond to the size of the point-
spread function, i.e. resolution. The confocal line profiles are
well described by Gaussian functions, while the RESOLFT line
profiles are better fitted by Lorentzian functions.**** The
RESOLFT line profiles can also be described by two coaxial
Gaussian functions, where the width of one of the functions is
fixed to match the confocal line profile.** Such a model accounts
for confocal contribution to the RESOLFT images, caused by
incomplete switching off of the dyads (full details of the fitting
can be found in ESI Section 7, Table S51). FWHM values varied
between different GUVs, even during confocal imaging, and the
FWHM was often larger than the expected diffraction-limited
value (212 nm) due to mechanical fluctuations in the
membranes,*® as highlighted in previous STED microscopy
images.* Nevertheless, RESOLFT imaging gave average
improvements in FWHM by around a factor of 2 compared with
confocal images acquired simultaneously on the same
membrane, with the best examples showing improvement
factors of 2.7 (see Fig. S297 for analysis for all dyads).”® The
average (and standard deviation) resolution enhancement
factors from RESOLFT images of many GUVs were: 2.21 (0.36)
for dyad 1, 2.21 (0.25) for dyad 2, 1.87 (0.32) for dyad 3, 1.87
(0.28) for dyad 4 and 1.90 (0.15) for dyad 5. Previous work
imaging giant plasma membrane vesicles using well-
established STED microscopy achieved only slightly better

This journal is © The Royal Society of Chemistry 2020

View Article Online

Chemical Science

¢ Confocal
e RESOLFT

photon counts

0.4 0.8
position / ym

e Confocal
e RESOLFT

photon counts

0.4
position / ym

Fig. 4 RESOLFT images of DOPC GUV membranes stained with spi-
ronaphthoxazine dyads: confocal images of (a) equatorial cross-
section (xy) and (b) axial cross-section (xz) of a whole GUV; (c)
confocal and RESOLFT images, scaled from zero to their respective
maximum photon counts, and (d) corresponding radial line profiles of
a section of a GUV stained with dyad 1 showing a 2.7-fold resolution
enhancement; RESOLFT parameters: 40 nm pixels; Aex 594 nm, 2.0
uW, 30 ps; Aswitch-off 405 nm, 335 uW, 50 ps; Arecovery 640 NmM, 20 pW
(continuous wave), 30 ms; (e) confocal and RESOLFT images, and (f)
corresponding radial line profiles of a section of a GUV stained with
dyad 3 showing a 2.0-fold resolution enhancement; parameters:
40 nm pixels; dex 594 Nm, 2.0 pW, 30 ps; Aswitch-ofs 405 Nnm, 155 pW, 50
uS; Arecovery 640 nm, 3.6 pW (pulsed), 30 ms. Confocal line profiles are
fitted with Gaussian functions and RESOLFT profiles by Lorentzians
(see ESI Section 7 for more detailst).

FWHM enhancement factors of around 3.* In this case, the
resolution enhancement is also limited by nanoscopic fluctua-
tions in the membrane.

The best RESOLFT results for each of the five dyads required
slightly different imaging parameters, which is perhaps
surprising, given that the switching behavior is mostly a prop-
erty of the spironaphthoxazine switch. Dyads 1 and 2 (bearing
Cy3.5) performed better at higher 405 nm laser power than
dyads 3-5 (bearing Atto590), as reflected by the power-
dependent quenching curves in Fig. 5a and S18-S21.T Despite
efforts to optimize the resolution, we were unable to surpass
a mean FWHM enhancement factor of 2.2 with dyads 1-5. This
limit appeared to be a consequence of photochemical fatigue,

Chem. Sci., 2020, 11, 8955-8960 | 8957
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Fig. 5 (a) Fluorescence quenching of dyad 1 in GUVs as a function of
405 nm switch-off laser power; pixel by pixel, 2ex 594 nm, 2.0 pW,
Arecovery ©40 nm, 20 uW (continuous wave), pixel size 40 nm, 5 repeats.
(b) Fatigue of dyad 1 over 100 imaging cycles in GUVs at various
405 nm laser powers (line-by-line scanning, Aex 594 nm, 0.66 pW
power, pixel dwell time 1.58 us, pixel size 80 nm).

so we set out to quantify the rates of fatigue of the dyads in
GUVs, using confocal microscopy. There is no previously
established method for assessing the fatigue of photo-
switchable dyes under imaging conditions (i.e. in the micro-
scope). We have quantified the viability of the dyad by the
‘quenching efficiency’ defined by eqn (1)

Quenching efficiency = (loright — Ldark)/Toright (1)

where Iighe and Ig.q are the signal intensities of the fluores-
cence images before and after irradiation at 405 nm. We
recorded the quenching efficiency over 100 imaging cycles on
the same vesicle, at a range of 405 nm laser powers (total time
per cycle =10 s). At higher 405 nm laser powers, the initial
quenching efficiency was higher, but the switch underwent
faster fatigue. Over the course of 100 imaging cycles, the bright
state remained bright (indicating minimal photobleaching of
the fluorescent dye), but that the dark state got brighter; the
switch degraded so that it was no longer able to quench the
fluorescent dye efficiently (see Fig. 5b and S32-S357t for dyad 1
and Fig. S36-S407 for dyads 2-5 and 6). The fatigue curves for
the dyads are strikingly sigmoidal, which is not expected for
simple first-order chemical degradation.>*
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There are several possible explanations for the sigmoidal
shape of these fatigue curves. If the dyad molecules are suffi-
ciently close together, the spironaphthoxazine of one molecule
can quench the fluorescent dye of a neighboring dyad. FRET is
efficient over long distances (Forster radius: 4-6 nm), because of
the good spectral overlap between the fluorescent dye and the
active spironaphthoxazine quencher. Experiments usinga 1:1
mixture of a ‘dummy dyad’ 6 (bearing no photoswitch) and dyad
3 resulted in initial quenching efficiencies of over 80%
(Fig. S417), which is only marginally lower than for pure dyad 3.
In the absence of intermolecular energy transfer, we would
expect less than 50% quenching efficiency, because only half of
the dyes are connected to switches. This confirms that inter-
molecular quenching occurs in the stained GUV membranes
and may explain why some dyads perform better at different
quenching laser powers. The calculated Forster radii (ESI
Section 471) for the dyads 3-5 (bearing Atto590) are higher than
for dyads 1 and 2 (~6 nm vs. ~4 nm). If the Atto590 dyads
quench each other over longer distances, then lower quenching
laser powers will be sufficient to achieve the same quenching
efficiency. We developed a kinetic model for the intermolecular
quenching in an ensemble of dyads. In the simplest case, we
consider a collection of n proximate dyads, such that one
quencher can quench all the dyes in the ensemble. We can then
calculate fatigue curves for different values of n (Scheme S7 and
Fig. S44-S45; see ESIt for details of the model). Higher values of
n lead to longer initial periods of high quenching efficiency
before the sigmoidal decline (Fig. S457).

Another possible explanation for the sigmoidal fatigue
curves is that diffusion of dyad molecules within the membrane
replenishes the population in the imaging plane (we are
imaging a slice through a spherical vesicle). We tested this
hypothesis using small patches of supported lipid bilayers (ca.
10-20 pm diameter), in which all the dyad molecules in
a membrane patch were irradiated in each cycle, leaving no pool
for replenishment between imaging cycles. Lateral diffusion of
already-imaged molecules during the collection of a single
image is still possible, as in GUVs, but there is no out-of-plane
diffusion of fresh molecules. Fatigue curves in supported lipid
bilayers were still sigmoidal, but the initial period before the
decay became shorter than for GUVs (Fig. S42 and S43+). These
results confirm that replenishment occurs by diffusion, but that
it is not the only process which contributes to the sigmoidal
shape. To gain further insight into the rate of diffusion of the
dyads in the lipid bilayers, we carried out fluorescence corre-
lation spectroscopy (FCS) experiments in GUVs (see ESI Section
9 for detailst). FCS provides information on the transit time of
a fluorescent molecule through the small observation spot. We
recorded FCS curves for all dyads and a commercially available
fluorescently-labeled lipid, Atto565-DPPE (see ESI Fig. S46-
S517). All the dyads showed similar diffusion coefficients (D =
10.5-12.7 um” s, Fig. $521) which are only marginally slower
than the commerecial lipid (D = 13.3 um” s~ ). These diffusion
coefficients indicate that the dyad molecules have transit times
through the confocal spot of around 1.4 ms. This confirms that
in our RESOLFT imaging sequence, we quench and image
(within 80 ps) the same molecules but that diffusion

This journal is © The Royal Society of Chemistry 2020
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replenishes the dyads on the timescale of the recovery phase, i.e.
when moving from pixel to pixel (approx. 30 ms).

Conclusions

In summary, we have demonstrated that dyads consisting of
a fluorescent dye covalently-linked to a quencher can be used
for RESOLFT microscopy. An appealing feature of our dyads is
that they can be switched in both directions using visible light
(at 405 nm and 640 nm). RESOLFT microscopy of synthetic
vesicles was achieved with an average resolution of around twice
that of conventional confocal microscopy. The resolution is
limited by mechanical motion in the vesicle membrane, as well
as fatigue of the switch in the imaging environment. We suspect
that similar dyads derived from other switching units may give
even higher resolution. The fatigue curves are surprisingly
sigmoidal, indicating that the dyad is replenished from outside
the imaging plane between imaging cycles, and that quenching
occurs intermolecularly between proximate dyads, as well as
intramolecularly. The modular design, combined with the
broad absorption spectrum of the open merocyanine, provides
the opportunity to use dyes in different spectral regions for
multicolor SRM. These dyads localize well in lipid bilayers and
are promising agents for SRM of plasma membranes in simple
cells, such as bacteria. The next challenge will be to create dyads
functionalized with targeting groups for selective labeling of
organelles in eukaryotic cells. The development of new switch-
ing units which allow switching wavelengths longer than
405 nm is also highly desirable.
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