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In recent years, fluorescence microscopy techniques have been
invented that are no longer fundamentally limited by diffrac-
tion despite using visible light focused by conventional optical
elements.['! Contrary to earlier attempts to improve the
spatial resolution, such as near-field optics and aperture filters,
all far-field fluorescence ‘‘nanoscopy’” methods known to date
rely on a judicious exploitation of selected fluorophore
properties. In particular, all are based on utilizing a molecular
mechanism that renders the fluorophores incapable of
responding with fluorescence emission to excitation light.
This fluorescence inhibition mechanism is implemented in the
image formation in such a way that fluorophores that are closer
than the diffraction limit emit sequentially in time and hence
can be discerned.!®*!

In stimulated emission depletion (STED) microscopy,
fluorescence is inhibited by subjecting the dye molecules to an
additional beam of light, thus inducing stimulated emission
from the fluorescent state S; to the ground state Sy. The
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fluorophore remains dark because, evenifit becomes excited by
the excitation beam, it is instantly pushed back to the S state.
For this darkening by stimulated emission to prevail over
fluorescence, the intensity /,, of the stimulated emission beam
has to be substantially higher than the threshold intensity /; at
which the maximum population of the fluorescent state S; is
50%. Due to the fact that the population probability of S;
decreases nearly exponentially with the intensity of the
stimulating (STED) beam, for intensities 7;;, > I the excited
state S; is essentially forbidden and the fluorophore confined to
the Sy state (i.e., switched off). With representative optical cross
sections of 10~ 1®cm? and a typical lifetime of the excited state of
a few nanoseconds, the intensities /g required for effective
darkening by STED are in the 3-10 MW cm ™ range.

In a typical single-beam scanning STED microscope, the
regularly focused excitation beam is superimposed by a
doughnut-shaped STED beam for stimulated emission. The
STED-beam intensity at the doughnut crest ensures that all
fluorophores remain dark, except the few molecules located in
the proximity of the intensity minimum of the doughnut center.
With 7,,, giving the maximum intensity at the doughnut crest, the
diameter of the area in which the fluorophore is allowed to be
bright is given by d~ V/[2NA(1 + I,/I)*°]. Applying an
intensity 7, > I confines the region in which the dye molecules
are allowed to be bright to arbitrarily small d. In principle, d can
reach the size of a molecule.

Due to the reduced excitation volume in STED microscopy,
fewer molecules are registered on average at a given point in
time, which means that these molecules can be separated from
those that are allowed to emit earlier or later. Note that in this
case, the position of the bright fluorophore is predefined
through the known position of the doughnut center. Scanning
the superimposed beams across the object provides time-
sequential registration of all fluorophores at known positions.
Clearly, scanning the beams a step further enables the
registration of those nearby fluorophores that were kept dark
or inactivated by STED in the preceding scanning step.

For this concept to work, the fluorophores inactivated by
the STED beam must instantly recover when falling into the
region of diameter d, in which emission is requested. This
instant onset of its fluorescence capability is guaranteed if the
fluorophore remains in the Sy or Sy state during the action of the
excitation and STED beams. In particular, the dye must not
have passed to a bleached or other long-lasting dark state. On
the other hand, during the scanning process an excited
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fluorophore is likely to undergo undesired transitions to higher
excited states S, (n> 1) or triplet states T, that may lead to
photobleaching.!'°?] These transitions can be effected by both
the excitation and the STED beam. Since the intensity of the
latter determines the resolution d of a STED microscope, high
photostability of fluorophores, especially under large STED-
beam intensities, is desired.

Depending on its structure, each fluorophore exhibits a
certain probability for populating the triplet states T, by
intersystem crossing. As the lowest triplet state T, typically
exhibits lifetimes in the microsecond time range, the population
of this state can be elevated. Because the states T,, (n > 1) are
prone to irreversible follow-up reactions, their population is
considered to concomitantly augment photobleaching.[lo‘lzl
Therefore, pulsed STED microscopy with sub-MHz repetition
rates has been applied, which provides sufficient time for the
molecules between subsequent excitation cycles to relax from
the triplet state to the ground state prior to any potential
excitation into higher states, that is, so-called T-Rex STED.!**!
Photobleachingis one of the main limitationsin related far-field
high-resolution approaches, such as so-called ‘“‘saturated
structured illumination” microscopy.”®! Far-field optical nano-
scopy techniques are poised to revolutionize the investigation
of biological structures and processes. However, since the
fluorophore transitions are key elements to overcoming the
diffraction limit, the success of these techniques critically
depends on the photophysical and photochemical properties of
the fluorophores.

At the same time, advances in understanding the photo-
physics of fluorophores have enabled improvement of photo-
stability with the aid of a reducing and oxidizing system
(ROXS).'*1I Here, triplet states are rapidly depopulated and
radical anions or cations are formed by reduction or oxidation
with appropriate redox agents. The resulting reactive radical is
then depopulated by the complementary redox reaction to
return to the singlet ground state. Interestingly, this approach
has not only substantially improved the photostability of a
range of fluorophores, but also enabled the generation and
control of the lifetime of transient dark states, which can be
exploited for fluorescence nanoscopy methods based on
switching the fluorescence capability of individual mole-
cules.[1020]

Herein, we show that the ROXS concept also significantly
improves STED imaging by reducing photobleaching and
increasing brightness. We compare STED measurements of
single molecules and stained microtubules using ROXS
conditions and commonly applied Mowiol embedding, and
demonstrate a several-fold increase in photostability using
ATTO647N as fluorophore. These findings allow us to image
single molecules at substantially higher STED-beam intensities
I As a result, resolution scaling of STED microscopy can be
demonstrated with single molecules in two dimensions with a
doughnut-shaped STED beam and a resolution of <30nm in
the lateral direction. At this length scale, distance fluctuations
of the 60-base-pair (bp) DNA linker used to attach the
fluorophores to the surface become significant. Comparative
experiments with a short tether without DNA uncover an
apparent increase in resolution of nearly 10 nm. The difference
in apparent resolution is explained by the movement of the
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DNA tether, which we treat as a rigid rod with its end diffusing
on a hemisphere with a radius of 20nm. The photostability
improvement is also essential to carry out three-dimensional
(3D) STED microscopy as well as repetitive STED imaging to
reveal changes of molecular position in space.*!)

For many fluorophores, photobleaching occurs from
transient metastable dark states, such as triplet states, or states
that are populated through the triplet system. Thus, efficient
depopulation of the triplet state is the key for prolonged
survival of fluorophores under irradiation. The ROXS is
based on the ability to depopulate triplet states by redox
reactions (see Figure 1a). To repopulate the singlet ground
state of the fluorophore, the ROXS contains both a reductant,
such as ascorbic acid or Trolox, and an oxidant, such as methyl
viologen or Trolox-quinone."*!>! Dependent on the redox
properties of the triplet state of the fluorophore, an electron
transfer occurs yielding either a radical anion or radical cation.
Oxygen is usually removed enzymatically due to its high
reactivity.

We first compare STED microscopy for samples embedded
in the ROXS and in Mowiol. Mowiol was used for comparison
since it has been extensively utilized in the STED microscopy of
cellular structures.”>*! ATTO647N was used as reference
fluorophore due to its suitability for STED and for single-
molecule fluorescence experiments.[10’14’21] Figure 1b-g shows
immunofluorescence images of the microtubule network of
fixed PTK2 cells using ATTO647N-labeled secondary anti-
bodies. As expected, STED microscopy enables imaging of the
microtubule network with improved resolution under both
buffer conditions (compare Figure 1b,d and c,e). The difference
in photostability of the fluorophores under the two media
becomes apparent in series of scans of the same area. After a
single scan, the overall normalized fluorescence is only about
63% of the original value using Mowiol, whereas almost no
intensity change is observed when applying the ROXS. After
three scans, the Mowiol sample is degraded to below 20% of the
original brightness, whereas in the ROXS sample the
fluorescence brightness remains at ~70% (compare Figure 1f
and g). The dramatic improvement in photostability is
especially important for repetitive measurements to achieve
dynamic information,!! or for 3D imaging, in which minute
increments in axial direction lead to significant overlap of the
focal volumes.

Encouraged by the increased photostability, we tested the
ability of successive STED imaging of single ATTO647N
molecules under ROXS conditions. ATTO647N-labeled 60-bp
double-stranded oligonucleotides (corresponding to a tether
length of ~20 nm) were immobilized under aqueous conditions
via biotin/streptavidin binding. Figure 2 shows alternating
confocal and STED images of single ATTO647N molecules
immobilized in phosphate-buffered saline (PBS) in the absence
and presence of a ROXS and enzymatic oxygen removal. First,
the sample was imaged in the confocal mode, that is, without
STED, followed by a second scan of the same area with the
STED beam overlaid. Figure 2a and b clearly demonstrates the
resolution increase obtained at the single-molecule level. In the
third scan, the STED beam was turned off again to allow
assessment of the number of molecules that survived the STED
scanning experiment. This procedure is justified since the
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larger number of purple spots in the right-
hand image in Figure 2b. Additionally, the
formation of dark states during image
acquisition is strongly reduced by the
ROXS.

To unravel the effect of the ROXS,
measurements were performed for differ-
ent STED power levels (Figure 2c). The
higher the power of the STED beam, the
more cycles a fluorophore has to undergo
during image acquisition. Also, it becomes
more likely for the fluorophore to cycle in

f) the excited-state system. Thus, a higher
2 ;: Mowiol resoluti.o.n is accompanied t?y an increased
2 . probability of photobleaching. At low to
fg’ 08 moderate STED intensities, the ROXS
So4 N almost eliminates photobleaching. The
* 02 = number of enduring molecules slowly
b 1 decreases with increasing STED intensity.
1 Scanzs ¢ Only for the highest STED intensity of 100
) mW does photobleaching become signifi-
g 10 . ROXS cant, with ~=52% of the molecules being
8 08 - photobleached in the presence of the
% 06 *  ROXS. At these STED intensities, without
_§_ - the ROXS more than 90% of the molecules
= 43 are photobleached. The reason for the onset
of photobleaching at high STED-beam
o 1 2z 3 intensities might be related to the involve-
Scans

ment of different bleaching mechanisms,

Figure 1. a))ablonskischeme ofthe ROXS principle. The fluorophoreis excited with rate ke, and
fluoresces with rate k; dependent on the intersystem crossing rate, kisc, the triplet state Ty is
populated. Thetriplet stateis efficiently quenched by areducing oroxidizing compound present
inthe pmto mmconcentration range to produce a radical-ion state with rate k; and to repopulate
the ground state with rate k5. Reverse intersystem crossing (ky) and irreversible photobleaching
(k,) compete with the ROXS mechanism. b—e) Immunofluorescence images of the microtubule
network of fixed PTK2 cells. The secondary antibody was labeled with a degree of labeling of 4-6
ATTO647N fluorophores per antibody (Pey. = 2.8 WW, Pstep = 165 mW, Jgrgp = 760 nm).
Measurement sequences were taken on cellsembedded in Mowiol (b,d) and ROXS (c,e). The raw
data are shown for the confocal and STED modes (scale bars: 1 wm). f,g) Normalized overall
fluorescence intensities of the original scans (shown in b—e) and for three successive scans. In
the presence of the ROXS buffer, the fluorescence brightness decreases only 30% after three

such as singlet-state excitation. While for
lower STED intensities photobleaching
most probably starts from transient dark
states that are efficiently depopulated by
the ROXS, at higher STED-beam intensi-
ties it becomes more probable that photo-
bleaching occurs directly from the singlet
state and higher excited states that evolve
out of the singlet state. The ROXS most
likely does not prevent these alternative
photobleaching pathways.

scans in contrast to an 80% decrease of the original brightness in the case of Mowiol.

number of molecules bleached during the low-excitation-
intensity confocal scan is negligible. To visualize the effect of
the different buffers, the image of the first scan is color encoded
(red) and overlaid with the image of the last scan (blue).
Interestingly, some spots appeared only in the second confocal
scan (blue spots in Figure 2a) under PBS conditions. Most
probably these fluorophores resided in a stable nonfluorescent
dark state during the first scan. If the photoinduced process
responsible for the formation of such dark states is highly
efficient, the fluorophores cannot be detected. The red spots in
the right-hand panels of Figure 2a and b visualize STED-
induced photobleaching of fluorophores. On the other hand,
the purple spots show fluorophores that survived the second
scan with the STED beam active. Again, application of the
ROXS remarkably increases the photostability of fluorophores
under STED conditions, as can be easily recognized by the
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The fact that a significant fraction
(~48%) of fluorophores survives STED-
beam average power levels of >100mW
focused onto a doughnut-shaped area of ~10~? cm? enables a
study of resolution scaling in STED microscopy using a ‘‘true’
point source of light under aqueous buffer conditions.*!
Figure 3a and b show a STED image and its confocal
counterpart, respectively. The dramatic resolution enhance-
ment can easily be seen in the presented raw data.
Representative images were taken with a STED power of
63mW at 750nm. Typically we achieved a resolution of
46 £ 5nm with 597 + 17 photons detected from single immo-
bilized ATTO647N molecules. These parameters allow us to
estimate the average (centroid) position of single molecules in
the STED image with an accuracy of 1.8 nm (Figure 3c) for
single ATTO647N molecules. The measurements shown in
Figure 3a and b were used to confirm the resolution scaling of
STED microscopy with single fluorophores. For each STED-
beam power, at least 20 molecules were picked and their images

www.small-journal.com

1381



1382 www.small-journal.com

s communications

3 (1) Confocal (2) STED (3) Confocal
c)

& mmm PBS

Q@ mmm ROXS

2

Q

O

7]

2

S 50

>

£

s

o 25

E

[

X

D 0 50 100
STED power in focus/mW

Figure 2. a,b) Fluorescence images of single ATTO647N-labeled 60-bp oligonucleotides
immobilized under different aqueous buffer conditions in the absence (confocal) and presence
ofthe STED beam (750 nm) with an average powerof 49 mW atthe sample. Tovisualize the effect
of STED-beam-induced photobleaching, the image of the first scan is color encoded red and
overlaid with the image of the third scan in the images shown on the right-hand side in the two
panels. Measurements were performed in PBS in the absence (a) and presence (b) of the ROXS
(enzymatic oxygen removal and addition of 1 mm methyl viologen and 1 mm Trolox). All data
shown are raw. ¢) Quantitative analysis of the fraction of fluorophores surviving STED
microscopy at different powers of the STED beam in the absence and presence of the ROXS.

(i.e., point spread functions (PSFs) of the imaging process) were
determined using a two-dimensional Gaussian fit. The mean of
the fitted width is plotted against the saturation factor S = I,,,/[;.
The maximum intensity at the doughnut crest, /,,, is determined
from the average power of the STED beam Pstgp and the
doughnut focal area on the sample. The resolution of the
microscope has been measured within the range §=0-125
corresponding to Psrgp = 0-150 mW in the focal plane.

In the confocal image, a lateral resolution of 226 nm was
determined that improved with increasing Psrep (Figure 3d).
Up to S~ 50, the resolution nicely obeys the initially discussed
inverse square-root law which, for convenient comparison with the
confocal microscopy resolution, is used here in a rewritten form:**!

d=d./\/1+d?d’c )

where d_ is the confocal resolution (in terms of the full width at

half maximum, FWHM). The parameter a characterizes the
intensity gradient of the doughnut minimum.**! A fit to the
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data yields the parameters d. =226 nm and
a=0.003nm™!, which are in good agree-
ment with previous results.[?"]
Interestingly, the measured resolution
values slightly deviate from those expected
for the highest saturation factors. A possible
explanation represents movement of the
fluorophore ATTO647N attached to the
bovine serum albumin (BSA)/biotin-
covered surface via streptavidin/biotin
and a 60-bp-long double-stranded DNA
molecule. At this length scale, the DNA
strand can to a good approximation be
regarded as a rigid 20-nm rod.
Consequently, the fluorophore can diffuse
on a hemisphere with a radius of approxi-
mately 20 nm (see Figure 3¢). Therefore, we
estimated the influence of the DNA tether
on the resolution of STED microscopy,
assuming free diffusion on the hemisphere
on a timescale significantly faster than data
acquisition, that is, all positions on the
hemisphere were equally sampled. We then
convoluted the expected shape of the
effective STED focus with the distribution
of molecules on the hemisphere projected
onto the surface and determined the
resulting FWHM. To fit our data to the
observed FWHM values, we used the
maximum deviation from the perpendicular
DNA orientation (denoted maximum angle
in Figure 3e) as fit parameter. For an
expected FWHM of 30.3nm (¢ = 100), an
experimental FWHM of (38+2) nm was
found. In the case of a completely freely
moving DNA tether, a FWHM of 44.7 nm
was expected. The experimental deviation
could be well fitted for a positional distribu-
tion of molecules if a maximum angle of 53° was used as a
parameter (see Figure 3d), that is, the model assumes equal
distribution of DNA orientations down to an angle of 37° with
respect to the surface. Interestingly, the same maximum angle
was determined for ¢ = 125, for which a FWHM of 25.5 nm was
expected and (35 +4) nm was measured. If the broadening of
the FWHM is indeed due to the movement of the fluorophore,
the necessity to include a minimum angle in our model might
indicate that not all positions are equally sampled during the
measurement time, either due to specific interactions or to an
excluded volume close to the surface, as assumed in the
calculation. The estimations indicate, however, that with
realistic assumptions the broadening of the FWHM could be
related to the DNA length. We therefore used a sample without
DNA, that is, the fluorophore was linked to the BSA/
streptavidin ~ surface directly as ATTO647N-biotin.
Corresponding measurements yielded a better resolution, as
indicated by the red data points in Figure 3d, thus reproducing
the expected resolution scaling. At ¢ = 125, a resolution of
(26 £ 1) nm was experimentally achieved in two dimensions.
These data strongly support the idea that the FWHM measured
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Figure 3. a,b) Representative fluorescence images of single immobilized double-stranded
60-bp oligonucleotides labeled with ATTO647N. a) High-resolution STED image. The power of
the excitation and STED beams (750 nm) was 5 uW and 63 mW in the focal plane, respectively.
Raw data are shown. b) Corresponding confocal counterpart. Note that differences in the
fluorescence signalin (a) could be due to binding of two DNA strands on the streptavidin linker
and in (b) due to summing the PSFs of more than one single molecule not distinguishable in
confocal microscopy. ¢) Marked positions of single fluorophores evaluated from the STED data
shown in (a). The center of mass of each single emitter could be localized with less than 2 nm
accuracy, since the total number of photons per molecule and scan was around 600 (597 =17
photons). For better visualization the positions were marked by a disk 8 nm in diameter.

d) Resolution at different saturation factors as controlled by the STED-beam power. The two red
data points in the curve are from measurements with directly immobilized fluorophores using
ATTO647N-biotininstead of 60-bp double-stranded oligonucleotides. The fit of Equation (1) to
the data is shown as a dashed gray line, which demonstrates that the oligonucleotide linker
length of 20.4 nm limits the resolution to ~35 nm for single ATTO647N molecules. Hence the
measured highest resolution is not limited by the limited power of STED but by molecular
movement. e) Scheme of the model used to estimate the influence of the linker length on
resolution. Comparing (a)—(c), note the dramatic improvement in molecular-transition-based
far-field optical resolution.
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values of <30nm. Importantly, the method
introduced is not restricted to the use of
ATTOG647N. Carbo- cyanines, such as Cy5
and Alexa 647, and other standard fluor-
ophores also show a dramatic increase in
photostability and fluorescence intensity
upon application of a ROXS." Since less
toxic ROX systems, such as a combination of
Trolox and Trolox-quinone!'* or glutathione
and oxygen, are available,['*!8] the applica-
tion of a ROXS in live-cell microscopy may
also become possible in the near future.

Experimental Section

Materials: ATTO647N was purchased from
ATTO-TEC (Siegen, Germany) as N-hydroxysuc-
cinimidyl ester (NHS-ester) for covalent cou-
pling to amino-modified oligonucleotides (from
IBA, Gottingen, Germany). The sequence of the
60-bp double-stranded DNA employed is pub-
lished elsewhere.[24:2%!

Synthesis of fluorophore-labeled oligo-
nucleotides: Labeling of the amino-modified
oligonucleotides with the fluorescent dye was
performed by classical NHS-ester chemistry
using standard solvents purchased from
Merck (Darmstadt, Germany). A fivefold excess
of NHS-ester was added to one mole equivalent
of oligonucleotide dissolved in 0.1 m carbonate
buffer (pH 9.4), and the mixture was incubated
for 6h while protected from light. Labeled
oligonucleotides were purified by HPLC
(Hewlett Packard, Boblingen, Germany) using
a reversed-phase column (Knauer, Berlin,
Germany) of octadecylsilane-Hypersil C18.
Separation was performed in 0.1 m triethylam-
monium acetate with a linear gradient from 0 to
75% acetonitrile over 20 min.

in our experiments is influenced by the movement of the
fluorophore and depends on the way the fluorophore is
immobilized on the surface.

In summary, we synergistically combined two important
advances in fluorescence microscopy, namely resolution and
signal increase, by applying a ROXS to STED microscopy.
Adding a ROXS shortens the lifetime of the triplet state,
identified as the major bleaching pathway in STED micro-
scopy.“3] We have shown that this combination leads to a
several-fold improvement of the signal, practically achievable
resolution, and sample lifetime, which are important for many
in vitro nanoscopy applications. Resolution scaling has been
demonstrated using single molecules as point sources in two
dimensions under biologically relevant conditions down to a
resolution of <30nm. Deviations of the expected resolution
scaling for high STED-beam intensities could be attributed to
the length and flexibility of the DNA tether used.
Measurements without a DNA tether confirm that under the
applied optical conditions, the resolution increases down to

small 2010, 6, No. 13, 1379-1384
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Immobilization of labeled DNA: Cover slides were incubated
with HF (=1%) for 20s and rinsed with water. The slides were
incubated overnight with a BSA/BSA-biotin solution (BSA
7.5mgmL™"; BSA-biotin 1 mgmL™"). After three washing steps
with PBS and addition of streptavidin (0.2mgmL™%) over 5min,
the system was ready for immobilization of biotinylated DNA
strands. Double-stranded DNA containing a biotin tag at the 3’ end
of the template strand was immobilized on streptavidin-coated
surfaces as described elsewhere.??l Measurements were per-
formed in PBS unless stated otherwise. In cases in which oxygen
was removed from the solution, an enzymatic oxygen-scavenging
system was applied that contained 10% (w/v) glucose, 12.5% (v/
v) glycerol, glucose oxidase (30 wg mL™?), catalase (3 g mL™Y),
and 0.4-0.8 mwm tris(2-carboxyethyl)phosphine hydrochloride
(TCEP). For measurements with ATTO647N directly linked to
biotin, the same immobilization technique as described above
was used, but instead of incubating the prepared surface with
biotinylated double-stranded DNA labeled with ATTO647N, the
ATTO647N-biotin construct was used.
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Sample preparation cells: The mammalian PtK2 cell line was
grown as described previously.?® Cells were seeded on standard
glass coverslips to a confluence of about 80% and fixed with ice-
cold methanol (—20°C) for 4min followed by incubation in
blocking buffer (PBS containing 1% BSA). Immunostaining of
microtubules was performed with anti-B-tubulin mouse immuno-
globulin G (IgG; Sigma) as primary antibody and with ATTO647N-
conjugated sheep antimouse IgG as secondary antibody. Both
antibodies were diluted in blocking buffer and incubated for 1 h
each followed by several washes in blocking buffer.

Single-molecule fluorescence experiments: The STED setup
used for the high-resolution measurements has been described
before.?>27! pylsed excitation was implemented by a 635nm
laser diode (Picoquant GmbH, Germany). It was triggered by the
photodiode signal of the STED laser (MIRA 900, Coherent, USA)
operating at 750 nm. The doughnut-shaped intensity distribution
used for the STED beam was achieved by adding a phase plate
with helical phase retardation (RPC Photonics, Rochester, NY,
USA) to the STED beam. Detection of the fluorescent photons was
performed by an avalanche photodetector (APD, Perkin Elmer)
coupled to a multimode fiber acting as the confocal pinhole (0.7
times Airy disks).

Keywords:

fluorescence - imaging - photostability - redox chemistry -
stimulated emission depletion microscopy
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