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5 | Improved Photostabilizer-Dye Conjugates for
STED Microscopy

In recent years optical super-resolution techniques have emerged as an important tool to break
the diffraction limit. Up to date, mixtures of photostabilizing agents in the imaging buffer are the
method of choice to allow for efficient photoswitching and/or to enhance the signal brightness
and stability for various applications of optical super resolution microscopy. This strategy is,
however, not suitable for live cell imaging. In Chapter 4 unnatural amino acids were used as a
flexible scaffold to bind organic fluorophores to a photostabilizer on a biomolecular target. In
this chapter, intramolecular photostabilized organic fluorophores were used in super-resolution
STED microscopy to improve spatial and temporal resolution. The photostability and achievable
resolution of intramolecular photostabilized ATTO647N labeled oligonucleotides was explored by
STED microscopy. Notably, for ATTO647N-photostabilizer derivatives it was possible to obtain
single-molecule fluorescent transients while illuminating with both the excitation- and STED-
laser. Furthermore, for antibody labeling and STED imaging of nuclear pore complexes KK114-
photostabilizer derivatives were studied to increase the number of acquired possible subsequent
STED images. The obtained results show that intramolecular photostabilization is an accessible
and effective method to increase the photostability of fluorophores used for STED microscopy
to achieve high spatial and temporal resolution.

Jasper H. M. van der Velde and Thorben Cordes
In preparation (2016)



Introduction

In recent years, pioneering developments in far-field fluorescence microscopy have revolutionized
cellular imaging via super-resolution microscopy techniques. Super-resolution techniques have
allowed for visualization of biological structures beyond the physical diffraction limit to resolve
structures with a precision better than (d = λ/2·NA ∼ 250 nm2).

All of the different super-resolution techniques that have been developed, e.g. stimulated
emission depletion (STED)1, ground state depletion (GSD)2, Reversible saturable optical flu-
orescence transitions (RESOLFT)3, photoactivated localization microscopy (PALM)4, (direct)
stochastic optical reconstruction microscopy ((d)STORM)5–7, Ground state depletion microscopy
followed by individual molecule return (GSDIM)8, points accumulation for imaging in nanoscale
topography (PAINT)9, etc. rely on the on/off switching of fluorescent emission. The implemen-
tation of this on/off switching of the fluorescent emission, however, can be separated into two
classes of which the fluorescent behaviour is orthogonal to each other.

The first citatory uses video-based methods like (d)STORM5–7, PALM4, GSDIM8 and
PAINT9. Here a resolution beyond the diffraction limit is achieved via temporal separation
of the fluorescent emission, that is, in each video frame only a sparse subset of fluorophores is
observed. Due to temporal separation of the emission of the fluorophores each fluorophore can be
localized with high precision by fitting of the point-spread function (PSF). The maximum achiev-
able resolution, therefore, depends on the number of detected photons for each fluorophore, that
is, a rather high photon count is required during a single switching cycle.

In a second approach, while scanning of the sample area the fluorescence is only allowed in par-
ticular regions where in others the fluorescence is switched off (STED1, GSD2 and RESOLFT3).
In STED1 microscopy, a regular confocal excitation light (a diffraction limited focus) is comple-
mented with a second laser (STED laser) at a longer wavelength that features a focal intensity
distribution with a central zero, resulting in confinement of the fluorescence smaller than the
point spread function of the emitter (the diameter of the fluorescent on-state region is given
by1,10

d ∼ l

2 ·NA(1 + Im/Is)0.5 (5.1)

with NA the numerical aperture of the microscope objective, Im the intensity of the STED
laser and Is the intensity at which 50% of the fluorescent state of molecule is supressed). The
fluorescent molecules in the crest of the doughnut shaped are switched off via stimulated emission.
Further scanning of the sample area allows nearby emitters to be active at the predefined position
of the central zero of this STED beam. To obtain a image with a resolution beyond the diffraction
limit a scanning step-size smaller than the certain wanted resolution has to be used (Nyquist
theorem). Consequently, the fluorophore undergoes many switching cycles between a bright and
dark state, that is, the resolution depends on the number of cycles the fluorophore can undergo
(Equation 5.2).
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Resolution ∼ FWHM/C0.5 (5.2)

Especially for super-resolution imaging the performance of the fluorescent labels are of utmost
importance. However, the use of organic fluorophores is limited due to intrinsic transitions to
(triplet-related) dark states and/or eventually photobleaching11–14. In STED microscopy both
the confocal excitation and STED beam affect these. Moreover, in STED microscopy kW·cm-2

for the confocal excitation light and MW·cm-2 for the STED beam are used to allow for sufficient
suppression of fluorescence and subdiffraction spatial resolution. Due to the high intensities of
both the confocal excitation light and STED beam many transitions occur between the singlet
ground and first excited state and consequently more frequent transitions to (triplet-related) dark
states, that is, increased blinking and photobleaching. Note, that the intensity of the STED laser
eventually determines the maximum obtainable resolution. The photostability of fluorophores is
therefore an important parameter in STED microscopy.

While scanning a sample with both the confocal excitation and STED beam for subdiffraction
resolution, the fluorophores that enter the confined excitation region d must be ready to emit.
To allow for this instant emission of photons, the fluorophore must not be trapped in (triplet-
related) dark states. This effectively means that dark states, states other than S0 or S1, should
be quenched to allow for efficient fluorescence11–16.

Up to date, mixtures of photostabilizing agents in the imaging buffer, such as Trolox, Ni-
trophenyl acetic acid, ascorbic acid, methyl viologen7,13–16, are the method of choice to yield
efficient quenching of triplet related dark states, thereby allowing for photoswitching and/or to
enhance the brightness and stability of dyes in optical super resolution microscopy. Building
on our expertise with intramolecular photostabilization, we here explore its characteristics for
super-resolution imaging.

Given the importance of photostability and brightness, since the resolution depends on the
intensity of the STED beam and number of fluorescent cycles in super-resolution techniques,
we investigated the potential of fluorophores with intramolecular photostabilization for super-
resolution imaging. In this contribution improved STED imaging is shown with photostabilizer-
dye conjugates. Herein we show that a single photostabilizer-ATTO647N derivative can give
out an MHz count rate, making the dye particularly useful for STED microscopy10,17. Single
molecule STED measurements of ATTO647N10,18,19 and NPA-ATTO647N were compared to
each other showing a significantly improved photostability of NPA-ATTO647N under STED
imaging conditions. This allows for multiple successive STED images of the same imaging
area, even at high intensities of the STED laser. With NPA-ATTO647N a resolution of a
single dye of 35 nm was observed. Additionally, for ATTO647N-photostabilizer derivatives it
was possible to obtain single-molecule fluorescent time traces while illuminating with both the
confocal excitation- and STED-laser, allowing to observe changes in the fluorescence of single
dyes at high spatial resolution. Finally, KK114-photostabilizer derivatives were used for antibody
labelling and STED imaging of nuclear pore complexes to significantly increase the number of
possible successive STED images that can be acquired.
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Results and Discussion

Photostabilizer-dye conjugates for increased photostability in STED microscopy.
Intramolecular photostabilization via unnatural amino acids as a flexible linker between the or-
ganic fluorophore, photostabilizer and (bio)molecular target has proven be a efficient method to
increase the photostability (Chapter 4)17 In particular ATTO647N shows a drastic increase in
photostability upon direct coupling to a photostabilizer, i.e. a nitrophenyl moiety (Figure 5.1).
In the absence of oxygen the photophysical behaviour of ATTO647N was characterized with
photobleaching times in the order of seconds to minutes accompanied with on/off blinking on
the millisecond timescale. This blinking is assigned to the triplet-state (Figure 5.1 and Chapter
4, off-state lifetime is 29 ± 5 ms). When bound to NPA the photophysical behaviour changes
and could now be characterized as homogeneous, bright, and non-blinking. This is reflected in
the autocorrelation curve where the peak associated with the triplet-state is completely removed
(Figure 5.1b and Chapter 4). The increased photostability for NPA-ATT647N renders it to be
a more suitable dye for STED microscopy where photostability, brightness and signal to noise
ratio (SNR) are important photophysical parameters.

In order to see the maximum brightness and obtainable SNR, we increased the excitation
intensity from moderate levels (50 W·cm-2) to ∼50-100 kW·cm-2 (Figure 5.2a). From a single
NPA-ATTO647N fluorophore we were able to obtain MHz count rates (Figure 5.2b). To the
best of our knowledge, such high values have previously only been obtained with the help of
plasmonic effects20,21 or for shorter observation times22 than demonstrated here (> 50-100 ms).
Count rates of 1000 counts·ms-1 allow for binning for the fluorescence signal with 50 µs resulting

b

c

a ATTO647N

NPA-ATTO647N

Figure 5.1 | Photophysical characterization of NPA-ATTO647N with confocal microscopy. Data was recorded
with a home-built confocal microscope with a sample in aqueous PBS buffer at pH 7.4 in the absence of oxygen.
(a) Experimental strategy to immobilize labelled oligonucleotides (here NPA-ATTO647N-dsDNA) via biotin-
streptavidin interactions on a glass coverslip. Each panel ((b, (c) shows a representative overview image (10 ×
10 µm, 50 nm pixel size, 2 ms per pixel) with spots from individual immobilized fluorophores (left), a fluorescence
time trace (middle) and the corresponding autocorrelation decay in black, with according fits in grey (red); ((b)
ATTO647N and ((c) NPA-ATTO647N (image intensity scale from 5 to 100 counts, excitation intensity of ∼0.66
kW·cm-2 at 640 nm).

130 | Results and Discussion



in SNR values of ∼4-5. At intensities of 100 kW·cm-2, a small triplet-amplitude is found in the
autocorrelation function with an off-state lifetime of < 10 µs (Figure 5.2b).

As a result of the increased photostability and brightness of NPA-ATTO647N, successive
STED images of single ATTO647N and NPA-ATTO647N molecules were measured to test
whether NPA-ATTO647N also shows an increased photostability under STED imaging con-
ditions. Figure 5.3a and b shows alternating confocal and STED images of ATTO647N and
NPA-ATTO647N under deoxygenated conditions. First a regular confocal image is taken. Sub-
sequently, an image of the same area was recorded with the STED beam overlaid to the confocal
excitation light. Finally, a second confocal image is recorded and compared to the first confocal
image (Figure 5.3a and b, analysis method has been adapted from Kasper et al.10) From the
composite image (confocal 1 + 2) it can be seen that after taking a STED image a significant
population of the single ATTO647N molecules have photobleached. For NPA-ATTO647N the
majority of single molecules have survived the second scan with the STED beam overlaid, which
is represented by the number of yellow spots in the confocal 1 + 2 image (Figure 5.3a and b).
It can be concluded that intramolecular photostabilization, here a nitrophenyl moiety covalently
bound to the ATTO647N fluorophore, increases the number of STED images.

For a quantitative analysis, the same series of alternating confocal and STED images was
repeated at different powers of the STED laser (Figure 5.3. At low powers of the STED laser it
can already be seen that ∼25-45% of the ATTO647N fluorophores have photobleached whereas
for NPA-ATTO647N almost all the single molecules survive the image acquisition with the STED
beam overlaid to the confocal excitation light. Upon increasing the laser power of the STED
beam, photobleaching of NPA-ATTO647N slowly increases where up to 60 mW of the STED
laser still >60% of the molecules survive the STED image acquisition. Upon increasing the
power of the STED laser almost all (>90%) of the ATTO647N molecules have photobleached
which is in contrast to NPA-ATTO647N where >25% of the molecules are still present in the
confocal taken after the STED image. At 100 mW of STED power still ∼6% of the single
NPA-ATTO647N molecules survive the STED image acquisition whereas only ∼1-2% of the
ATTO647N fluorophores. Note, that in general a higher power of the STED laser results in an
increased resolution.

In a next step moderate STED laser intensities were used to acquire multiple subsequent

a b

Figure 5.2 | (a) Intensity dependence of the fluorescent count rate of NPA-ATTO647N and (b) a confocal trace of
NPA-ATTO647N at 105 kW·cm-2 (640 nm) with autocorrelation function. Data was recorded with a home-built
confocal microscope with a sample in aqueous PBS buffer at pH 7.4 in the absence of oxygen.

Results and Discussion | 131



confocal and STED images. In Figure 5.3d the remaining number of fluorophores in a confocal
image after a single or two STED images can be seen. After acquiring two STED images ∼60%
of the NPA-ATTO647N molecules are still present in the final confocal image compared to only
∼20% of the ATTO647N molecules. The difference in remaining fluorophores after two STED
image acquisitions between ATTO647N and NPA-ATTO647N is significant. This observation
allows for measuring multiple successive STED images of the same area at moderate STED
powers, i.e. resolution, without the loss of fluorescent signal. Observing changes of the system
of interest at high spatial resolution, dynamic STED imaging is within reach.

Next, the resolution dependence as a function of the intensity of the STED laser was studied.
In the confocal image, that is with a 0 mW power for the STED laser, a resolution of 225 ± 26 nm
was found for NPA-ATTO647N (Figure 5.4a). Upon increasing the power for the STED beam
the resolution increased up to a value of 29 ± 5.6 nm (Figure 5.4a), which is consistent with
values found in literature. Here, for each STED power >20 molecules were picked and their point
spread functions were fitted using a two-dimensional Lorentzian fit23–25, except for an intensity

c d
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Confocal 1 + 2
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Figure 5.3 | Alternating confocal, STED and confocal images of single (a) ATTO647N and (b) NPA-ATTO647N
labelled oligonucleotides. The most right image (confocal 1 + 2) in the series is an overlaid image of first and
second confocal image to visualize the number of photobleached molecules. (c) Quantitative analysis of the
remaining number of fluorophores in a confocal image after acquiring a STED image at different STED laser
powers for ATTO647N and NPA-ATTO647N. (d) Analysis of the remaining number of fluorophores in a confocal
image after acquiring one or two STED images (separated with a confocal image) at 50 mW STED laser power.
The confocal images were recorded at 640 nm excitation and 3.4 kW·cm-2. The STED images were recorded
with 640 nm excitation at 3.4 kW·cm-2 complemented with a STED beam at 765 nm with 50 mW at the sample
(Figure a and b). Scale bars are set to 500 nm. All data was recorded with a sample in aqueous PBS buffer at
pH 7.4 in the absence of oxygen.
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of 0 mW for the STED laser, where each molecules was fitted with a two dimensional Gaussian
function. At high intensities of the STED laser, the found resolution (FWHM, Figure 5.4a)
of NPA-ATTO647N was slightly higher compared to ATTO647N. Additionally, the variation of
the FWHM at a specific STED laser intensity was higher for ATTO647N. This is probably due
to the observation that the majority of ATTO647N molecules show a blinking behaviour while
scanning with both the confocal excitation and STED beam (Figure 5.4b). From the images
in Figure 5.4b and c it becomes clear that ATTO647N (Figure 5.4b) shows pixels where no
fluorescence was detected, an effect not observed for NPA-ATTO647N. For NPA-ATTO647N a
single homogenous fluorescent spot was observed (Figure 5.4c).

Single molecule fluorescence time traces under STED conditions.
STED microscopy, and other super resolution techniques, a useful tool to increase the resolution
of images to distinguish features smaller than the physical diffraction limit. Single molecules in
high density labelled areas may contain useful information, however single molecule observations
in such crowded systems is challenging. STED microscopy allows for the observation of single
molecule fluorescent time traces and thereby dynamic studies of a single molecule, in contrast to
STORM/PALM like super-resolution where the molecule needs to exhibit on/off transitions in its
fluorescent emission. A single molecule STED observation with standard commercially available
organic fluorophores, however, is not possible due to fast photobleaching under STED imaging
conditions. Here, NPA-ATTO647N is tested for single molecule time traces under STED imaging
conditions.

a

b c

ATTO647N NPA-ATTO647N

Figure 5.4 | (a) Quantitative analysis of the resolution (full width at half maximum, FWHM) at different STED
laser powers. The STED images were recorded with 640 nm excitation at 10 kW·cm-2 complemented with a
STED beam at 765 nm with varying powers at the sample. (b, c) STED images of single ATTO647N (b) and
NPA-ATTO647N labelled oligonucleotides (640 nm excitation at 3.4 kW·cm-2 complemented with a STED beam
at 765 nm with 50 mW at the sample). All data was recorded with a sample in aqueous PBS buffer at pH 7.4 in
the absence of oxygen.
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In Figure 5.5 confocal and the corresponding STED image for both ATTO647N and NPA-
ATTO647N are shown. Underneath each of the images a cross-section of a single spots are
shown. On the right of each of STED images a representative single molecule fluorescence time
trace with the STED beam overlaid to the confocal excitation light is shown. It can be seen
that for ATTO647N molecules indeed no fluorescence could be observed. On the contrary, for
NPA-ATTO647N fluorescence with photobleaching times on the second timescale was observed.
With NPA-ATTO647N now fluorescence time traces under STED conditions can be recorded,
thereby making it possible to study dynamics of a system of interest at high spatial resolution.

Photostabilizer-dye conjugates in immunofluorescence and STED microscopy.
A common tool in cellular far-field fluorescence microscopy is the use of immunofluorescence,
where cells are fixed and individual structures or proteins are tagged using specific primary
antibodies and fluorophore-labelled secondary antibodies. Here we have used the NHS ester of the
dye KK11426 and its derivative NPA-KK114 to directly tag secondary antibodies using standard
procedures. These antibodies were used to specifically immunolabel nuclear pore complexes
(NPCs) in fixed mammalian PtK2 cells (Figure 5.6a and c). Figure 5.6c depicts that we could
successfully apply NPA-KK114 to visualize the spatial distribution of these NPCs as shown

a

b NPA-ATTO647N

ATTO647N

Figure 5.5 | Single molecule fluorescence time traces under STED conditions for (a) ATTO647N and (b) NPA-
ATTO647N. Each row consists of a confocal image, STED image and single molecule fluorescence time trace
recorded under STED conditions. Underneath both the confocal and STED image a point-spread function of a
single fluorescent spot is shown fitted with either a Gaussian or Lorentzian function, respectively. The confocal
images were recorded at 640 nm excitation and 3.4 kW·cm-2. The STED images and single molecule fluorescence
traces were recorded with 640 nm excitation at 3.4 kW·cm-2 complemented with a STED beam at 765 nm with
50 mW at the sample. Scale bars are set to 500 nm. All data was recorded with a sample in aqueous PBS buffer
at pH 7.4 in the absence of oxygen.
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Figure 5.6 | Use of photostabilizer-dye conjugates in confocal and super-resolution STED microscopy of immuno-
labelled cells. Data from NPCs in fixed mammalian PtK2 cells immunolabelled with KK114 and NPA=KK114
Confocal (a and c) and STED (b and d) images of a representative cell stained with KK114 and NPA-KK114
(scale bars, 5 µm). Continued next page.
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Figure 5.6 | Continued (c) Normalized intensity profile along the dashed line in the white boxes marked in the
images of c and b, exemplifying how neighbouring NPCs can be much better resolved in the STED (red) compared
with the confocal (black) recordings. (f-f) Repeated scanning of the same area of the cells in the STED mode
indicates reduced photobleaching in the case of NPA-KK114 compared with KK114: images 1, 4 and 8 for KK114
(f) and NPA-KK114 (g) (scale bars, 1 µm), and (h) bleaching constant from an exponential fit in terms of number
of images for KK114 and NPA-KK114 (total number of subsequent images recorded = 30, n = 4). (i Total image
intensity with number of repeated scan of the same area of the cells in the STED mode for KK114 (black) and
NPA-KK114 (red), indicating reduced photobleaching in the case of NPA-KK114. Data from > 3 measurement
series, with error bars depicting the standard deviation. (j) Average brightness and standard deviation (error bars)
for KK114 and NPA-KK114 labeling. (k) Size (full-width-at-half-maximum FWHM) of nuclear pore complexes
in the initial STED images (n > 300 nuclear pore complexes) for KK114 and NPA-KK114 labeling.

in the representative confocal scanning images. However, it also becomes obvious that these
complexes appear as rather large (>250 nm), blurred spots due to the diffraction limit. Figure
5.6d clearly show the successful implementation of NPA-KK114 in STED microscopy. The
NPCs were much better resolved and appeared as much smaller spots (85-90 nm, which is a
reasonable value considering the use of primary and secondary antibodies (Figure 5.6c and k).
When compared with conventional KK114 (Figure 5.6a and b), the NPA-KK114 showed an
increased photostability under STED conditions. Repeated scanning of the same area of the cell
revealed that fading of fluorescence was reduced for NPA-KK114, while brightness was only subtly
increased (Figure 5.6f-i). The improvement in photobleaching resistance under STED conditions
via an intramolecular mechanism highlights future directions towards improved dynamic STED
imaging10.

Conclusion

Our results show that intramolecular photostabilization of organic fluorophores effectively en-
hances the photophysical properties of fluorophores for STED microscopy. Intramolecular photo-
stabilized organic fluorophores show an increased photostability and brightness, which are impor-
tant parameters for in vivo and in vitro STED microscopy applications. Upon covalent binding
of a nitrophenyl moiety to ATTO647N, single molecule count rates of up to a MHz were ob-
tained on the biomolecular target dsDNA, making NPA-fluorophore conjugates useful for STED
microscopy. It was found that intramolecular photostabilization significantly improves the photo-
stability of ATTO647N when excited with both the confocal excitation and STED beam, thereby
increasing the number of possible subsequent STED images that can be acquired. Additionally,
lower STED laser intensities were needed to obtain the maximum resolution (∼30 nm), thereby
reducing the probability of photobleaching of the fluorophores and phototoxicity to the sample.
By labelling antibodies with photostabilizer-dye conjugates to visualize nuclear pore complexes
we showed that intramolecular photostabilization could also be used for immunofluorescence
combined with an increased number of possible successive STED images. The improvement of
the photophysical parameters via intramolecular photostabilization paves the way for dynamic
STED imaging without the need of adding (potential toxic) chemical compounds10.
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Materials and Methods

Sample preparation and surface immobilization of oligonucleotides. Immobilization and
the study of single fluorophores was achieved using a dsDNA scaffold comprising two 40-mer
oligonucleotides, i.e. ssDNA-fluorophore and ssDNA-biotin. Sequences of both oligomers were
adapted from literature16,27,28. Single immobilized fluorophore molecules were studied in LabTek
8-well chambered cover slides (Nunc/VWR, The Netherlands) with a volume of 750 ml, as
described in literature29. After cleaning with 0.1% HF and washing with PBS buffer (one PBS
tablet was dissolved in deionized water containing 10 mM phosphate buffer, 2.7 mM potassium
chloride and 137 mM sodium chloride at pH 7.4; Sigma-Aldrich, The Netherlands), each chamber
was incubated with a mixture of 5 mg/800 mL BSA and 1 mg/800 mL BSA/biotin (Sigma
Aldrich, The Netherlands) at 4◦C in PBS buffer overnight. After rinsing with PBS buffer, a 0.2
mg·ml-1 solution of streptavidin was incubated for 10 minutes and subsequently rinsed with PBS
buffer.

The immobilization of dsDNA was achieved via a biotin-streptavidin interaction using pre-
annealed dsDNA with the aim of observing single emitters for prolonged periods of time and
allowing free rotation of the fluorophores. For this, 5-50 mL of a 1 mM solution of ssDNA-
fluorophore or ssDNA-NPA-fluorophore (ATTO647N-(NPA)-C6-5’-TAA TAT TCG ATT CCT
TAC ACT TAT ATT GCA TAG CTA TAC G-3’, used as received from Eurofins and IBA, Ger-
many). was mixed with the complementary ssDNA-biotin at the same concentration (biotin-5’-
CGT ATA GCT ATG CAA TAT AAG TGT AAG GAA TCG AAT ATT A-3’, used as received
from IBA, Germany). The respective mixtures of the two oligomers were heated to 98◦C for 4
minutes and cooled down to 4◦C with a rate of 1◦C·min-1 in annealing buffer (500 mM sodium
chloride, 20 mM Tris-HCL, and 1 mM EDTA at pH = 8). The treated LabTek cover slides
were incubated with a 50-100 pM solution of pre-annealed dsDNA for 1-2 minutes. All single-
molecule experiments were carried out at room temperature (22 ± 1◦C). Oxygen was removed
from the buffer system utilizing an oxygen-scavenging system (PBS, pH = 7.4, containing 10%
(wt/vol) glucose and 10% (vol/vol) glycerine, 50 mg·ml-1 glucose-oxidase, 100-200 µg·ml-1

catalase, and 0.1 mM tris(2-carboxyethyl)phosphine hydrochloride (TCEP)). As shown before,
such low concentrations of the reducer TCEP have no noticeable effect on the photophysics
of organic fluorophores28,30 and hence do not convolute with the effects from intramolecular
stabilization. Glucose-oxidase catalase (GOC)15,29 was used instead of a combination of pro-
tocatechuic acid and protocatechuate-3,4-dioxygenase (PCA/PCD31) to avoid convolution of
inter- and intramolecular photostabilization with PCA32.

Functionalization of Oligonucleotides with ATTO647N and NPA-ATTO647N. The pro-
cedures for the functionalization of oligonucleotides were established and described in detail in
Chapter 417.
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Synthesis of NPA-KK114 for Immunolabeling. The procedure for synthesis of NPA-KK114
is fully described in detail by Cordes and co-workers17.

Confocal scanning microscopy and data analysis. A custom-built confocal microscope, de-
scribed in literature33, was used to study the fluorescenced properties of organic fluorophores on
the level of single molecules. Excitation was achieved via a spectrally filtered laser beam of a
pulsed supercontinuum source (SuperK Extreme, NKT Photonics, Denmark) with an acousto-
optical tunable filter (AOTFnc-VIS, EQ Photonics, Germany), leading to ∼2 nm broad excitation
pulses centred around 640 nm. The spatially filtered beam was coupled into an oil-immersion
objective (60× , numerical aperture (NA) 1.35, UPLSAPO 60XO mounted on an IX71 micro-
scope body, both from Olympus, Germany) by a dichroic beam splitter (zt532/642rpc, AHF
Analysentechnik, Tuebingen, Germany). Surface scanning was performed using a XYZ-piezo
stage with 100 × 100 × 20 µm range (P-517-3CD with E-725.3CDA, Physik Instrumente, Ger-
many). Fluorescence was collected by the same objective, focused onto a 50 µm pinhole and
detected an avalanche photodiode (t-spad, >50 dark counts per second, Picoquant, Germany)
with appropriate spectral filtering (ET700/75 AHF, both from Analysentechnik). The detector
signal was registered using a Hydra Harp 400 ps event timer and a module for time-correlated
single-photon counting (both from Picoquant). The data were evaluated using custom-made
LabVIEW software24,25. Blinking kinetics were extracted from fluorescent time traces in the
form of ON and OFF times according to established procedures27. Fluorescence lifetimes were
determined using time-correlated single-photon counting as described before33.

Single molecule STED and confocal microscopy. Single molecule STED microscopy and
the corresponding confocal microscopy were performed on a Microtime-200 STED microscope
(PicoQuant, Berlin, Germany). Excitation was performed at 640 nm (LDH-D-C-640P laser
diode, PicoQuant) and STED at 765 nm, at 10 MHz. A donut-shaped intensity distribution of
the STED laser was realized by the easy-STED approach, that is, a λ/4 phase plate was inserted
into the collimated STED beam, which is overlaid to the excitation beam using the appropriate
filter (SBDC 565, AHF, Analysentechnik, Germany). Both the excitation and STED laser were
focussed onto the sample via an oil-immersion objective (UPlanSapo 100×, NA 1.4, Olympus,
Japan) mounted on an IX73 microscope body (Olympus, Germany) by dichroic beam splitter (ZT
640/752 rpc-UF3, Chroma, USA). Fluorescence was collected through the same objective and
detected by avalanche photodiodes (Excelitas Technologies, Quebec, Canada) with corresponding
spectral filtering (HQ 690/70, AHF Analysentechnik, Germany). The data was analysed with
Symphotime64 software (PicoQuant, Berlin, Germany).

Immunolabeled nuclear pore complexes imaged with STED and confocal microscopy
- STED and confocal microscopy. STED microscopy and the corresponding confocal mi-
croscopy with immunolabeled nuclear pore complexes was performed on an Abberior Instruments
Resolft microscope (Abberior Instruments, Goettingen, Germany) to which a Ti:Sa STED laser
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was added (MaiTai, Newport-Spectra Physics; as outlined in detail in literature34). Excitation
was performed at 640 nm (LDH-D-C-640P laser diode, Picoquant) and STED at 780 nm, at
80 MHz. Pulsing of the excitation laser was triggered by the Ti:Sa laser using a photodiode
(APS-100-01), an amplifier (CON-TTL, both from Becker & Hickl, Berlin, Germany) along with
a ps-delay unit (either Abberior Instruments or LAS-015617, MPD/Laser2000 UK). A donut-
shaped intensity distribution of the STED laser focus was realized by the incorporation of a
vortex phase plate (VPP-1a, RPC Photonics, Rochester, NY) into the collimated STED beam.
Laser focusing and fluorescence collection was done by an oil-immersion microscope objective
(UPlanSapo × 100/1.4 oil, Olympus, Japan). The collected fluorescence was detected by an
avalanche photodiode (SPCM-AQRH-13, Excelitas Technologies) with a 650-690nm bandpass
filter (670/40, AHF Analysentechnik).

Immunolabelling. Gm5756T human fibroblast were fixed with 3% paraformaldehyde for 10
min, rinsed several times in PBS, permeabilized in 0.1% Triton X-100 for 10 min, rinsed again
several times in PBS and blocked in 2% BSA/5% FCS in PBS for 1 h. Samples were incubated
with primary mouse antibodies, to stain nuclear pore diluted 1:500 in blocking buffer for 1 h at
room temperature. Coverslips were washed five times in 1% BSA in PBS and then incubated for
30 min with goat anti-mouse antibodies (Abberior GmbH, Gottingen, Germany) diluted 1:250 in
blocking buffer. Samples were washed five times in 1% BSA in PBS and mounted in the buffer
system using an oxygen-scavenging system as used before in the single-molecule experiments.
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