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Advanced fluorescence microscopy techniques including
single-molecule and super-resolution imaging require bright
and photostable fluorophores that can be selectively attached
to biomolecules. There is therefore an ongoing interest in the
development of improved chromophores for biology, espe-
cially ones that absorb and emit in the near-infrared owing to
the reduced cellular autofluorescence and phototoxicity at
these wavelengths.!! Besides photostability, single fluoro-
phore brightness is an essential parameter in localization-
based super-resolution imaging techniques such as (F)PALM,
STORM, dSTORM, and GSDIM® where images are recon-
structed from the localizations of individual fluorophores and
the precision o is dictated by the number of photons N
detected from every emitter,’! with o oc N'2; the brighter the
emitter, the more precisely it can be localized and the better
the resolution is in the final image. Nonetheless, with very few
exceptions, most commercially available fluorophores excit-
able beyond 630 nm have poor fluorescence quantum yields
with values on the order of 0.3 or lower (Table S1 in the
Supporting Information), limiting their brightness.

We introduce here a simple, cost-effective, and biocom-
patible method to enhance the fluorescence quantum yield of
a whole class of commonly used commercially available red-
emitting fluorophores (oxazines) such as ATTOG655,
ATTO680, and ATTO700. We demonstrate that their fluo-
rescence quantum yield in heavy water (D,O, deuterium
oxide) is more than twice that water (H,O). Although
enhancements in fluorescence quantum yield in heavy water
have been long known,'* we make use of this effect in single-
molecule imaging and show that it leads to the detection of
twice as many photons per oxazine molecule and to a corre-
sponding improvement in the mean localization precision,
which enables higher resolution in biological subdiffraction
imaging.
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Oxazines such as cresyl violet and Nile blue are well-
studied laser dyes and histological markers used for their
excellent photostability and high fluorescence quantum yields
in organic solvents.”” ATTO655, ATTO680, and ATTO700
belong to a new generation of oxazines compatible with
bioimaging owing to their increased water solubility and
reactive functionalities that enable directed covalent cou-
pling. These dyes display absorption maxima between 650 and
700 nm, have fluorescence quantum yields in water of
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Figure 1. a) Photoswitching scheme of ATTO655 (AA: ascorbic acid).l®”
b) Fluorescence quantum yield of ATTO655, ATTO680, and ATTO700
in H,O (blue) and in D,O (red). c) Jablonski diagram for oxazines. In
H,0, hydrogen bonding (kyg) causes strong nonradiative deactivation
in addition to the other nonradiative (k,) and radiative (k,q) pathways.
In D,O and other solvents with weaker hydrogen-bonding capability,
the efficiency of this nonradiative process is greatly diminished.

d) Fluorescence lifetime of ATTO655 in various solvents. e, f) Fixed
CHO cells expressing CCR5 immunostained with ATTO655 and
imaged under identical conditions first in H,O (e) and then in D,O (f).
Images are shown at constant contrast. Scale bar: 5 um.
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between 0.17 and 0.23, and exhibit very little solvatochrom-  Table 1: Photophysical properties of ATTO655 in various solvents:

ism (Figures S1-S3 in the Supporting Information). They fluorescence quantum yield (@j), excited-state lifetime (zy;), radiative
have found numerous applications in fluorescence imaging, rate constant (k.q), and sum of rate constants for nonradiative (k) and
particularly in dSTORM! as they can efficiently undergo hydrogen-bond-assisted nonradiative deactivation (kyg).

photoswitching cycles in the presence of a reducing agent  Solvent Py o kiad kae + kiig

(such as cysteamine or ascorbic acid) which push the [ns] [x10%s7] [x10°s™)
molecules into a reduced, non-emissive state, with the H,0 0.23 1.9 1.2 41
dissolved oxygen in the ambient solvent restoring the  PBSin H,0 0.23 1.9 1.2 4.1
fluorescent state (Figure 1a).[ D,0 0.48 3.9 1.2 1.4
In order to attain a better understanding of why the PBS in DO 0.48 3.9 1.2 1.4
. . . . methanol 0.39 33 1.2 1.8
qua.ntum yield 9f t.hese. dyes is far below unity, we studied ethanol 0.46 316 13 15
their photophysics in different solvents. We found that both 2-propanol 0.49 38 13 13
the fluorescence quantum yield (Figure 1b) and the fluores-  acetone 0.55 45 1.2 1.0
cence lifetime (Figure 1d and Figures S4-S6 in the Support-  acetonitrile 0.57 4.4 13 1.0
ing Information) of oxazines increased with decreasing DMF 0.56 4.1 1.4 1.1
capability of the solvent to act as a hydrogen-bond donor: DMsO 0.56 3.9 1.4 1.1

for ATTO655, quantum yields varied from 0.23 in water to

0.39 in methanol and 0.46 in ethanol, reaching values as high

as 0.57 in solvents unable to act as hydrogen-bond donors  ATTOG655. The occurrence of this process in oxazines can be
(Table 1). Most interestingly, in D,O, the quantum yield is  rationalized in terms of charge redistribution after photo-
0.48 (Figure 1b), 2.1 times higher than that in H,O and very  excitation and calculations have suggested that the electronic
close to the maximum values observed. Qualitatively identical ~ density significantly increases in the excited state, in partic-
observations were made for ATTO680 and ATTO700 ular on the central nitrogen and to a lesser extent on the
(Tables S2 and S3, Figures S5 and S6 in the Supporting central oxygen of the oxazine chromophore®! leading to
Information). Overall, our data indicate that the radiative a strengthening of existing hydrogen bonds. The chemical
rate is unchanged for these dyes in all solvents and that  structure of these ATTO derivatives shares a common central
a nonradiative decay pathway is selectively operative in  moiety with an increasing number of conjugated double
hydrogen-bonding solvents (Figure 1c¢), and exclusively bonds in the outer rings causing the shift in absorption and
responsible  for  the

reduction in the quantum
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increase in the fluores-
cence quantum yield in Figure 2 Single-molecule characterization of ATTO655 in both H,O (top row) and D,O (lower row). a,d) Number
D,O, but only between 5 of photons detect'ed from single A1T06§5 molngles immobilized on a gla§s surfaFe for both HZO (blue) a.nd

o . D,0 (red). b, e) Distribution of localization precisions from dSTORM experiments in fixed cells immunostained
and 30% (Table 54 in with ATTO655 in both H,O (blue) and D,O (red). c,f) Total number of photons detected before photobleaching
the Supporting Informa- ¢, immobilized ATTO655 molecules imaged in H,0O (blue) and in D,O (red) and fitted to a single exponential
tion), much lower than decay with the residuals shown in the upper panels. Where appropriate a dashed green line at the peak frequency
the 110% detected with  bin in H,O is added to guide the eye.
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emission wavelengths.”! Hydrogen-bond-assisted nonradia-
tive deactivation therefore seems generally operative with
both oxazines and other dye classes in aqueous environments
but the quenching of fluorescence can be strongly reduced
with oxazines by replacing H,O by D,0.

The usefulness of this phenomenon was demonstrated by
imaging fixed Chinese hamster ovary (CHO) cells stably
expressing the C-C chemokine receptor 5 (CCRS5),' a mem-
brane protein belonging to the G protein coupled receptor
family. CCRS was stained with a primary antibody labeled
with ATTO655 and imaged under identical conditions by
standard wide-field fluorescence microscopy in H,0O (Fig-
ure 1e) and in D,O (Figure 1 f). The image was significantly
brighter for the sample in D,O. Importantly, small amounts of
water do not critically affect the process (Figure S7 in the
Supporting Information) with a simple removal and replace-
ment of the solvent being sufficient to effect a large increase
in brightness. Similarly the presence of salts which contain 'H
atoms such as those in biological buffers have no effect on the
fluorescence quantum yield in D,O due to the relatively low
proportion of 'H atoms, compared to D in the solvent
(Figure S8 in the Supporting Information).

To quantify whether the increase in fluorescence quantum
yield corresponded to a larger number of photons from
individual fluorophores, we covalently immobilized
ATTOG655 on a glass surface and imaged isolated emitters
under dSTORM conditions (Figure S9 in the Supporting
Information). As expected, the number of photons detected
(Figure 2a,d) in D,O was
approximately twice as high
as in H,O (where the number
is consistent with other liter-
ature reportsi''l) and a corre-
sponding improvement in the
localization precision was
observed (Figure S10 in the
Supporting Information). In
fixed cells, similar observa-
tions were made (Figure 2b,e)
but the complex cellular envi-
ronment resulted in a broad-
ening of the intensity distribu-
tion histogram. Nonetheless,
this led to both an increase in
the number of photons
detected (Figure S11 in the
Supporting Information) and
to an improved experimen-
tally determined localization
precision in D,O (Figure 2e).
An analysis of the fluores-
cence duty cycle for both sol-
vent conditions did not show
significant changes under
camera exposure times typical
of dSTORM imaging (Fig-
ure S12 in the Supporting
Information). = The  total
number of photons detected
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before photobleaching (roughly 10°) remained unchanged in
both solvents (Figure 2¢,f) and had values consistent with
those of other bright fluorophores.['*!

The fact that D,O has no photoprotective effect on the
dyes together with the lifetime and the fluorescence quantum
yield measurements indicate that the speed (not the rate, see
k.. in Table 1) at which the photons are emitted is doubled in
D,0 compared to that in H,O under constant imaging
conditions."” Simply put, the photon budget remains the
same but is spent twice as fast in D,0.

Finally we demonstrate that super-resolution imaging in
D,0O can be used to resolve diffraction-limited subcellular
structures. ATTO655-labeled primary antibodies were used
to stain CCRS in the membrane of stably transfected CHO
cells where the high density of the receptor in the filopodia
served as an excellent platform for structural super-resolution
imaging (Figure 3). Under normal dSTORM conditions®
isolated emitters were localized (Figure 3¢) which enabled
a subdiffraction image to be reconstructed (Figure 3b).!*! In
some instances both the random positioning of the receptor
along the filopodia and the fact that the three-dimensional
structure is imaged only in two dimensions allowed the
distance between the edges of the filopodia to be measured
(Figure 3b, inset), with peak-to-peak separations as small as
128 nm being clearly resolved with a localization precision of
roughly 20 nm.

To summarize, we have demonstrated how to increase the
brightness of a whole class of dim red-emitting fluorophores

—»128 nm<—

Figure 3. Super-resolution imaging in D,0. a) Large field of view dSTORM image of the membrane-bound
CCRS receptor (top) compared to conventional diffraction-limited image (bottom). b) Enlarged area of the
filopodia where well-defined structures are observed; inset: the filopodium has a peak-to-peak width of
128 nm with a localization precision of roughly 20 nm (green line). This is not resolvable in the diffraction-
limited image (black dashed line). c) Imaging frames showing single isolated fluorescent molecules from
the same field of view as in (b). Other than the increase in the fluorescence quantum yield, dSTORM
imaging was unaffected by the presence of D,0.
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commonly used for biological imaging by replacing H,O in
the imaging buffer by D,O. This increase is caused by
a reduced efficiency of hydrogen-bond-assisted nonradiative
deactivation in the deuterated solvent. This effect is in
principle applicable to any type of fluorescence imaging
involving oxazines, and we show that it can be used in super-
resolution imaging to increase the precision with which single
molecules are localized. Our newly introduced method is very
simple and cost-effective, since D,O is compatible with
biological buffers and only needed at the time of imaging.
Experimenting in heavy water would be advantageous to
time-sensitive measurements because the rate at which
photons are detected is twice as high, allowing for faster
imaging. Furthermore in contrast to other recently introduced
methods™ our approach is live-cell compatible.'” Our results
indicate that understanding and modulating the photophysics
of fluorophores broadly used in the life sciences is a worth-
while strategy to significantly improve super-resolution
imaging techniques.
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