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Fluorescence microscopy is a powerful standard tool used to
study structures and dynamics in living cells. Its routine
application in cell biology has been boosted by the develop-
ment of genetically encoded fluorescent tags that can be fused
to the gene of the target protein and expressed in living cells.!"
However, optical diffraction limits the resolution of far-field
microscopy to roughly 200 nm in the lateral plane and around
500 nm along the axis of observation which is 1-2 orders of
magnitude larger than many of the macromolecular com-
plexes and clusters of interest.?

Recently, several concepts have been experimentally
realized that overcome the diffraction barrier and allow
optical imaging with an unprecedented resolution in the range
of 10-30 nm.* Most prominent among them are stimulated
emission depletion (STED) microscopy and the single-
molecule-based stochastic optical reconstruction microscopy
(STORM) and photoactivated localization microscopy
(PALM)."'2l These methods separate overlapping point-
spread functions of nearby objects in time by light-induced
switching of the fluorescent probe between a bright (“on”
and a dark (“off”) state.

This principle is used in a spatially defined manner in
STED microscopy to decrease the size of the point-spread
function by a donut-shaped depletion pulse.”! Images are
obtained by raster scanning, and the precision in imaging is
determined by the position of the scanning stage, the intensity
of the depletion pulse, and the photophysical properties of the
dye label.

In contrast, fluorophores and fluorescent proteins in
STORM and PALM, respectively, are randomly switched on
and off in single-molecule-based methods to image only a
small and, in the ideal case, spatially nonoverlapping sub-
population of the fluorescent labels using highly sensitive
EMCCD cameras.”? The centers of individual point-spread
functions that are now separated in time, that is, in different
frames, are then determined with nanometer accuracy. By
repeatedly imaging and localizing single fluorophores high-
resolution images can be reconstructed.

PALM is based on photoactivation and subsequent
photobleaching of fluorescent proteins while in STORM the
fluorophores are reversibly cycled between on and off states
until photobleaching occurs irreversibly. A crucial point of
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these methods is that they require an additional excitation
line to (re)activate the on state of the fluorescent label during
imaging. More recently, STORM was further optimized by
controlling the duration of the off state with a reducing and
oxidizing system (ROXS), that is, a buffer containing
reducing and oxidizing reagents.’>'¥l Thereby experimental
conditions could further be simplified to a single excitation
line suited both for switching of the fluorophores and for
imaging."®! However, the transition from the on to the off
state is still light-driven and thus depends on the excitation
intensity. Moreover, it has been found that excitation intensity
and label density are strongly interrelated." In order to
separate individual fluorophores in time at higher label
densities the fraction of molecules in the off state has to be
increased, usually, by increasing excitation power. Conse-
quently, imaging conditions must be optimized to meet the
demands of photoswitching and imaging at the same time as
resolution depends on the number of detected photons.'”
Therefore, it would be of general interest to substitute the
process of photoswitching with an independent but likewise
controllable process. In contrast to STED microscopy, photo-
switching in single-molecule-based approaches is stochastic,
that is, fluorophores are randomly switched on or off without
any spatial or temporal relationship. Therefore, any other
stochastic process not triggered by light, like chemical
reactions, could theoretically be used for the same purpose
if reaction kinetics and quantum yields of the two states are
within a suitable range."® Very recently, this concept has been
realized for localizing catalytically active centers in zeolites
and mesoporous silicates using chemical conversions of
fluorogenic substrates that either become fluorescent or
show a strong change in emission wavelength."”*! However,
to the best of our knowledge, it has so far not been used in a
generally applicable manner to localize biological structures.

Recently, we reported on kinetic measurements for the
formation of a copper(II) complex with a bipyridine deriv-
ative in thermodynamic equilibrium as a first example of
applying single-molecule fluorescence spectroscopy (SMFS)
to study homogeneous chemical reactions.”!! In this system,
complexation of a Cu"ion is signalled by the distinct
quenching of fluorescence intensity of the immobilized
probes. In other words, Cu"ions reversibly switch the
fluorescent states of the probes between bright (on) and
dark (off) states by association and dissociation reactions.

Herein, we present an application of reversible Cu"
complexation as a means of stochastic switching for high-
resolution microscopy. We name this method CHIRON
(CHemically Improved Resolution for Optical Nanoscopy)
to underline its chemical nature, but we will use the more
general term localization microscopy in the following text.
The timescale of switching can be tuned by changing the Cu"
concentration.”” The method is therefore suited for separat-
ing individual point-spread functions (PSF) in time, that is, in
different frames. Like in STORM, PALM, and related
techniques point-spread functions can be localized and used
for reconstruction of a high-resolution image.

The probe consists of a double-stranded DNA (22 bp) as a
scaffold to bring the chelating ligand 2,2'-bipyridin-4,4'-
dicarboxylic acid and the fluorophore tetramethylrhodamine
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(TMR) into close proximity as has already been described in
previous publications.’>? The bipyridine ligand is coupled to
the amino-modified 5-end of one DNA strand while the
complementary strand is labeled with TMR at its 3'-end.
Additionally, the complementary strand is also 5'-biotinylated
for labeling with streptavidin. Both strands were purified by
HPLC and hybridized prior to the experiments.

For characterization, probes were immobilized on glass
cover slides by streptavidin/biotin binding on surfaces coated
with bovine serum albumine (BSA) and doped with biotin-
ylated BSA (~5%), and the probes were studied by total-
internal-reflection fluorescence microscopy (TIRFM; see
Figure 1 and the Experimental Section).

Single probes were visualized in TIRF microscopy movies
as individual diffraction-limited spots (see the Supporting
Information). Individual traces with a time resolution of
100 ms were extracted from movies of surface-immobilized
probes taken at different CuSO, concentrations (Figure 1a—
c). In the absence of Cu", immobilized probes show a constant
fluorescence emission until photobleaching occurs (Fig-
ure 1a). Only after addition of CuSO, is the stochastic
blinking of individual probes observed on the timescale of
seconds (Figure 1b and c); we attribute this to consecutive
binding and dissociation of Cu" with the probe.”? In local-
ization microscopy the off/on ratio has been identified as a
crucial parameter for resolution enhancement with depend-
ence on label density.l'”! Usually, off/on ratios are controlled

Figure 1. Time-resolved TIRF microscopy (excitation 532 nm, 600 pW;
frame rate 30 Hz; 10 ms exposure) of immobilized probes which are
quenched upon binding of Cu". Time-resolved measurements a) in
absence of Cu' show constant emission until photobleaching, while at
CuSO, concentrations of b) 200 nm and c) 2 um discrete random
jumps between on and off states occur. d) Frames from a movie at a
CuSO, concentration of 2 um show that different immobilized probes
blink independently of one another and can be resolved and localized
individually. The arrow indicates the molecule shown in (c). e) The
Gaussian profile yielded from multiple localizations of one spot has a
full width at half maximum (FWHM) of 30 nm.
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by tuning the excitation power. In our approach, the off/on
ratio is controlled by changing the CuSO, concentration. An
increase of CuSO, from 200 nm (Figure 1b) to 2 um (Fig-
ure 1c¢) leads to significantly shorter on times as a result of an
increased number of association events.l'”)

Figure 1d shows individual frames of a movie taken at a
frame rate of 30 Hz with an exposure time of 10 ms in the
presence of 200 nm CuSO,. The arrow indicates the spot
plotted in Figure 1b. It is evident that already at 200 nm
CuSO0, individual probes can be resolved in different frames
because of discrete blinking typical of single-molecule
observations. To test whether resolutions similar to those of
published localization microscopy techniques can be ach-
ieved, the whole movie (1000 frames) was analyzed using a
localization software package.”” Repeated localization of
individual spots using a Gaussian fitting model typically
yielded a lateral resolution of approximately 30 nm as
compared to the diffraction-limited resolution of roughly
250 nm we measured for our TIRF microscope (Figure 1e).
The improvement in lateral resolution is about tenfold and
thus comparable to that of other approaches using photo-
switching and likewise depends on the total number of frames
and the number of photons per spot.”%

Next we tested the applicability of this approach to
biological samples by labeling microtubules in fixed mouse
fibroblasts with a biotinylated monoclonal bovine a-tubulin
antibody (see the Experimental Section). As expected from
the results in Figure 1a-c, the quality of the images depends
on both the labeling density and the CuSO, concentration. We
tried different concentrations of CuSO, in the range of 1-
40 uMm (see the Supporting Information). Too low amounts of
CuSO, lead to overlapping point-spread functions and
artifacts in the localization analysis (Figure Sla and b),
while the label density and photon yield become too low at
high concentrations (Figure S1c and d). The best results with
our samples were achieved with 12 pm CuSO,. Figure 2a
shows the regular TIRF micrograph of a labeled fibroblast
after addition of 12 um CuSO,. The image is the sum of 8000
frames taken over a period of 400s (20 Hz) and shows
microtubules as blurred features. Individual frames were
subjected to localization and reconstruction analysis leading
to significant improvement in resolution (Figure 2b).
Zoomed-in regions show that individual fibers can be
resolved after localization (Figure 2d), while the TIRF
micrograph shows mostly blurred features (Figure 2¢). The
improvement in resolution is also exemplified in Figure 2e
which shows the intensity profiles of the TIRF micrograph
(red line) and the localization micrograph (green line) taken
from the images in Figure 2¢ and d, respectively, along the
blue lines. While the TIRF image displays only a broad bump,
two distinct features are nicely resolved in the localization
micrograph.

It is important to note that our localization approach is
independent of excitation power as fluorescence quenching in
the Cu" complex occurs from the excited singlet state (see
also Ref. [19]). To unequivocally prove this, kinetic studies
were performed with different excitation powers. Measure-
ments of the on/off fluctuations of probes immobilized on
glass cover slips were performed at a frame rate of 20 Hz and
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Figure 2. TIRF experiments (excitation 532 nm, 600 puW, frame rate

20 Hz; 12 um CuSO,) on labeled microtubules of fixed mouse fibro-
blasts. a) Regular TIRF micrograph integrated over 8000 frames.

b) The localized reconstruction of (a) resolves individual microtubules.
c,d) Zoomed-in regions of (a) and (b), respectively. e) The intensity
profile along the blue line in (c, red) shows a broad feature from the
TIRF image. The same profile taken from the localization image (d,
green) resolves to distinct features that are not resolved in the TIRF
micrograph.

an exposure time of 25 ms. Movies were analyzed using the
localization software package,! and binary (on/off) traces
were created from these results for approximately 100
molecules for each experiment. On/off durations were
extracted from these traces using a custom MATLAB routine
and collected in histograms plotting the relative frequency
against on and off duration (see the Supporting Information).
These histograms show that on/off duration is not significantly
influenced by changes in the excitation power as long as
CuSO, is present in solution. Only in the absence of Cu" does
a power dependence become prominent in the on/off
durations. The on/off histograms were best fit with an
exponential two-component model, and estimated durations
as well as the relative amplitude were plotted against
excitation power (see the Supporting Information). In the
presence of Cu" neither on/off durations nor amplitudes show
a systematic trend with changing excitation power. The results
are summarized in Figure 3a and b, which show the ampli-
tude-weighted on/off times plotted against excitation power
at 0 and 10 pm CuSO,. Obviously, the on duration increases
with excitation power when no Cu" is present and levels off or
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Figure 3. a) The on- and b) off-state durations plotted against excita-
tion power at a CuSO, concentration of 10 um (@) and in the absence
of Cu" (0). In contrast to the uncomplexed probe, blinking rates are
not or only weakly influenced by excitation power. c,d) Stern-Volmer
plots showing the inverse relative quantum yield of the probe at
varying concentrations of different M?" ions used as quenchers: c) Cu"
(4), Ni"" (2); d) Fe" (m), Mn" (0), Co" (e).

even decreases again at about 800 uW (Figure 3a). The off
duration (Figure 3b) first shows a slight decrease with
increasing excitation power and also starts to level off at
around 800 pW. The reason for these fluctuations is so far
unclear and might be as well an artifact of the data analysis by
the localization algorithm at low signal-to-noise ratios. More
importantly, when Cu" is present, on times remains almost
constant with only minor variations. Off times also show a
slight shortening with increasing excitation power. However,
this is probably related to the rather large variations in the
estimated amplitudes. The data in Figure 3a and b as well as
in the Supporting Information demonstrate that quenching in
the Cu" complex is much less power dependent than that in
the free probe. This suggests that associated complexation
kinetics dominates the switching process making the pre-
sented localization approach unique in the sense that it no
longer depends on photoactivation or -deactivation.

We were also interested in testing the ability of other
metal ions known to bind to bipyridines, like Ni, Fe, Co, and
Mn, as potential quenchers for chemical switching in local-
ization microscopy. Figure 3¢ and d show Stern—Volmer plots
where the inverse relative quantum yield @,/® is plotted
against concentration c¢(M?") of the metal ion salt. The
increase of @,/@ with increasing metal ion concentration
indicates that all complexes are quenched upon complex-
ation. The strongest quenching can be observed for Cu®"
(Figure 3¢). Even Ni*" quenches by about a factor of 10 less
(Figure 3c¢). Both curves show saturation at a concentration of
roughly 3 pm, indicating specific complexation by the biden-
tate bipyridine ligand. Other metal ions, like Fe**, Mn*", and
Co*", quench even less although saturation and thus complex
formation can still be observed (Figure 3d). Additionally,
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Mg*" and Ca®" were tested but no noticeable change in
fluorescence emission of the probe was observed. Although
Cu" seems to be the most suitable quencher with our probe,
the probe could be modified by changing the fluorophore and/
or the chelating ligand such that even Mg** or Ca*" could be
used to achieve better compatibility with living cells.

In summary, we have experimentally demonstrated the
combination of reversible chemical reactions and spectro-
scopic states, like the Cu" complexation, can be used for
single-molecule-based high-resolution microscopy as an alter-
native to light-driven approaches. In our approach, suitable
on/off ratios can be achieved by controlling the Cu® concen-
tration. Thereby, excitation intensity and wavelength become
independent of the switching process and can be tuned for
optimal imaging. As a positive side effect we also observe that
the photostability of the fluorescent dyes is dramatically
improved by the addition of CuSO,. The probe itself is quite
versatile because ligand, dye label, and metal cation can be
varied easily to further finetune different parameters, like on/
off ratio, quantum yield, and excitation and emission wave-
lengths; thus multiplexing is possible. So far, our experiments
have been carried out in fixed cells; whether our scheme is
suited for live-cell experiments will be addressed in studies in
the near future. The probe in its current state may not be
perfect for routine application as it employs short oligonu-
cleotides. However, the oligonucleotides are currently only
used as a tether and could be replaced by a smaller more
compact structure using synthetic chemistry. This will then
allow also the introduction of reactive groups for the direct
labeling of proteins, like antibodies, to circumvent the biotin—
streptavidin tagging and at the same time lead to fewer
artifacts of constant emission. Beyond that many fluoro-
phores are commercially available that are susceptible to
quenching by different metal ions. It might be worthwhile to
explore, for example, the potential of fluorescent Ca®" and
Mg*" indicators that can be functionalized for labeling. An
advantage of such indicators is that these ions are already
present in cells, making the method probably more suited for
live-cell applications.

Experimental Section

TIRFM data was acquired on a custom-built TIRFM setup consisting
of a Zeiss Axioinvert 200 equipped with a laser emitting at 532 nm
(World Star Tech TECGL-30: 532 nm; 30 mW, cw, Toronto, Canada),
which was coupled into to the microscope through the back port.
Fluorescence was collected by a microscope lens (Olympus, PlanA-
pochromat TIRF 100 x, N.A. 1.45, Center Valley, PA, USA) and
separated from excitation light by a dichroic mirror and a bandpass
filter (z 532/633 and HQ 585/60, AHF Analysentechnik, Tiibingen,
Germany). Movies were taken with a back-illuminated EMCCD
camera (Andor iXon™ + 897, Dublin, Ireland).

For immobilization of probes for TIRFM measurements we used
eight-well LabTek chambers (Fisher Scientific GmbH, Schwerte,
Germany) which had been cleaned twice with 1% hydrofluoric acid
and deionized water. Surface preparation was carried out in 10 mm
phosphate-buffered saline (PBS) at room temperature. First, the
surface was incubated with a mixture of 5mgmL~' BSA and
biotinylated BSA (20:1) for 30 min. After three rounds of washing
with PBS, the surface was incubated with 100 pgmL ™! streptavidin for
30 min followed again by another washing step with PBS. Finally, a
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solution of the DNA probe (0.3 nm) was added and incubated for 30
min. After washing with 10 mm 3-(N-morpholino)propanesulfonic
acid (MOPS) buffer (pH 7.5) the samples were ready for microscopy.

For the biological tests, mouse fibroblasts (3T3, NIH, DSMZ,
Braunschweig, Germany) were cultured overnight in an eight-well
cover glass (Nunc/Thermo Fisher Scientific, Langenselbold, Ger-
many) using phenol-red-free media (DMEM, Sigma Aldrich, Tauf-
kirchen, Germany). After rinsing with 10 mm PBS, cells were fixed
with 4% paraformaldehyde (PFA) solution in the presence of Triton
X-100 for 20 min and then washed three times with PBS for 5 min.
Microtubules were then incubated for 1h with a biotinylated
monoclonal bovine o-tubulin antibody (mouse IgG1, monoclonal
236-10501, biotin-XX conjugate, Invitrogen, Darmstadt, Germany)
and subsequently washed three times with PBS. Thereafter
100 uygmL" streptavidin in PBS was added and incubated for 30
min, and unbound streptavidin was removed by washing five times
with PBS. Finally, the DNA probe was added (2 ugmL™') and
antibody-tagged cells were incubated for 30 min. Excess DNA probe
was removed by washing five times with PBS. After careful removal
of liquids MOPS buffer was added for TIRF microscopy experiments.
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