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Abstract

Stimulated emission depletion (STED) microscopy achieves super-resolution by exciting a
diffraction-limited volume and then suppressing fluorescence in its outer parts by
depletion. Multiple depletion lasers may introduce misalignment and bleaching. Hence, a
single depletion wavelength is preferable for multi-color analyses. However, this limits the
number of usable spectral channels. Using cultured cells, common staining protocols, and
commercially available fluorochromes and microscopes we exploit that the number of
fluorochromes in STED or confocal microscopy can be increased by phasor based
fluorescence lifetime separation of two dyes with similar emission spectra but different
fluorescent lifetimes. In our multi-color FLIM-STED approach two fluorochromes in the near
red (exc. 594 nm, em. 600-630) and two in the far red channel (633/641-680),
supplemented by a single further redshifted fluorochrome (670/701-750) were depleted
with 775 nm. To the best of our knowledge, these are the first published five color STED
images. Generally, this approach doubles the number of fully distinguishable colors in laser
scanning microscopy. We provide evidence that eight color FLIM-STED with a single
depletion laser would be possible if suitable fluorochromes were identified and we confirm
that a fluorochrome may have different lifetimes depending on the molecules to which it is
coupled.
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Introduction

In the life sciences, highly resolved images of a single structure can be helpful in some
cases, but often it is necessary to know where one structure is in relation to another or
several others. This generates a demand for multi-color super-resolution microscopy.
Commercially available stimulated emission depletion (STED) microscopes have up to
three depletion laser wavelengths, 592 or 595, 660 and 775 nm. This theoretically allows
usage of fluorochromes over the full spectral range of a confocal microscope. However, in
the experience of others! and ourselves, dyes depleted with a 592 or 660 nm continuous
wave laser tend to bleach fast, compared to some that can be depleted with the pulsed
775 nm laser. This is also reflected by the relatively small number of fluorochromes
typically used in STED microscopy (see following examples). Further technical obstacles for
usage of several depletion lasers are the need to align those lasers very precisely to allow
meaningful super-resolution multi-color colocalization studies and total photobleaching of
long wavelength dyes by the lower wavelength depletion laser. Therefore, ideally only one
depletion laser is used for all fluorochromes2. And indeed, multi-color STED studies tend to
apply only 775 nm depletion using near or far red dyes18.

To our knowledge, the highest number of distinguishable fluorochromes used in a STED
publication so far was four®9. Rénnlund et al. applied a scheme with two color channels
where two dyes or distinguishable dye conjugates were in each color channel (ATTO 647N
& Dylight650; Alexa Fluor 594 coupled to antibody and phalloidin). After an initial scan, one
in each channel was specifically photobleached. While this was feasible in small and flat
platelets (thrombocytes), it may be difficult in larger cells, e.g. due to sample drift. The 2017
study from the group of Stefan Hell, who invented STED microscopy, excited four dyes with
612 nm and depleted with 775 nm in fixed cells. They used the fluorochromes ATTO 594
(max exc./em 601/627), Abberior Star 635P (633/654), KK1441 (661/679), and CF680R
(680/701)5, dyes with heavily overlapping emission spectra which they separated
computationally by mathematical spectral unmixing. The anti-stokes excitation10.11 of
CF680R by the STED beam was subtracted prior to the unmixing. A ‘residual crosstalk’
between channels of up to 20% remained in a selected image. Unfortunately, one of these
dyes, KK1441, does not seem to be commercially available, neither easily replaceable,
thus limiting the number of usable dyes from this scheme for most researchers to three.
Both groups performed their experiments on custom-built microscope systems, indicating
a talent and preference for microscope building, which in the case of the average life
scientist who wants to examine biological questions is usually not given.

Afurther approach to multi-color STED used up to four primary antibodies with single strand
DNA labels (~ 10 nucleotides) to which complementary DNA oligonucelotides bound
transiently12.13, One of the four complementary DNA strands was perfused over the sample
and washed out before the next strand was applied. This approach theoretically allows
unlimited numbers of labels. Potential problems are z-drift or shift between recordings (in
particular if several fields of view were to be recorded), the long time periods needed for
each image (about 20 min per color in fast variants14), and the inability to make permanent
samples. The need to conjugate the DNA oligonucelotides to the primary antibodies and
the impossibility to preselect multiple labeled areas of interest through the eyepiece or with
an overview scan may further deter life scientists from this approach.

A combination of STED with fluorescence lifetime imaging (FLIM) to separate
fluorochromes was first published in 2011, also by the group of Stefan Hell2. They
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separated ATTO 647N and KK 1146 (later commercialized as Abberior Star Red, according
to the company’s web site) by lifetime and used ATTO 590 as a third color with a second
STED beam. Since with FLIM separated fluorochromes the photons of two dyes are
recorded simultaneously, any drift or misalighment issues are excluded by design.
However, a decade ago FLIM equipment was slow and difficult to operate compared to a
confocal microscope. In addition, classical curve fitting analysis to separate dyes by lifetime
requires high numbers of photonsl>, which are typically difficult to achieve in STED
microscopy of biological samples. Curve fitting for dye separation faces another problem:
While many dyes may exhibit a single exponential lifetime free in solution, when coupled to
antibodies or other targeting molecules they can obtain additional lifetime components.
Two fluorochromes with bi-exponential behavior would thus present four lifetime
components, rendering classic exponential decay fitting more complex15. With increased
number of lifetime components the number of required photons and thus imaging time
increases, making this approach difficult to combine with STED.

Accordingly, we found only three other papers, one of them also from the Hell groupi8,
describing the use of FLIM to increase the number of fluorochromes in multi-color STED. In
confocal microscopy, separation of five fluorochromes excited by the same laser line was
demonstrated by a mixture of spectral and FLIM separation5. Another study made use of
cross labelling antibodies to create new lifetime species via Forster resonance energy
transfer (FRET), later unmixed by the same spectral FLIM separation approach’. However,
for high precision color separation a commercially not available spectral detector was used
in both studies and the applied pattern matching for color separation requires relatively
high photon numbers, at least if structures are overlappingl518, The method was also
applied to STED, but here the separation of only two dyes in a single color channel was
demonstrated on images with 5,000 - 10,000 photons in the brightest pixels15.

Complementing fluorescence lifetime and emission spectra, utilization of the absorption
spectra was suggested for multi-color STED18, but so far the number of fluorochromes was
limited to three.

Recent advances in FLIM technology brought faster systems which are fully integrated with
commercial confocal and STED software and thus much more user friendly and easier to
operate by life scientists. In addition, the development of phasor based analysis of FLIM
datal92l reached a point where it allows easy and fast fluorochrome separation with
substantially lower photon numbers when compared to curve fitting if background is
present22, Applicability with low photon numbers is important since in STED, due to the
depletion of fluorochromes and much smaller pixels compared to typical confocal
microscopy, in a given time span the number of detected photons per pixel is low. Phasor
analysis with low photon numbers will not determine absolute lifetimes with the same
accuracy as curve fitting with high photon numbers. However, to separate fluorochromes
only relative lifetime differences between two dyes are needed. We therefore revisited the
multi-color FLIM-STED approach and combined it with phasor analysis.

We used a commercial confocal system with STED and FLIM capabilities to develop a multi-
color FLIM-STED scheme with one depletion laser (pulsed 775 nm) and one multi-
wavelength excitation laser, thus minimizing alignment issues. Only commercially available
fluorochrome-labeled antibodies, phalloidin and wheat germ agglutinin (WGA) were used.
Fixation and staining were performed by typical immunofluorescence protocols and are
thus easily reproducible by other life scientists. We show for biological samples that phasor
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based image analysis can very well separate two fluorochromes by lifetime in a spectral
channel. We demonstrate five color STED and five color confocal images in only three
spectral channels. We also suggest avenues to further increase the number of colors for

STED with a single depletion laser.
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Results

Five color STED microscopy

We performed FLIM-STED with five fluorochromes using one depletion laser and three
spectrally separated channels, each with a fitting excitation wavelength. Two of the
channels carried two spectrally similar fluorochromes that were separated by phasor
lifetime analysis (Figure 1). Fixed HelLa cells were stained in the far red channel with
Abberior Star 635P coupled to a secondary anti-rabbit antibody (Tau 2.0 ns) to detect
mitochondrial outer membrane protein TOMM20 and with ATTO 647N coupled to phalloidin
(Tau 3.5 ns) which delineates the actin cytoskeleton. Excitation was at 633 nm, detection
at 641-680 nm. All lifetimes are given for confocal images.

The near red color channel (594 nm, 600-630 nm) was populated with Alexa Fluor 594
coupled to a secondary anti-chicken antibody (Tau 3.5 ns) to visualize the cytoskeletal
filament vimentin and WGA-CF594 (Tau 1.9 ns). WGA is a lectin that has a high affinity for
sialic acid and N-acetylglucosamine moieties of glycoproteins and glycolipids; thus it stains
the plasma membrane23-25,

In the third spectral channel, CF680R labeled a secondary anti-mouse antibody (Tau 1.2
ns) to detect nuclear pores and was excited with the longest available wavelength, 670 nm
(detection 701-750 nm). Sequential scanning of the three channels allowed to minimize
bleed-through of fluorochromes to neighboring spectral channels and to adapt the STED
laser power. By the latter, we could avoid the strong anti-stokes excitation of CF680R by
the 775 nm STED beam that was previously described® (Figure 1a,b).

Phasor based lifetime separation of two fluorochromes in the same color channel in STED
images (Figure 1c-e) revealed excellent partitioning (Figure 1a). Visual comparison with
confocal images of likewise acquisition (Figure 1b, f-h) revealed significant resolution
improvement.

In raw images of the CF680R channel, it was obvious that a substantial cross talk from
ATTO 647N and to a much lesser extent from Abberior Star 635P was present, when
excitation was performed with 670 nm (Figure 2a). In our routine procedure, this unwanted
signal was efficiently eliminated by a Tau-STED approach implemented in the software,
making use of the large differences in fluorescence lifetimes (1.2 vs 2.0 and 3.5 ns). For
testing purposes, we could generate a few images on a microscope that allowed longer
excitation wavelengths. With 685 nm excitation, clear raw images of nuclear pores were
obtained without noticeable ATTO647N or Abberior Star 635P contribution (Figure 2b-d).

Orange as an additional spectral channel

A new probe for the orange channel (exc. ~550, em. 560-600), SPY555-actin, for which
the manufacturer’s material suggested that it could be depletable with 775 nm, became
available during the course of this study. This was indeed the case in our experiments
(Figure 3). The super-resolution effect was clearly detectable, suggesting that this spectral
range could be used as a fourth spectral channel in STED with 775 nm depletion, with two
additional dyes, separable from each other by lifetime, if suitable fluorochromes were
available.
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STED causes a shortening of fluorescence lifetimes compared to confocal images.

When comparing phasor plots of STED and confocal images, it was obvious that the
average lifetimes of all dyes were substantially shortened in STED, compared to confocal
images (Figure 1c-h). Fluorochrome molecules that stay longer in the excited state are more
likely to undergo stimulated depletion while those with a very short residence time in the
excited state may have already emitted a short-lifetime fluorescence photon before
stimulated depletion occurred26.27, Accordingly, we too observed that lifetime was inversely
related to STED laser power.

The shortening of the lifetimes makes phasor separation for STED images (Figure 1c-e)
more demanding than for confocal images (Figure 1f-h), since the absolute difference
between lifetimes of two fluorochromes also becomes smaller. The lifetime of a
fluorochrome in STED depends on its depletability by the wavelength of the STED beam
and the beam’s intensity and shape. STED lifetime in any specific experiment is thus
difficult to predict. This suggests a trial-and-error approach to identify new dye pairs in the
same color channel suitable for FLIM-STED, starting with fluorochromes that are reported
to have big lifetime differences and that show low photobleaching in STED conditions.

Two colors with a single fluorochrome: lifetime depends on the binding partner

When testing various combinations of stainings for this study, a combination of two
antibodies labeled with either Abberior Star 635P or ATTO 647N showed more similar
lifetimes for both dyes compared to the experiment presented above where ATTO 647N
was coupled to phalloidin. In STED images, the two antibody conjugated dyes could not be
separated sufficiently by the phasor approach.

Different lifetimes of these two dyes and others, depending on their conjugation partner,
were described previously215, In our hands, the lifetime differences induced by different
conjugation partners (antibody or phalloidin) of Abberior Star 635P or ATTO 647N were
sufficient for discrimination of the two conjugates by phasor based separation in confocal
images but did not lead to optimal results in STED, due to the generally shortened STED
lifetimes. We performed double stainings with the same fluorochrome (either Abberior Star
635P or ATTO 647N) coupled to both, an antibody and to phalloidin (Figure 4). For both
dyes, phasor analysis of confocal images allowed separation of phalloidin and antibody
conjugates. Abberior Star 635P coupled to phalloidin had a lifetime of 3.2 ns, but only 2.3
ns when coupled to an anti-chicken antibody to detect vimentin (Figure 4a). Lifetime for
ATTO 647N was measured as 3.6 ns when coupled to phalloidin but as 2.8 ns when
coupled to an anti-mouse antibody to detect nuclear pores (Figure 4b). Thus in both cases,
the phalloidin coupled dye had a 0.7 - 0.9 ns longer lifetime than the antibody coupled
one, a sufficient difference for phasor based separation in confocal images (Figure 4c,d).
In STED images, however, the lifetimes and the difference between them decreased so
that a phasor based separation did not achieve a satisfying quality.

Three fluorochromes were not satisfactory discriminated by phasor plot separation

In an attempt to further increase the number of fluorochromes per color channel, we
performed a triple staining with two secondary antibodies labeled with either Abberior Star
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635 visualizing vimentin or with Alexa Fluor Plus 647 visualizing mitochondrial outer
membrane, while the actin cytoskeleton was delineated by phalloidin-ATTO 647N (Figure
5a). Vimentin, mitochondria and actin filaments form longitudinal structures that cross
each other within a cell. Although the lifetimes of these dyes were quite different (Tau =
2.0, 1.2, and 3.5 ns, respectively), already in confocal images it turned out that three dyes
could not be separated satisfactory by our current phasor approach (Figure 5b,c). While
some components were split up correctly into the respective channels, finer details got lost
and possibly misallocated. For many image pixels it was impossible to distinguish whether
their signals and average lifetime were made up by the dye with the intermediate lifetime,
or by a mixture of the long and short lifetime dyes or both (Figure 5b).

A separation of three (Figure 5c) or even more currently available dyes might be
successfully performed when a certain amount of crosstalk can be tolerated, or if
differently labeled structures do not overlap in space. However, it does not appear to be an
advisable strategy for subcellular high resolution colocalization studies. In such studies, a
successful separation of a third dye could potentially be possible if it had a very different
pattern in the phasor plot, e.g. with a lifetime of over 10 ns. Then three fluorochromes
might be arranged in a triangle in the phasor plot, not a line. However, typical commercial
fluorochromes have a lifetime below 4 ns and are thus relatively close to each other in the
phasor plot.

3D-stacks and fluorescence lifetime

We investigated whether our FLIM-STED approach can be applied to record 3D-stacks of
images. We found that measured lifetimes change within the stack when moving from
coverslip to deeper sample regions. A strong decrease of the average pixel lifetime towards
the coverslip was found for CF680R-labeled nuclear pores, where we could not suppress
reflection of the excitation beam with a suitable notch filter. The explanation that reflection
was key in this case was supported by the observation that for CF680R-labeled nuclear
pores the effect was also observed in confocal images. Since lifetimes were evaluated
pixel-wise and reflected photons have a lifetime of zero, photons reflected at the coverslip
surface shift the average lifetime of a pixel to smaller values.

No lifetime shift in confocal images towards the coverslip was observed for near red and
far red dyes, where notch filters were available to suppress reflection. Still, in STED images
lifetimes changed with distance to the coverslip (Figure 6). We assume that differences in
the refractive index between coverslip and mounting medium and/or increasing refractive
index mismatch with increasing depth induced shape changes of the depletion donut, thus
causing the observed effect. The effect was large enough that phasor based lifetime
separation would have to be performed for each z-position separately, rendering 3D
recordings difficult.

Estimate of resolution improvement

In the five color STED images, all five labeled targets showed substantial resolution
improvement when visually compared to confocal images (Figure 1). To obtain an estimate
of resolution improvement, we applied Fourier ring correlation (FRC) to matching STED and
confocal images. FRC works unsupervised and is thus unbiased by selection of individual
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structures for analysis. A disadvantage is that image areas with no or no small structures
will generate a low resolution value and thus skew the average value of an image to higher,
worse resolution values that do not represent the best resolution achieved in an image.
FRC, however, does allow an unbiased comparison of two conditions such as confocal and
STED. Five confocal and five STED five-color image sets were analyzed. The average FRC-
calculated resolution values for confocal images in the five colors were between 276 and
305 nm. The corresponding average FRC values for STED were between 97 (WGA-CF594)
and 136 nm (ATTO 647N, actin label), indicating a resolution improvement by a factor of
~2.5.

Crosstalk in 5 color FLIM-STED

For biological questions such as colocalization or non-colocalization of two proteins, it is
important to assess how much of a given signal spills over to the neighboring channels and
contaminates the obtained images, an effect known as crosstalk or bleed-through. In our
study, ‘neighboring’ refers to spectral neighbors as well as to the two lifetime channels
detected in one spectral channel. We compared two channels by evaluating photon
numbers in a region of interest (ROI) that had strong signals in the ‘home’ channel but no
structure of the neighboring channel was present, e.g. a strong vimentin signal in the
vimentin channel (home) but no mitochondrial signal in the mitochondrial channel
(neighbor). For the given example, the ROl was obtained by setting a high threshold to the
vimentin signal but subtracting areas with high to low signals of mitochondria (low
threshold; see Methods for details).

Sample preparations may have vastly different staining intensities in different channels.
When comparing biological images, the spillover from neighbors should be set in relation
to the home channel signal intensity to determine whether the spillover is problematic or
not. To this regard, we calculated a “contribution” value in which bleed-through is
normalized by the relative staining intensities of the signals in both channels (see
Methods). Contribution may hence be reduced by changes to the staining procedure, such
as different antibody concentrations or switching labels for individual cellular targets.

To determine which amount of crosstalk can be expected in purely spectrally separated
color channels, we first analyzed a STED experiment with only three, spectrally separated
fluorochromes: Alexa Fluor 594 (vimentin), Abberior Star 635P (mitochondria), and
CFB680R (nuclear pores) (Figure 7a). Eleven image sets with three images each were
evaluated (Figure 7b). The average contribution was up to around 20%.

This evaluation also shows a clear limitation of the cross-talk determination in multi-color
samples: The second highest value of 21.6% contribution was obtained for CF680R-labeled
nuclear pore spillover into the Alexa Fluor 594-labeled vimentin channel. Clearly, strong
spillover of CF680R into the near red channel is physically impossible and the observed
phenomenon is due to biological overlap of the two structures. The brightest nuclear pore
signal at the edge of the nuclei is in close proximity of a strong component of the vimentin
around the nucleus. Despite the measures described above, such effects cannot be
excluded in biological samples. All values are therefore an upper estimate. Actual crosstalk
will be equal or less to the obtained values. Other average contribution values ranged from
9.4% to 22.5% (Figure 7b).
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In five color FLIM-STED images described above (Figure 1a), average contribution values
from 21 image sets were between 1.7 and 14.9% (Figure 8). Notably, the distributions of
the four contributions between lifetime separated channels from the same spectral
channel (Abberior Star 635P-labeled mitochondria versus ATTO647N-labeled phalloidin-
actin and CF594-labeled WGA staining versus AlexaFluor594 labeled vimentin) were well
within the range for contributions between spectrally separated channels (Figure 8). Again,
the highest contribution mean value was obtained for CF680R-labeled nuclear pore
contribution into AlexaFluor594-labeled vimentin. As above, we contribute this solely to
biological overlap, not to physical spillover of photons to the near red channel. We conclude
that crosstalk between lifetime separated images is well within the range of crosstalk
between spectrally separated channels.
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Discussion

We here show that two fluorochromes per spectral channel can be separated in STED and
confocal microscopy if their lifetime is sufficiently different. Exploring this, we generated
multi-color FLIM STED images with five colors from three spectral channels, all depleted
with 775 nm laser light. We also demonstrate that a fourth spectral channel can be used
with 775 nm depletion. Provided two fluorochromes with suitable lifetimes could be
identified for each of those spectral channels, eight color STED with a single depletion line
would be possible. Long stokes shift dyes with excitation around 500 nm or less, but
emission in the red spectral range, might further increase the number of distinguishable
labels for a single depletion wavelength.

Already with five colors, we had difficulties to find independent labeling pathways. Typically,
labeling of cellular targets occurs with primary antibodies from mouse or rabbit and then
secondary antibodies from goat or donkey, which are labeled with the fluorochrome of
choice. For some targets, primary antibodies from different animals such as chicken,
hamster or rat are available, but these are rare compared to the wealth of rabbit and mouse
primaries.

With sufficient budget and experience, primary antibodies could be directly labeled with
the desired fluorochrome thus avoiding the problem of limited numbers of species. From a
theoretical point of view, this is also desirable since it decreases the distance from the
fluorochrome to the actual target, potentially improving the achievable resolution.
However, it also decreases sighal intensity since several polyclonal secondary antibodies
can bind to one primary, multiplying the number of fluorochrome molecules.

Exploiting monoclonal primaries and subtype specific secondary antibodies would increase
the number of labeling options. In our study we had to resort to polyclonal commercial
secondary antibodies conjugated to fluorochromes, limiting the number of targets we could
detect with antibodies from a certain host species to one. We used mouse, rabbit and
chicken primaries detected with secondaries from a goat or donkey. These were
supplemented with fluorochrome labeled molecules binding directly to cellular targets:
WGA-CF594, phalloidin coupled to ATTO 647N or Abberior Star 635P or SPY555-actin.

Apart from the problem of antibody labeling strategies, it is obvious that the fluorochromes
that were available to us were not perfect for lifetime separation in STED imaging. Our
choices were in particular limited when it came to antibody labels since the two photostable
dyes we used in the far red channel, Abberior Star 635P and ATTO647N, have more similar
lifetimes when coupled to antibodies. We could separate Alexa Fluor 647 and ATTO 647N
antibody labeled signals in STED (unpublished), however, during STED acquisition Alexa
Fluor 647 bleached dramatically in our samples.

We hope that the possibilities of multi-color FLIM STED and multi-color FLIM confocal
microscopy, together with the advent of respective equipment in many labs, will increase
the importance that fluorochrome developers will grant to the lifetime of their dyes and
influence future developments accordingly. In general, dyes with a very short lifetime <1
ns will be poor STED dyes, since they will emit a large part of their fluorescence before the
depletion effect can take place. Photostable dye pairs with lifetimes above 1 ns and a
difference in lifetime of 1 ns or more would be promising candidates, e.g. one lifetime
between 1 and 2 ns and one lifetime above 3 ns when coupled to antibodies. Due to our
limited resources, we were not able to test further commercially available dyes and it is
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quite possible that some of them constitute good STED-FLIM pairs when conjugated to
antibodies.

For the life science researcher who needs only two or three colors for a STED experiment,
it appears to be easiest to use spectrally separable dyes with little spectral crosstalk such
as CF680R, Abberior Star 635P and either CF594 or Alexa Fluor 594. SPY555-actin could
be used in combination with those fluorochromes. When additional structures need to be
labeled, FLIM-STED provides an avenue to achieve this goal.
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Methods

Cell culture and fluorescence stainings

HelLa-Kyoto cells were kindly provided by Sandra Hake (now Institute for Genetics, Justus-
Liebig-Universitat Giefden). Cells were passaged twice per week in Dulbecco's Modified
Eagle Medium (DMEM) high glucose, supplemented with Penicillin and Streptomycin and
10% fetal calf serum and grown in an incubator at 37 °C with 5%CO2. For microscopy, cells
were grown on uncoated 15 mm diameter high precision coverslips (170 ym +/- 5-10 um
(Marienfeld Superior, Paul Marienfeld GmbH, Lauda-Kénigshofen,Germany, or Hecht
Assistant, Glaswarenfabrik Karl Hecht GmbH, Sondheim vor der Rhén, Germany) in a 10
cm Petri dish for 24 hours.

Live cells staining with wheat germ agglutinin (WGA) CF594 conjugate (Biotium, 29023-1,
Stock 1 mg/ml in H20, diluted 1:500 in medium) was performed for 10 minutes in the
incubator. Prestained cells were washed twice in PBS. All specimens were fixed with 4%
formaldehyde in PBS made from a methanol-free 16% stock solution (Thermo Fisher
Scientific, # 28908). Washing and fixing solutions were prewarmed to 37 °C but the 10 min
fixation period was at room temperature. Fixed samples were stored in PBS at 4°C until
usage.

Permeabilization was on ice with PBS/0.25% Triton X-100 for 6 minutes followed by
washing in PBS and incubation for 30 minutes at room temperature in blocking solution,
PBS/5% heat inactivated normal goat serum or bovine serum albumin. Primary antibodies
were diluted in blocking solution and incubated either over night at 4°C or for 45-60 min
at 37°C in a humid chamber. Following three washes with PBS/0.1% Triton X-100,
coverslips were rinsed in PBS and incubated with secondary antibodies diluted in blocking
solution in a humid chamber for 90 minutes at room temperature or for 45-60 min at 37 °C.
Three washes in PBS/0.1% Triton X-100 followed. Staining with phalloidin was after a
postfixation step with 1% formaldehyde in PBS for 10 min for 45 min at room temperature
and followed by another postfixation step, followed by 3 washes with PBS. Coverslips with
stained cells were mounted to a glass slide with 7 pl Fluoromount-G (Invitrogen, 00-4958-
02). They were sealed with nail polish within 10 minutes after mounting. Air drying of the
cells was carefully avoided during the whole procedure.

Antibodies and fluorophore conjugates:

The following antibodies were used at the respective concentrations: Primary: Chicken IgY
anti-vimentin polyclonal, Invitrogen, PA1-10003, 1:1000; rabbit anti-TOMM20 polyclonal,
Sigma, HPA011562, 1:200; mouse anti-NUP107 monoclonal (39C7); Invitrogen, MA1-
10031, 1:100. Secondary: Goat anti-chicken IgY (H+L) cross-adsorbed, Alexa Fluor Plus
594, polyclonal, Invitrogen Thermo Fisher A32759, 1:500 - 1-1000; goat anti-rabbit
Abberior STAR 635P, polyclonal, Abberior, 2-0012-007-2, 1:200; Goat anti-rabbit IgG Alexa
Fluor Plus 647, polyclonal, Invitrogen Thermo Fisher, A32733, 1:200; Goat anti-mouse I1gG
ATTO 647N polyclonal, Rockland 610-156-121S, 1:50; donkey anti-mouse IgG CF680R,
polyclonal, Sigma-Aldrich, SAB4600207, 1:200. Phalloidin ATTO647N conjugate, ATTO-
TEC, AD 647N-81, 1:2000; Abberior STAR 635P phalloidin, Abberior 2-0205-007-0, 20 pg
dissolved in 1.77 ml Methanol and diluted 1:400.
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Microscopy

Images were recorded at the Core Facility Bioimaging of the Biomedical center, LMU
Muinchen. STED was performed on a TCS SP8 WLL STED 3X FALCON from Leica
Microsystems CMS, Mannheim, Germany with a 100x1.4 oil immersion “STED white”
objective and SMD hybrid photodetectors. The white light laser allowed to pick any
wavelength between 470 and 670 nm for excitation. To minimize crosstalk, color channels
were recorded in frame sequential mode. A 2D-STED donut was applied. Typical STED
images were recorded with 21 - 26 nm pixel size at 400 Hz e.g. for Figure 1 with
1552x1552 pixels with a pixel dwell time of 1.04 ps and a pinhole of 0.93 AU@580 nm.
20 times accumulation for confocal and 100 times accumulation for STED was applied,
except for z-stacks (Figure 6) where 40 accumulations were used for STED. Relative laser
intensities were typically 9% at 594 nm excitation with 30% STED power, 12% @ 633 with
15% STED, and 10% @ 670 with 10% STED. Recording of a STED image with 1552x1552
pixels and all three spectral ranges with 100 accumulations each took about 13 minutes.
No drift was observed during the acquisition.

Samples for which only confocal FLIM images were taken were recorded on a Leica TCS
SP8 WLL MP DIVE Falcon (funded by the Deutsche Forschungsgemeinschaft, INST
86/1909-1). For images with 685 nm excitation, a STELLARIS 8 STED FALCON system was
kindly made available by Leica Microsystems at their demo labs in Mannheim, Germany.

Phasor based lifetime separation

Each pixel from the microscopic image is represented by a single dot in the phasor plot,
positioned according to its average lifetime. Areas in the plot where dots accumulate are
rainbow color coded with blue for low occurrence to red for high accumulation of dots.
Lifetime is an intrinsic characteristic of every dye in a given environment, leading to a
specific phasor pattern. For an image with two fluorochromes with different lifetimes the
phasor plot will typically reveal three scenarios: (i) pixels containing only the shorter lifetime
dye, (ii) pixels containing only the longer lifetime dye and (iii) pixels containing a mixture of
both. Phasor plot location of pixels containing only one dye will correspond to the location
obtained with single stained samples. Pixels with a mixture of both dyes will be located
along a line between the patterns of the individual dyes. Their position will depend on the
mix of the components from both dyes. This is where the “linear property” of the phasor is
powerful: the ratio of the linear combination determines for each image pixel the fraction
of the components of the two dyes.

The Leica LAS X software version 4.1.1.23273 (Stellaris) was used for phasor analysis on
a separate workstation post acquisition. Using the tools provided in the software, areas
identified to contain the phasor pattern of single dyes were selected, and a linear
separation was done by the software using the linear property of the phasor plot. A different
strategy was applied to images of nuclear pores labeled with CF680R, to suppress ATTO
647N bleed-through, reflection, and the anti-Stokes excitation by the depletion laser. A
phasor based filter was applied called Tau STED in the software (see below). This was
possible since only one color needed to be extracted. As shown in Figure 1h, a zero intensity
ruler of triangular shape was placed both on the reflection (bottom right corner of the
phasor plot) and ATTO 647N bleed-through pattern (center left angle) to filter them, to only
keep the CF680R signal. Images were subsequently saved and exported. As a result, a
separate image for each labeled structure was obtained.
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Tau STED applies filtering of pixels based on their phasor signature instead of discarding
an arbitrary part of the photons in the whole image as in gated STED. Background from
laser reflection and autofluorescence with typically short lifetimes and low resolution
photons coming from dyes who emitted before being depleted by the STED laser can be
filtered out, while keeping as much information as possible. Within the STED depletion
pattern, a diffraction-limited doughnut, intensity is not equally distributed. Since depletion
results in a shorter average lifetime of the remaining fluorescence?’, a certain lifetime
distribution is created from the uneven distribution of the depletion laser intensity. This
distribution determines the STED trajectory in the phasor plot. Once this STED trajectory is
established, it is possible to distinguish photons that are a result of the STED process from
any other photon contributions. The photon contributions not correlated to the STED
trajectory can be tagged as noise and thus be separated from the signal of interest, as
explained above. Based on the characteristics of the fluorochrome undergoing STED, a
filter can be applied to single out long lifetime signals within the STED trajectory that more
likely originate from the donut center and thereby contribute to a highly resolved image.
This solves the problems of reflection and low resolution photons (short lifetimes) and
crosstalk (different behavior of different dyes) that can be seen in typical STED multicolor
experiments. The accuracy of such determination, as in all lifetime-based approaches, is
photon budget dependent.

The low photon numbers typical for STED images are an additional challenge even in the
phasor approach. Typical filtering strategies to improve phasor cloud accuracy often fail in
these regimes. The use of a complex wavelet filter28 both within Tau STED and the phasor
separation described above allow to work on the typical STED imaging regimes without a
need to further increase the available photons.

No deconvolution was applied, since deconvolution algorithms assume a Gaussian
distribution of noise. Such a distribution cannot be assumed as a given, after phasor based
separation of fluorochromes. Further resolution increase might be achieved if adapted
deconvolution algorithms were available.

Only linear intensity adjustments were applied to images presented in figures.

Fourier ring correlation

The Fiji-Plugin NanoJ-SQUIRREL2® was used for Fourier ring correlation. Complete FLIM-
separated images were analyzed, without creating subregions (one block per image).
Confocal and STED images were from the exact same sample region, recorded directly after
each other and matched in pixel size.

Crosstalk analysis

This analysis was performed in Fiji30 version 1.53f51. For each set of five images generated
by phasor separation (or of three images), first a common region for background
measurement was identified which contained no structures. The respective average
background value was subtracted from each image prior to further analysis to avoid that
results would be influenced by different background intensities in different channels.

In multi-color samples it is difficult to accurately quantify crosstalk, since a spatial overlap
of differently labeled biological structures, like two crossing filaments, might falsely be
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interpreted as channel crosstalk. With such samples, it is therefore advisable to focus on
areas in which one structure is strongly labeled but no structures of the labels in other
channels are present. To achieve this, for each image a high threshold was set such that
only intense signals were above it, creating a mask. Often this threshold was near the 97th-
intensity percentile. Next, a low threshold was determined such that all signals from the
structures that were supposed to be in that image were above it. It was typically between
the 50 and 70 percentile. All images within a set were compared pairwise: To determine
crosstalk from a ‘home channel’ to a ‘neighboring channel’, the high threshold mask from
the home channel was taken and the low threshold mask from the neighboring channel
was subtracted. For the remaining region of interest (ROI), intensity was measured in both
channels and the mean value exported in a csv file.

Bleed-through of the home channel into the neighboring channel was determined in
Microsoft Excel as intensity in the ROI of the neighboring channel divided by the intensity
in the home channel. To obtain the contribution value, the bleed-through value was
normalized by multiplication with the ratio (home/neighbor) of the 99t intensity percentiles
of the whole images. A desirable low “contribution” can accordingly be achieved either by
low bleed-through or by high intensity of the home channel signal. Graphs, means and
standard deviation values were produced in Graphpad Prism 6.01.

Data availability

Image data will be made available on reasonable request.


https://doi.org/10.1101/2022.04.13.487856
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.13.487856; this version posted April 13, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

16
References
1 Wegner, W. et al. In vivo mouse and live cell STED microscopy of neuronal actin plasticity using
far-red emitting fluorescent proteins. Sci Rep 7, 11781, doi:10.1038/s41598-017-11827-4
(2017).
2 Blckers, J., Wildanger, D., Vicidomini, G., Kastrup, L. & Hell, S. W. Simultaneous multi-lifetime

multi-color STED imaging for colocalization analyses. Opt Express 19, 3130-3143,
do0i:10.1364/0E.19.003130 (2011).

3 Anselm, E., Thomae, A. W., Jeyaprakash, A. A. & Heun, P. Oligomerization of Drosophila
Nucleoplasmin-Like Protein is required for its centromere localization. Nucleic Acids Res 46,
11274-11286, doi:10.1093/nar/gky988 (2018).

4 Sograte-ldrissi, S. et al. Circumvention of common labelling artefacts using secondary
nanobodies. Nanoscale 12, 10226-10239, doi:10.1039/d0nr00227e (2020).

5 Winter, F. R. et al. Multicolour nanoscopy of fixed and living cells with a single STED beam and
hyperspectral detection. Sci Rep 7, 46492, doi:10.1038/srep46492 (2017).

6 Wurm, C. A. et al. Novel red fluorophores with superior performance in STED microscopy.
Optical Nanoscopy 1, doi:10.1186/2192-2853-1-7 (2012).

7 Sednev, M. V., Belov, V. N. & Hell, S. W. Fluorescent dyes with large Stokes shifts for super-

resolution optical microscopy of biological objects: a review. Methods Appl Fluoresc 3, 042004,
doi:10.1088/2050-6120/3/4/042004 (2015).

8 Butkevich, A. N. et al. Fluorescent Rhodamines and Fluorogenic Carbopyronines for Super-
Resolution STED Microscopy in Living Cells. Angew Chem Int Ed Engl 55, 3290-3294,
doi:10.1002/anie.201511018 (2016).

9 Ronnlund, D. et al. Multicolor fluorescence nanoscopy by photobleaching: concept,
verification, and its application to resolve selective storage of proteins in platelets. ACS Nano
8, 4358-4365, d0i:10.1021/nn406113m (2014).

10 Vicidomini, G., Moneron, G., Eggeling, C., Rittweger, E. & Hell, S. W. STED with wavelengths
closer to the emission maximum. Opt Express 20, 5225-5236, doi:10.1364/0E.20.005225
(2012).

11 Chiu, L. D. et al. Protein expression guided chemical profiling of living cells by the simultaneous
observation of Raman scattering and anti-Stokes fluorescence emission. Sci Rep 7, 43569,
doi:10.1038/srep43569 (2017).

12 Wang, Y. et al. Rapid Sequential in Situ Multiplexing with DNA Exchange Imaging in Neuronal
Cells and Tissues. Nano Lett 17, 6131-6139, doi:10.1021/acs.nanolett.7b02716 (2017).

13 Beater, S., Holzmeister, P., Lalkens, B. & Tinnefeld, P. Simple and aberration-free 4color-STED-
-multiplexing by transient binding. Opt Express 23, 8630-8638, doi:10.1364/0E.23.008630
(2015).

14 Schueder, F. et al. Universal Super-Resolution Multiplexing by DNA Exchange. Angew Chem Int
Ed Engl 56, 4052-4055, doi:10.1002/anie.201611729 (2017).

15 Niehorster, T. et al. Multi-target spectrally resolved fluorescence lifetime imaging microscopy.
Nat Methods 13, 257-262, doi:10.1038/nmeth.3740 (2016).

16 Gorlitz, F. et al. A STED Microscope Designed for Routine Biomedical Applications. Progress In
Electromagnetics Research 147, 57-68 (2014).

17 Rohilla, S., Kramer, B., Koberling, F., Gregor, |. & Hocke, A. C. Multi-target immunofluorescence
by separation of antibody cross-labelling via spectral-FLIM-FRET. Sci Rep 10, 3820,
do0i:10.1038/s41598-020-60877-8 (2020).

18 Gonzalez Pisfil, M. et al. Triple-Color STED Nanoscopy: Sampling Absorption Spectra
Differences for Efficient Linear Species Unmixing. J Phys Chem B 125, 5694-5705,
doi:10.1021/acs.jpcb.0c11390 (2021).


https://doi.org/10.1101/2022.04.13.487856
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.13.487856; this version posted April 13, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

17

19 Malacrida, L., Ranjit, S., Jameson, D. M. & Gratton, E. The Phasor Plot: A Universal Circle to
Advance Fluorescence Lifetime Analysis and Interpretation. Annu Rev Biophys 50, 575-593,
doi:10.1146/annurev-biophys-062920-063631 (2021).

20 Digman, M. A,, Caiolfa, V. R., Zamai, M. & Gratton, E. The phasor approach to fluorescence
lifetime imaging analysis. Biophys J 94, L14-16, doi:10.1529/biophysj.107.120154 (2008).

21 Redford, G. I. & Clegg, R. M. Polar plot representation for frequency-domain analysis of
fluorescence lifetimes. J Fluoresc 15, 805-815, doi:10.1007/s10895-005-2990-8 (2005).

22 Leray, A. et al. Quantitative comparison of polar approach versus fitting method in time
domain FLIM image analysis. Cytometry A 79, 149-158, doi:10.1002/cyt0.a.20996 (2011).

23 Hiller, G. & Weber, K. Golgi detection in mitotic and interphase cells by antibodies to secreted
galactosyltransferase. Exp Cell Res 142, 85-94, doi:10.1016/0014-4827(82)90412-8 (1982).

24 Kramer, R. H. & Canellakis, E. S. The surface glycoproteins of the Hela cell. Internalization of

wheat germ agglutinin-receptors. Biochim Biophys Acta 551, 328-348, doi:10.1016/0005-
2736(89)90010-2 (1979).

25 Virtanen, |., Ekblom, P. & Laurila, P. Subcellular compartmentalization of saccharide moieties
in cultured normal and malignant cells. J Cell Biol 85, 429-434, doi:10.1083/jcb.85.2.429
(1980).

26 Vicidomini, G. et al. STED nanoscopy with time-gated detection: theoretical and experimental

aspects. PLoS One 8, e54421, doi:10.1371/journal.pone.0054421 (2013).
27 Vicidomini, G. et al. Sharper low-power STED nanoscopy by time gating. Nat Methods 8, 571-
573, doi:10.1038/nmeth.1624 (2011).

28 Wang, P. et al. Complex wavelet filter improves FLIM phasors for photon starved imaging
experiments. Biomed Opt Express 12, 3463-3473, doi:10.1364/BOE.420953 (2021).

29 Culley, S. et al. Quantitative mapping and minimization of super-resolution optical imaging
artifacts. Nat Methods 15, 263-266, doi:10.1038/nmeth.4605 (2018).

30 Schindelin, J. et al. Fiji: an open-source platform for biological-image analysis. Nat Methods 9,

676-682, doi:10.1038/nmeth.2019 (2012).

Acknowledgement

We thank Luis Alvarez (Leica Microsystems, Mannheim, Germany) for providing access to
a Leica Stellaris system with 685 nm excitation and for helpful discussions. We thank the
Deutsche Forschungsgemeinschaft for funding of a Leica SP8 FALCON system (INST
86/1909-1).

Author contributions

SD conceived the study, designed it with support from MGP and AT, and wrote the
manuscript. BB and SR prepared samples and recorded images, supervised by AT, MGP
and SD. MGP recorded images and performed the phasor based separation. IN developed
the crosstalk-contribution Fiji macros supervised by SD. All authors contributed to the final
manuscript.

Additional information

The authors declare no competing interests.


https://doi.org/10.1101/2022.04.13.487856
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.13.487856; this version posted April 13, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

18

Figures

confocal

confocal

Vimentin g Actin

Figure 1: (a) Five color FLIM STED image. Insets show two areas doubled in size.
Raw images had 1516, 1213, and 542 photons in the brightest pixels in the near red,
far red and CF680R channels. Scale bar 2 um. (b) Corresponding FLIM confocal
image with the same pixel size (25 nm). (c-h) Phasor plots from STED (c-e) and
confocal (f-h) raw images corresponding to (a,b). Near red channel (c,f, 600-630 nm),
far red channel (d, g, 641-680nm) and 701-750 nm channel (e,h) are shown. In
phasor plots, each image pixel is positioned according to its lifetime behavior. Pixels
with monoexponential decay will be on the semi-circle (called ‘universal circle’), those
with multiexponential decay towards the inside. Short lifetimes are to the right, long
lifetimes to the left, the scale is non-linear. Note that the lifetime distribution in phasor
plots in STED is shifted to the right, reflecting shorter lifetimes. For nuclear pores, the
confocal phasor plot (h) shows pixels with crosstalk from the far red channel
(compare g) while the STED phasor plot (e) shows in addition strong reflection of the
670 nm excitation in the lower right corner (zero lifetime), since no notch filter was
available to suppress it.
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Figure 2: Crosstalk of far red dyes into the CF680R nuclear pore channel is observed
with 670 nm excitation but not with 685 nm. Scale bar 2 um for all images. (a)
Excitation of a five color sample with 670 nm. The detection window was 701-

750 nm. This raw image prior to Tau-STED processing shows substantial crosstalk
from ATTO 647N (actin staining, strong fiber in the image from bottom to right) while
Abberior 635P (mitochondria) crosstalk is hardly above background. (b) Excitation of
a different cell with 685 nm on another microscope shows no sign of crosstalk from
other dyes. A haze around the nuclear pores is due to anti-stokes excitation of
CF680R by the depletion beam. (c) The same image after Tau-STED processing
which removed the anti-Stokes contribution. (d) Raw image of the area shown in b, ¢
in the far red channel with actin and mitochondrial staining, demonstrating the
presence of both structures and their fluorochromes.
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Figure 3: Three color image with spectrally separated SPY555-actin (green) and
antibody stainings against vimentin (Alexa Fluor 594, orange) and nuclear pores
(CF680R, magenta), all depleted with 775 nm. (a) confocal, (b) STED (c) Tau-STED.
This dye combination could be supplemented with e.g. Abberior Star 635P to obtain
four spectrally separable fluorochromes. Scale bar: 2 um.
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Figure 4: Fluorochromes have different lifetimes when coupled to antibodies or to
phalloidin. (a) Confocal image of Abberior Star 635 P coupled to an antibody
delineating vimentin (cyan) and to phalloidin (actin staining; red) and subjected to
phasor based lifetime separation. (b) Confocal image of ATTO 647N coupled to
phalloidin (actin staining, red) and an antibody (nuclear pores, cyan. Both confocal
images show good separation of the two stained structures. Scale bars 2 um. (c,d)
Phasor plots for the complete raw images of (a,b). The actin coupled dyes have
longer lifetimes (left cloud, red circle) compared to their antibody-conjugated versions
(right cloud, cyan circle). (e,f) Phasor plots of respective STED images show that the
lifetime differences are much reduced. Therefore, separation of STED images was
not satisfying and resulting images are not shown. Circles indicate the best possible
positions for separation of the two species. In e and f the right-hand clouds contain
the pixels with antibody label derived photons, but they also contain substantial
amounts of actin label derived photons. To compensate for this the circles were
positioned next to the clouds.
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Figure 5: Three fluorochromes in the same spectral range with different lifetimes
cannot be separated with high quality by the phasor approach. (a) Confocal raw
image with Abberior Star 635P labeled vimentin, Alexa Fluor Plus 647 labeled
mitochondria and ATTO 647N labeled actin. Scale bar 2 um. Magenta circle
highlights some delicate vimentin fibers. (b) Phasor plot of this image. The lifetime
components are indicated by circles: ATTO 647N-actin red, AS635P-vimentin cyan,
AF647-mitochondria orange. A background component (yellow circle) was also
included for phasor separation to suppress noise. In pixels with a low photon count,
noise from reflection and other sources will determine the average lifetime of the
pixel, making it likely to be sorted with the background component. (c) Phasor
separated image, same color code. Note the poor preservation of delicate vimentin
fibers in the circle in (a). The respective pixels were not correctly assigned to the
vimentin channel.
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Figure 6: Fluorescence lifetime changes with distance to the coverslip. Parts of raw
images of the far red channel from a five color sample at different sample depths
(scale bar 2 um) and their respective phasor plots. The color in the microscopic
images codes the average lifetime of the pixels. (a) is near to the coverslip, (b-c)
each 0.5 pum further into the sample. The arrows over the phasor plots always point
to the same position. Near the coverslip, ATTO 647N labeled phalloidin produces a
separate peak to the left in phasor plot that dwindles further into the sample. Note the
movement of the Abberior Star 635P contribution in the phasor plot (major peak)
relative to the arrow.
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Figure 7: STED with three spectrally separated colors and corresponding crosstalk to
other channels. (a) Example color overlay of the three channels. Vimentin Alexa
Fluor 594 (green), mitochondria Abberior Star 635P (red), and nuclear pores CF680R
(magenta). Scale bar 2 um. (b) Contribution chart, n=11 image sets.
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Figure 8: Contribution from channel to channel in five color FLIM STED images, n=21
image sets. Channels generated by phasor separation from the same raw images are
shown in the same color, all others in black.
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