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Abstract: In fluorescencemicroscopy, discrimination of flu-

orochromes in multi-color labeling was originally based on

the emission spectrum only, then on emission and distinct

excitation wavelengths. With the advent of faster and eas-

ier to use fluorescence lifetime imaging microscope (FLIM)

systems, an additional, third level of discriminating fluo-

rochromes becomes feasible. In this tutorial, we describe

how to separate two fluorochromes, one with shorter and

one with longer fluorescence lifetime, in a single spectral

channel. The separation is done with the help of a phasor

diagram of the lifetime information.We applied themethod

on images made by confocal or stimulated emission deple-

tion (FLIM-STED) microscopy but it is transferable to other

FLIM methods. This approach works with considerable less

photons than separation by curve fitting. Images can be

recorded at speeds comparable to normal confocal or STED

microscopy. One shown example has two spectral channels

with two fluorochromes each, plus another neighboring

color channel in which spectral bleed-through and reflec-

tion is corrected by lifetime properties. All fluorochromes

as well as the hard- and software used are commercially

available. Lifetime separation generally may double the

number of fluorochromes that can be used in fluorescence

microscopy.
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1 Introduction: multi-color

fluorescence microscopy

Typically, the microscopist in the life sciences wants to

find out where something is in relation to something else.

To do so, at least two structures must be visible, ideally

labelledwith two clearly distinguishable dyes. Fluorescence

microscopy has the advantage that labeled structures stand

out above a dark background. Fluorochromes targeted to

a structure of interest are a light source in the sample

itself so that even small amounts of targets can be detected.

Historically, the number of different targets that could be

detected and distinguished from each other in a given

sample was always technically limited by the number of

fluorochromes that could be discriminated in a sample.

Section 1.1 describes the steps in the development of multi-

color fluorescence microscopy while Section 1.2 introduces

separation of fluorochromes by phasor analysis of their

lifetime.

1.1 Development of multi-color fluorescence
microscopy

1.1.1 Level 1: fluorochrome discrimination only by

emission

A first level of fluorochrome discrimination in multi-color

fluorescence microscopy was achieved already in the first

half of the 20th century. Staining with plant extracts or

chemically produced dyes would, for example, distinguish

fat and myelin sheaths or cell nuclei and plasma by their

emission color [1]. At the time only UV-light was used

for excitation, but the emission of various fluorochromes

ranged from blue to red. The invention of immunofluo-

rescence in 1942 [2] allowed in its further development to

label virtually any structure of interest. It took another

15 years until the first experiment using two antibodies

labeled with different fluorochromes was described [3], a

distinction of two bacteria species: “By using the rhodamine

B labeled antibody simultaneously with a different anti-

body labeled with fluorescein isocyanate, they were able to
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differentiate between two organisms of unlike antigenic

composition in the same smear preparation, one organ-

ism appearing red-orange and the other yellow-green when

viewed in the ultraviolet microscope” [4]. The term ultravi-

olet microscope again points to UV excitation of all dyes.

1.1.2 Level 2: fluorochrome discrimination by excitation

and emission

Johan Sebastiaan Ploem’s work on dichroic mirrors in the

1960ies [5], [6] led to the development of epifluorescence

microscopes with quickly exchangeable filter cubes, one for

each color channel. From 1974 on Ernst Leitz GmbH pro-

duced the PLOEMOPAK 2 for four filter cubes in a rotatable

turret, each cube containing a dichroic mirror, excitation

and emission filter [7], a design that is, with more cubes,

essentially still in use today.

A second level of color separation was reached since

every color channel now not only had a distinct emission

range but also a distinct excitation. The new microscopes

allowed to selectively excite orange-red fluorochromes such

as TRITC with green light, avoiding simultaneous excitation

and bleed-through of the green FITC [8]. A review from 1989

stated that fluorescence microscopes now generally came

with filters for green and red fluorescence [9].

By technical refinements, in 1996 six spectrally sepa-

rable fluorochromes could be used in fluorescence in situ

hybridization (FISH) experiments detected with widefield

fluorescence microscopy (Dapi, FITC, Cy3, Cy3.5, Cy5, Cy7;

[10], [11]), a number that was increased to eight shortly after

with DEAC (cyan) and Cy5.5 in addition to the above [12]

(overview in Ref. [13]).

1.1.3 Level 1 and 2 in confocal microscopy

Confocalmicroscopes provide better contrast than “normal”

or widefield fluorescence microscopes. In the 1980ies and

early 1990ies, however, they were limited in excitation

lines. Thus level-1-type two-color confocal microscopy with

a single excitation line was an option, again the fluo-

rochromes distinguished only by emission [14], as half a

century earlier in widefield fluorescence microscopy. Post-

acquisition cross-talk compensationwas advised. Using sep-

arate laser lines was considered preferable though and had

been demonstrated in the early 1990ies for two colors with

Argon (488 nm) and Helium–Neon-Lasers (543 or 633 nm)

or with an Argon–Krypton laser (488, 567 and 647 nm) and

using three lines was considered desirable and technically

feasible [14]. Thus, confocals soon reached level 2 multi-

color fluorescence microscopy. In the late 1990ies, indeed

confocals typically had 3 excitation wavelengths. The num-

ber of laser lines and thus spectrally separated fluores-

cent channels kept increasing: In the early 2000s, a well-

equipped confocal microscope could have five laser lines,

405, 488, 561, 594 and 633 nm [13]. Thus, including Dapi (405

exc.) five fluorochromes could be recorded without spectral

bleed-through under ideal conditions.

More could be used if bleed-through in the original

imagewas accepted and corrected by post acquisition cross-

talk compensation, now called linear unmixing or spectral

unmixing: If the number of fluorescent channels is as big

or bigger than the number of fluorochromes, then the sig-

nal can be computationally moved to the channel “where

it belongs”, based on single fluorochrome controls ([15],

reviewed in Ref. [16]). For example, Alexa 488 and Alexa

514 or Alexa 633 and Cy5 could be separated [13]. In flow

cytometry this approach is still known as compensation [17].

Another decade later, due to a wider range of excitation

laser lines towards longer wavelengths, even more fluo-

rescence channels became available. With the 670 nm of a

white light laser (WLL) in the Leica SP8, dyes such as Alexa

680 or CF680R can be excited. The WLL in its successor,

the Leica Stellaris 8, allows excitation up to 790, opening

up additional channels. Current confocal microscopes from

other major suppliers can be equipped with single line

lasers with 730 nm (Zeiss) or 730 and 785 nm (Nikon and

Evident, formerly Olympus), according to their marketing

material.

1.1.4 Fluorochrome recycling

To further increase the number of detectable targets, vari-

ous approaches have been applied to erase fluorescent sig-

nals after recording and provide one or many additional

rounds of labeling with the same fluorochromes as in round

1. ReFISH [18], DNA-PAINT [19] and other flow labeling

approaches [20], as well as bleaching fluorochromes before

addition of new labels [21], [22] are based on this concept

(reviewed in Ref. [23]). A common disadvantage of these

approaches is that no permanent samples can be generated

and a certain time span will pass with each round before

the new labels are ready for recording. While this concept

theoretically raises the number of potential labels to infinity,

from the view point of fluorescence microscopy we do not

consider this concept as an additional level.

1.1.5 Level 3: fluorochrome discrimination by lifetime

Fluorochromes are distinguishable fromeachother not only

by their spectral properties but also by their fluorescence
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lifetime: the average time it takes upon excitation to emit the

fluorescence photon [24], [25]. This allows for a third level

of fluorochrome discrimination in multi-color fluorescence

microscopy. For fluorochromes that are typically used in

fluorescencemicroscopy, the lifetime is between 0.5 and 5 ns

[25]–[28]. Fluorescence lifetime imaging (FLIM) was used

for Förster Resonance Energy Transfer (FRET) [29] and envi-

ronmental measurements such as local Calcium ion concen-

trations already in the 1990ies [30]. In 1992 also the potential

of lifetime to discriminate between fluorochromes in con-

focal imaging was recognized [31] and later the same year

fluorescence from a sample was separated in two images

based on lifetime [32] in a proof of concept study. The two

images were simply showing two time intervals, one below

0.9 ns showing mostly chlorophyll fluorescence and one

above 0.9 ns showing mostly FITC fluorescence. Obviously,

chlorophyll and FITC easily can be separated spectrally and

indeed spectrally separated images were shown as control.

Computational separation by curve fitting or phasor was

beyond the technology of the time and clearly FITC fluores-

cence was also present in the short-lifetime-window.

To our knowledge the first computational separation

by different lifetimes of dyes in the same color channel

was published in 1999 [33]. It appears, however, that in

the following two decades only very few reports showed

separation of fluorescent species by lifetime into separate

images [26], [34]–[37]. The advantage of a computational

separation is that, highly simplified, those photons emitted

from the longer lifetime dye in the first nanosecond are also

assigned to the correct image. Not only fluorochromes, but

also different components of the autofluorescence of skin

were successfully separated [38].

1.2 Separating fluorochromes by lifetime
phasor analysis

While lifetime separation was initially performed by curve

fitting, the promotion of phasor based lifetime analysis [39]

opened the possibility to apply this technique to separate

fluorochromeswith different lifetimes, an approach applied

by several groups [28], [36], [40]–[43].

We initially got interested into color separation by

lifetime because of constrains of STimulated Emission

Depletion (STED) superresolution microscopy. In confocal

microscopy, the excitation light in the focal plane is con-

centrated to a small, diffraction limited area. In STED a

“donut” of depletion light is placed around the center of

this area so that the fluorochromes in this depletion light

are stimulated to emit at the depletion wavelength and not

in the spectral region in which the fluorescent signal is

recorded [44]. The wavelength of the depletion laser has to

be within the emission spectrum of the fluorochrome used

and for practical reasons, as to not spectrally overlap with

the collected fluorescence, it should be towards the upper

end of the emission spectrum. This fundamentally limits the

number of spectrally separable fluorochromes that can be

distinguished with a single depletion laser line. Additional

depletion lasers can be implemented but this introduces

two difficulties. First, the depletion lasers have to be aligned

correctly down to a few nanometers to avoid chromatic

mismatch in the superresolved images. Second, due to their

strong power output, shorter wavelength depletion lasers

will likely bleach longer wavelength fluorochromes so that

the sample is destroyed during recording. Therefore, it is

best if all colors canbe recordedwith a single depletion laser

line.

This put the option to distinguish fluorochromes not

only by color but also by lifetime in our focus. With this

approach, we were able to image five fluorochromes with

775 nm depletion only. We separated CF594 and Alexa 594 in

the near red channel, Abberrior Star 635P and ATTO647N

in the far-red channel and recorded CF680R in an even

longer wavelength channel [40]. We also showed separation

of respective confocal images (Figure 1). In general, twofluo-

rochromes canbedistinguished in a color channel, provided

their lifetime is sufficiently different. In this tutorial we

describe how to perform lifetime separationwith the help of

the phasor diagram, an intuitive way to display the lifetime

information of an image.

2 Materials and methods

2.1 Sample preparation

Fixation methods and staining protocols do not differ from

normal immunostaining procedures and therefore are not

described in detail.

2.1.1 Labelling

We performed antibody labeling of HeLa cells grown on

coverslips with primary and secondary antibodies. With

many targets this quickly gets complicated because most

available primary antibodies are from rabbit or mouse

and thus may limit the number of detectable antigens.

Fluorescence labeling of primary antibodies by either flu-

orochrome conjugation or via preincubation with fluo-

rochrome labeled nanobodies or similar approaches may

alleviate this problem but we did not test this approach for

lifetime color separation. Fluorochrome labeling of primary
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Figure 1: Summary showing how 5-color confocal and STED images were generated from 3 fluorescent channels with lifetime information. From each

of the first two confocal channels, two lifetime images were extracted (not shown). Those grayscale images, each representing one fluorochrome,

were pseudocolored with different hues, here orange (WGA CF594) and white (antibody detection of vimentin with Alexa Fluor Plus 594) or magenta

(actin detected with phalloidin ATTO647N) and green (antibody detection of mitochondria with Abberior Star 635P). The third confocal channel

(antibody detection of nuclear pores with CF670R) was cleared up from spectral bleed-through and noise using lifetime features to produce the image

of the fifth fluorochrome (blue). The five images were then overlaid (bottom). The same procedure was applied to STED images, the 3 channel STED

images are not shown.

antibodies may result in weaker signals since no amplifica-

tion by a second layer takes place. Other staining methods

such as fluorescence in situ hybridization (FISH) should also

work, but again we have no experience with this.

For lifetime separation, we found that we can cleanly

separate two fluorochromes per channel from each other,

but not more [45], see Section 3.2 for detailed discussion.

We were successful with the fluorochromes as listed in

Table 1 in a five color sample (Figure 1). While the highest

available excitationwavelength in our systems, 670 nm, that

we used for CF680R also excites the dyes in the far-red

channel (ATTO647N and AS635P), the lifetime of CF680R

was short enough, so that it could be separated from the

other fluorochromes by lifetime [40] (Figures 7 and 9).

Table 1: Fluorochromes and what they were attached to in the five color

sample.

Channel Label 1 Label 2

Near red CF594-wheat germ agglutinin Alexa Fluor Plus 594

goat-anti-chicken antibody

Far red Abberior Star 635P

goat-anti-rabbit antibody

ATTO-647N – Phalloidin

670 nm exc CF680R-donkey-anti-mouse

antibody

Staining with WGA-CF594 (10 min; Biotium, 29023-1) was

performed on live cells to limit the staining to the cell

surface. Otherwise WGA also labels additional glycosylated

proteins such as internal membrane proteins and nuclear

pores. WGA sometimes redistributes during further steps,

giving generally variable staining results. Fixation was for

10 min in 4 % formaldehyde in PBS. Air drying was care-

fully avoided at all times to preserve structural integrity.

Postfixation with 1 % formaldehyde in PBS for 10 min was

performed to minimize diffusion of fluorochromes in the

sample [40]. Five color sample, primary antibodies: Chicken

IgY anti-vimentin polyclonal (Invitrogen, PA1-10003, diluted

1:1,000 in Blocking solution); Rabbit anti-TOMM20 poly-

clonal (Sigma, HPA011562, 1:200); Mouse anti-NUP107 mon-

oclonal (39C7) (Invitrogen, MA1-10031, 1:100). Fluorochrome

coupled secondary antibodies: Goat anti-chicken IgY (H +
L) cross-adsorbed, Alexa Fluor Plus 594, polyclonal, (Invit-

rogen Thermo Fisher A32759, 1:500–1:1,000); Goat anti-

rabbit Abberior STAR 635P, polyclonal (Abberior, 2-0012-

007-2, 1:200); Donkey anti-mouse IgG CF680R, polyclonal

(Sigma-Aldrich, SAB4600207, 1:200). Staining with phal-

loidin ATTO647N conjugate (ATTO-TEC, AD 647N-81, 1:2,000)

was after the secondary antibody. For further details see

[40].

In confocal images Alexa Fluor Plus 647 could be well

separated from ATTO647N (Figure 4) or Abberior Star 635P,
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but in STED it bleached fast. For the two-color sample,

phalloidin-ATTO647N and the primary anti-TOMM20 anti-

body were as above, the latter was detected with a poly-

clonal Alexa Fluor 647 Plus-labeled goat-anti-rabbit anti-

body (Invitrogen Thermo Fisher, A32733).

2.1.2 Good samples for microscopy

Themountingmediumplays an important role in the optical

path:mostmountingmedia for slide-coverslip samples have

a refraction index lower than coverslip glass. Therefore,

spherical aberration is introduced into the optical path.

With increasing distance from the coverslip this has an

increasing negative impact not only on resolution but also

on fluorescence intensity since the produced fluorescence

photons are smeared over a larger volume rather than kept

in a tight and therefore bright point spread function [46].

Therefore, wherever possible, the object of interest should

be sitting on the cover slip and not on the glass slide.

Our samples were mounted in Fluoromount G (Invit-

rogen, 00-4958-02). This mounting medium does not harden

and thus avoids shrinkage of the sample, an effect that is

counterproductive for high resolution microscopy. We seal

the samples around the edge of the coverslip with transpar-

ent nail polish.

The thickness of the coverslip should be 0.17 mm, as

indicated on the barrel of most objectives. This is the thick-

ness for which the optical correction of the objective is cal-

culated. Deviations also cause spherical aberrations. Unfor-

tunately, most coverslips are thinner than that. The widely

spread “number 1” or “#1” thickness is 0.14–0.17 mm and

thus usually too thin. Better options are #1.5 (0.16–0.18 mm)

and #1.5H (0.165–0.175 mm). Hecht-Assistent, Marienfeld

and others provide such coverslips.

2.1.3 The actual lifetimes of fluorochromes in a sample

The lifetimes of fluorochromes depend on their chemical

structure but also on their environment. Some companies

now provide the lifetime of their fluorochromes free in

solution. This is an improvement but still merely a rough

indicator what the lifetime will be in the final sample. The

same fluorochrome can have different lifetimes depend-

ing on the binding partner such as antibodies or other

molecules [26], [41]. A striking example are the lifetimes

of ATTO647N and Abberior Star635P when bound to either

antibodies or phalloidin, a molecule that binds to actin

fibers. For both dyes, the lifetime changes with the binding

partner so strongly that we could successfully separate the

actin signal from the antibody target by lifetime, although

only a single fluorochrome was used [40]. Lifetime is likely

to be different in different mounting media. It also varies

somewhat in repeated, similar lab experiments. In essence,

the lifetime and the difference in lifetime for a given pair of

fluorochromes to be separated in a given spectral channel

must be confirmed under actual sample conditions.

2.1.4 Conditions for successful lifetime unmixing

We found that for separation by lifetime, a lifetime dif-

ference of 0.8 ns between two dyes (measured by confocal

microscopy under actual sample conditions, see previous

section) is sufficient for both, confocal and STEDmicroscopy.

With a difference of 0.8 ns separation typically works well

even if the labeled targets show close proximity in space.

In STED images, due to application of the STED beam the

lifetime of a fluorochrome is significantly shortened. (The

position in the phasor diagram shifts in direction of the

lower right corner, see Section 2.3.1, Figures 2 and 3, compare

Figure 6A and B). This means that for two dyes also the

actual difference between the lifetimes is shorter than in

confocal images. Therefore, in STED the required difference

in lifetimemeasured by confocal FLIM is bigger than for sep-

aration in confocal images. Thus, for confocal microscopy

differences smaller than 0.8 ns should be sufficient for suc-

cessful separation, but we did not explore the limit. Since

the actual lifetime in STED varies with the power of the

depletion beam, no reasonable value can be given for a

“Lifetime in STED”. All lifetime values given in this article

were measured in the confocal mode.

2.2 Image recording

2.2.1 Microscopes

The imaging procedures in this protocol were established

on two Leica Microsystems TCS SP8 WLL FALCON systems

Figure 2: Schematic drawing showing the relationship between the

intensity grayscale image (left), the FLIM image (center) and the phasor

plot (right). With a lifetime capable microscope, in addition to the

intensity image, the lifetime image can be recorded, where every pixel

has an average lifetime value. From these values a phasor can be

created. Pixels with similar long lifetimes (pink), similar intermediate

lifetimes (green), and similar short lifetimes (blue) will form clusters on

the phasor plot.
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Figure 3: Phasor, behind the scenes. (A) Points A-C-B show the situation

with two fluorochromes with different lifetimes, both with single

exponential decay (points A and B). Pixels containing both fluorochromes

will be positioned on the line between points A and B, for example at C.

The length of fA and fB is directly related to the ratio of the two

fluorochromes in the respective pixel. D-F-E show the respective situation

when the two fluorochromes do not have a monoexponential decay. (B)

Phasor plot with multiple monoexponential lifetimes (simulated data).

Monoexponential lifetimes are located on the universal circle

(semi-circle), with short lifetimes towards the right and long lifetimes

towards the origin (left bottom corner). Multi-exponential lifetimes are

located inside the circle. The scaling of lifetimes is not linear and depends

on the repetition rate of the laser. This plot reflects the situation with

80 MHz repetition. The same distribution is achieved with 40 MHz and a

harmonic setting of 2 (compare Figure 4E and F). (C) As in B, but with a

repetition rate of 40 MHz (and no increase of the harmonic).

with linear scanning mode. These systems perform time-

correlated single-photon counting (TCSPC) to determine flu-

orescence lifetimes. One, amixed confocal andmulti-photon

setup, is based on an upright DM8. The other SP8 is based

on an inverted DMi8 stand and has STED super resolution

capabilities with a pulsed 775 nm depletion laser. We expect

our fluorochrome separation approach to work with FLIM

systems from other manufacturers as well but we did not

have the opportunity to test it.

Our two systems have the following characteristics: A

pulsed white light laser (WLL) allows to pick any wave-

length between 470 and 670 nm for one-photon excitation.

80 MHz repetition rate with 200 ps pulse width. In confocal

mode the repetition rate can be reduced to 40 or 20 MHz if

desired. In STED mode the repetition rate is slaved to the

80 MHz of the depletion laser. Detection windows are spec-

trally freely definable with 1 nm steps due to the detectors

being behind a prism. Singlemolecule detection hybrid pho-

todetectors (“SMD-HyDs”) allow high single photon count

rates due to short dead times. FLIM is also possible with

“normal” HyDs, but SMD-HyDs are selected for low noise

and allow higher count rates (1 count per pulse as opposed

to 0.5 per pulse), according to themanufacturer. On the STED

system, the STED donut originates from a 775 nm 80 MHz

Laser with 650 ps pulse width. NA 1.4 Plan Apo oil immer-

sion objectives were used, a 63× on the upright system and

a 100× “STED white” objective on the STED system.

2.2.2 Imaging parameters for confocal and STED

2.2.2.1 Sequential recording and image settings

The two-color sample with Alexa Fluor 647 Plus and

ATTO647N was recorded with excitation of 0.5 % laser

power at 633 nm (≈3 μW at the sample plane), emission

window 650–800 nm with two detectors in tandem at

650–668 nm and 668–800 nm. Two detectors in tandem

allow to record twice as many photons per second without

saturation compared to a single detector. Lower excitation

power and a single detector would have worked but would

have taken longer. Data from both detectors were combined

to obtain a single intensity and FLIM image. We used a scan

speed of 200 Hz (lines per second) and set the frame accu-

mulation to 50 to obtain optimal image contrast, although

fluorochrome separation is already possible with a single

frame (Figure 4).

When selecting excitationwavelengths for neighboring

channels care should be taken that a wavelength with a

high excitation of the desired fluorochromes but a low exci-

tation of spectrally neighboring fluorochromes is selected.

For the five color confocal and STED sample (Figures 1, 6,

and 7), three frame-sequential sequences were recorded to

minimize spectral crosstalk in the following order (775 nm

depletion only in STED mode):

1. exc. 5 % at 670 nm (≈17 μW)/em. 700–750 nm/775 nm

STED at 5 % (≈17 mW)

2. exc. 6 % at 633 nm (≈28 μW)/em. 640–680 nm/775 nm

STED at 20 % (≈68 mW)
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Figure 4: Confocal images of a cell labeled with ATTO647N-phalloidin (actin skeleton, green, lifetime 3.1 ns) and Alexa 647 Plus TOMM20

(mitochondria; magenta, lifetime 2.0 ns). The images were generated from 50 accumulated frames (A, C, E) or with just one frame (B, D, F). Note the

signal to noise difference. (A–B) Intensity image with an average number of photons in the bright actin filaments of 7,500 in A and 120 in B and in the

dimmer mitochondrial signals 2,500 in A, 60 in B. Scale bar 5 μm. (C–D) Actin and mitochondrial signals were separated in two grayscale images, false
color coded and overlaid. (E–F) Phasor plot used for the color separation of C and D, respectively. Repetition rate was 40 MHz and the harmonic was

set to 2, so the phasor plot appears like an 80 MHz phasor plot. Threshold values (see main text) were 100 and 1 photons, respectively. For circles see

main text and next figure.

3. exc. 3 % at 594 nm (≈12 μW)/em. 600–630 nm/775 nm

STED at 30 % (≈102 mW)

The sequences move from longest to shortest excitation

wavelength to minimize bleaching. Particularly for STED

recordings where the 775 nm depletion causes some anti-

stokes excitation of the longer wavelength dyes this is

important. If available use notch filters for every excitation

and STED laser wavelength to minimize the contribution

of reflection. Before recording, the fully integrated FLIM

modulemust be startedwithin the Leica software so that not

only the intensity image but also the lifetime information is

recorded.

For the examples above, we used a scan speed of 400 Hz

(lines per second) for the five-color sample and 200 Hz for

the two-color sample. With the respective software control,

we set frame accumulation for confocal FLIM images to 20.

2.2.2.2 More frames for STED images

In STED we increased frame accumulation to 100. For truly

point-like signals, both STED and confocal imaging should

result in the same signal intensity (number of photons)

when the beams are centered on the structure, because

all of the signal originates from a point that is in the cen-

ter of the STED donut anyway. For signals from extended

structures such as fibers, however, depletionwill reduce the

signal intensity, because signal from neighboring parts of

the structure is suppressed, the detection volume is smaller.

Other influences are introduced by the scanning pro-

cess: In STED, pixels sizes are typically smaller, in our case

linearly about 3× smaller. (∼25 nm, compared to∼75 nm in

confocal). If all other settings are kept the same this results

in a ∼3× shorter pixel dwell time and thus 3× less photons

per pixel. On the other hand, the scan lines are 3× closer

together so that light from a given structure is recorded

more often and thus additional photons are collected.

In practice, we observe that more frame accumula-

tion is required in FLIM-STED compared to confocal images

to detect a reasonable number of photons in pixels with

signals.

2.2.2.3 Further parameters for a STED recording

To record STED images we typically apply the following

additional parameters: Pinhole at 0.93 AU@580 nm. This

helps to increase the Signal to Background ratio. Optimized

pulse delay between the WLL and STED depletion laser

was determined to be at 200 ps in our system. The correct

delay timing is important tomaximize the STED effect: If the

depletion pulse comes too early it has no effect, if it comes

too late, many photons are already emitted before depletion

can occur. In both cases total signal will be brighter than in

the optimal scenario. Hence, the timing can be optimized
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for lowest intensity = strongest depletion. Pixel size was

21–26 nm. Image size will depend on zoom factor and num-

ber of pixels used.

With these parameters, recording of a STED imagewith

1,552× 1,552 pixels and all three sequenceswith 100 accumu-

lations each takes about 13 min.

2.2.2.4 Pulse rate in confocal images

For confocal imaging, the pulse rate can be reduced from

80 to 40 or 20 MHz. 80 MHz translate into one pulse every

12.5 ns. For fluorochromes with average lifetimes of sev-

eral nanoseconds, a rather small but noticeable fraction

of photons will thus be detected only after the next pulse

(in the next cycle) and thus result in a measured lifetime

that is slightly shorter than the actual lifetime. However,

for separation purposes the exactmeasured lifetimes do not

matter, the lifetimes of different fluorochromes just have to

be different enough.

Reduced pulse rates also result in respectively less col-

lected photons per second, increasing overall imaging time

to reach the same image quality. For fluorochrome sepa-

ration by lifetime, 40 or 80 MHz pulse rates deliver good

results for many samples.

2.3 Image analysis: lifetime unmixing via
phasor for confocal and STED images

2.3.1 Background: the phasor of lifetime images

A phasor diagram is a graphical representation of the life-

times found in a given image in a polar plot, based on

the sine-cosine transforms of frequency domain informa-

tion. Thus, the phasor is also called “polar plot” by some

authors [47], [48]. TCSPC provides time domain information

however, so that a Fourier transformation is performed to

obtain the frequency domain data. A description of phasors

in FLIM and how they are mathematically generated can be

found in Ref. [39]. In the following we explain how a phasor

represents the FLIM image as a foundation for the lifetime

separation in the next section.

In this section, the term “pixel” always refers to a pixel

in the confocal or STED image (and not the phasor plot

image). Each pixel is represented by a single dot in the

phasor plot, positioned according to the average lifetimes

of the present fluorochromes (Figures 2 and 3B, C). Lifetime

is an intrinsic characteristic of every fluorochrome in a

given environment, leading to a specific phasor pattern. In

phasors from microscopic images, many pixels will be rep-

resented in neighboring positions in the phasor plot since

they have similar lifetime components (Figure 4E and F).

Areas in the plot where dots lie on top of each other are

color coded. In our plots (from the Leica LAS X software) a

rainbow color code with blue for low occurrence to red for

high accumulation of dots is used.

For an image with two fluorochromes with different

lifetimes a phasor plot will show three scenarios: pixels

containing only the longer lifetime dye (region A or D in

Figure 3A). Pixels containing only the shorter lifetime dye

(Region B or E). And pixels containing a mixture of both

(region C or F). Phasor plot locations 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 positions of the

individual dyes. This is where the “linear property” of the

phasor is powerful: The exact position of the pixel in the

phasor is defined by the fraction of the components of the

two dyes (Figure 3A, fA, and fB). Hence, from the position

of the pixel in the phasor diagram, the percentages of its

photons belonging to dye A and dye B can be extracted.

An advantage of the phasor plot is that, as opposed to

curve fitting, for its generation there is no need to choose

parameters from a range of possibilities such as the number

of expected lifetime species. The phasor diagram is based

only on mathematical calculations, no fitting is required:

The same data will always generate the same phasor plot.

Avoiding the fitting procedure which requires user input

makes the technique more robust. Thus the phasor is a

powerful tool for lifetime analysis with its robustness and

ease of use among its biggest advantages.

2.3.2 Separation of fluorochromes by phasor analysis

Image analysis was performed with Leica LAS X software

version 4.1.1.23273 which we installed on a separate com-

puter. This is not the version that comes with the SP8 (LAS

X 3.X) but the variant for the SP8 successor “Stellaris”. It

contains an extended, user friendly suite of tools for pha-

sor lifetime analysis. A “separate”-button makes unmixing

procedures easier, compared to the 3.X version. We have

trained users without previous FLIM experience and they

becamequickly autonomous for their lifetime analysis. LAS-

X 4 installationfileswere kindly providedbyLeicaMicrosys-

tems CMS. License dongles appear to be compatible between

the 3.X and 4.X versions.

2.3.2.1 Parameters

To achieve an acceptable phasor unmixing, as a rule of

thumb at least 100 photons per pixel should be collected

in those regions that contain fluorescence signal (Figure 4B

and D). One can obtain results with dimmer images, but

results may vary depending on other parameters, such as

background and overlap between labelled structures.
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An unfiltered phasor plot is generated using every pixel

in the image: Pixels with only a few photons of background

noise are also displayed and may confuse the clarity of the

data presentation. They can be suppressed by estimating the

background intensity (in number of photons) and entering

this number as threshold in the software. Pixels with a

photon number below threshold will then not be displayed

in the phasor. This is recommended. In LAS X, there is a

threshold menu in the phasor menu. The highest value that

can be entered is 100 photons, typically we apply around

20–50.

STED images, including FLIM-STED images, typically

have low photon numbers per pixel, leading to unfavor-

able signal-to-noise ratios that can impede the extraction of

information from phasor data. To enhance data visualiza-

tion and improve analysis and interpretation, filters can be

applied to the image before calculating the phasor. Tradi-

tionally, median filters have been used in phasor analysis

to tackle this issue. However, median filters degrade high

spatial frequency FLIM information, particularly affecting

edges of features, puncta, or any fine structures. We rec-

ommend using a wavelet filter instead, if available. Wavelet

filtering preserves said features and is thus beneficial when

working with low photon numbers [49].

The lifetime distribution and dynamic range of the pha-

sor depends on the repetition rate of the pulsed laser used.

The higher the repetition rate, the further to the left the

positions for given lifetimes will move. Ideally, the lifetimes

of a given image should be in the central range of the phasor

because then the distance between different lifetimes will

be largest. For lifetimes between 1 and 4 ns a repetition rate

of 40 MHz or 80 MHz is well suitable (Figures 3B, C and

4E, F).

If for some reason an image has to be recorded with

a rather low repetition rate, the phasor can be adjusted by

applying a harmonic value of 2 or higher (see legend to

Figure 4B). In a Fourier Transform, a periodic waveform

can be decomposed into a series of sinusoidal waves. The

fundamental frequency is the lowest frequency of thewave-

form, and the harmonics are the higher frequencies that are

integer multiples of this fundamental frequency. Adjusting

the harmonic number alters the harmonic wave that the

respective lifetime is multiplied by. For very short lifetimes,

the regions of interest on the phasor plot are situated in

Figure 5: User interface of the FLIM window of the LAS X software. Only a part of the cell from the previous figure is shown and represented in the

phasor. Using the “draw cursor” tool (ROI 1), two areas slightly outside of phasor signature of the single dye lifetimes are marked (circles). Depending

on the labelling intensities, the locations can be either seen clearly (like here) or not. Single color references can be used as control to determine the

phasor signature of said dye for later use. The lifetime of the two circle-cursors and the assigned pseudocolors are displayed at the top right corner

(ROI 2). When satisfied with all settings, a click on the separate button (ROI 3) starts the phasor based unmixing. The final two unmixed images are

displayed. Once the images are saved, they can be exported as 16-bit tiff files. The triangle tool for more complex unmixing (see Figures 7 and 9) is

below the “draw cursor” tool (ROI 4). The harmonic, threshold and phasor filter can be changed as needed on the left (ROI 5, 6 and 7, respectively).
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the lower right corner (blue in Figure 2). By increasing

the harmonic number the visualization of these regions is

expanded and shifted closer to the middle of the universal

circle (Figure 3B and C). This results in a more convenient

visualization of the data, with larger distances between the

values. For more details see [39].

2.3.2.2 Separation of two fluorochromes by lifetime

Figure 4 shows a cell where the actin skeleton (green) and

mitochondria (magenta) were labeled with dyes with simi-

lar spectral properties but different lifetimes. In the inten-

sity image (A, B) the two fluorochromes cannot be distin-

guished, but a good separation by lifetime was achieved (C,

D). The phasors are shown in E, F.

Using the tools provided in the Leica software, areas

identified to contain the pattern of single dyes were selected

in the phasor plot (Figure 5), and a linear separation was

conducted (see Figure 5 legend for details). The software

makes use of the linear property of the phasor plot. The

algorithm takes the centers of two circles (Figures 4E, F

and 5) which are defined by clicking on the phasor plot as

the single dye references for the separation. The centers of

the circles define the maximal and minimal lifetimes for

the separation. Having them positioned outside the actual

distribution makes sure that no signal pixel is outside the

defined range of lifetimes thus “saturation” does not occur.

The radius of the circles has no effect on the analysis.

Figure 5 shows a screenshot of the software’s user interface.

Results are shown in Figure 4C and D and for a different

sample in Figure 6.

Separated images were saved and exported. Pseudo-

coloring and overlay to obtain final images as in Figure 1

bottom was performed in a different software, Fiji or

Imaris.

2.3.2.3 Removing bleed-through, autofluorescence and

reflected photons

The phasor can also be used to filter non-desirable contri-

butions from spectral bleed-through or autofluorescence.

In Figure 7A, ATTO647N–Phalloidin bleeds through to the

CF680R channel: Actin fibers are dim but clearly recogniz-

able, e.g. in the top left quadrant of this confocal image.

The ATTO647N label was quite strong and still somewhat

excited at 670 nm which was used for CF680R. Excitation

with 680 nm would be more suitable [40] but was not avail-

able on the SP8 systems. Since no notch filter was avail-

able to suppress reflection of 670 nm, the recorded image

also contained considerable amounts of reflected photons

with 0 ns lifetime. Pixels containing only reflected photons

are represented at the lower right corner of the phasor

plot (Figure 7C). However, most of them are below the set

threshold value (see above). Note that compared to Figures 4

Figure 6: Five-color sample, unmixing of sequences with two

fluorochromes, based on the displayed phasor plot. (A) Confocal images.

(B) STED images. Left: vimentin in white (Alexa Fluor 594, lifetime 2.6 ns)

and WGA in orange (CF594, 1.7 ns). Right: phallodin labeled actin fibers

green (ATTO647N, 3.5 ns) and mitochondria in magenta (Aberrior Star

635P, 2.0 ns). In the STED phasor plots, due to the stimulated depletion,

the photophysics is more complex than usual. Hence the different

positioning of the cursors in STED phasors. In STED phasors, the

“top left” fraction of each fluorochrome’s signature contain the most

informative pixels (see main text and Figure 8) and the curser is set to

represent those. This different positioning is only applicable to STED

phasors. Confocal images were separated as described above. Scale bar

5 μm.

and 5 the ATTO647N distribution is elongated in the phasor,

towards the bottom right corner. The intensity of this bleed-

through signal is close to background levels. The respective

pixels thus contain a considerable percentage of reflected

photons, hence the elongation towards the bottom right

corner.

Lifetimes of ATTO 647N (3.5 ns) and CF680R (1.5 ns)

were sufficiently different from each other and from the

reflected photons (0 ns) to separate them (Figure 7B). Image

filtering was done using a tool in the shape of a triangle

(Figure 7C; see Figure 5, ROI 4 for tool location in the soft-

ware). The triangle tool is suitable if three components are

present from which only one is to be kept. This tool uses

a lifetime gradient based on the phasor coordinates and

assigns an intensity value to the pixels depending on their

position on the phasor, hence to their lifetime (see Figure 9

for detailed explanation).
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Figure 7: Confocal images of cells with labeled nuclear pores (CF680R-NUP107; lifetime 1.5 ns) and bleed-through from ATTO647N-phalloidin (3.5 ns).

Only the CF680R-channel of the 5-color sample is shown. Filtering of the ATTO647N and reflection is performed with the phasor. (A) Raw intensity

image where the actin filaments can clearly be seen (ATTO647N bleed-through). (B) Filtered image where the ATTO647N contribution is eliminated. (C)

Phasor used to generate the filtered image. See Figure 9 for explanation of the triangle. Scale bar 5 μm.

2.4 Image analysis: Tau-STED and
STED-anti-stokes excitation

Resolution in STED images can be improved by lifetime

approaches such as “gated STED” which during acquisition

discards all photons with very short lifetimes, e.g. <0.5 ns,

since this “gate” contains fluorescence photons emitted

before depletion took effect aswell as reflected photons [50].

SPLIT-STED is another example. It uses fluorophore life-

time dynamics under CW-STED conditions (depletion with

continuous wave laser) to effectively differentiate photons

emitted from the central region (not affected by depletion)

and from the outer edges of the excitation (affected by deple-

tion) [51].

In contrast to gated STED, a fully lifetime capable sys-

tem can use lifetime also post acquisition to improve the

resolution and achieve the best possible result. The deple-

tion laser modifies the photo dynamics of the population of

fluorophores that it affects, including their average lifetime.

The lifetime modification depends on the local depletion

light intensity. Since the STED doughnut is a Gaussian beam,

its intensity is uneven across the PSF. This leads to variable

average lifetimes, depending on the exact position of the

fluorophores (Figure 8). This displaced, elongated distribu-

tion of average lifetimes (compared to confocal) can be seen

and characterized in the phasor (compare Figure 6A and B,

compare Figures 7C with 9C).

Figure 8: Lifetime in STED. (A) Scheme of the Gaussian excitation. (B)

STED depletion profile (red) over the excitation leads to a smaller

sampling volume. (C) Schematic representation of the lifetime

distribution across the STED point spread function. The fluorescence

lifetime is shortened more where the depletion is stronger. In the center,

the fluorescence lifetime is the same as in the absence of STED.

τSTED (“Tau-STED”) is a name Leica gave to a propri-

etary algorithm that applies background correction and fil-

tering of pixels based on their phasor signature [52]. The cur-

rent version works best if a spectral channel contains one

desired fluorochrome. A vector can be drawn in the phasor

plot (right edge of triangle in Figure 9C) to separate pixels

with photons mostly unaffected by the depletion process

(longer lifetimes) from pixels with many depletion affected

photons (shorter lifetimes, compare Figure 8C). In addition,

those pixels that do not correlate with the drawn vector can

be identified as containing noise and filtered out (see legend

to Figure 9). This approach addresses issues of reflection,

low-resolution photons (short lifetimes), and crosstalk (dif-

ferent behavior of different dyes) commonly seen in STED
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Figure 9: τSTED example. Fluorochromes and labels as in Figure 7 but note the improved spatial resolution. (A) Raw STED image. (B) τSTED corrected
image. (C) Phasor plot of image (A) used for the τSTED correction shown in (B). The various contributions to the phasor plot can be easily identified.
The top part of the right edge of the triangle represents the pixels with the desired CF680R signals. Pixels at the top corner of the triangle have 100 %

intensity (meaning intensity in the final image (B) is the same as in the original image (A)). In current τSTED-phasors, the two lower corners of the
triangle always represent zeros, meaning pixels at those corners and on the line between them (zero line) are black in (B). For all other pixels, the

intensity in the final image (B) (between 0 and 100 % of the intensity in (A)) is linearly dependent on the distance to the triangle’s top corner and to the

zero line (compare Figure 3A). Scale bar 5 μm.

multicolor experiments. The accuracy of this determination,

as with all lifetime-based approaches, depends on the avail-

able photon budget.

For the spectral channel in our five color STED images

containing the CF680R antibody staining of nuclear pores,

the τSTED function in LAS X was used (Figure 10). After

activating Expert mode (see Figure 10) the phasor appears

in the bottom right corner of the user interface. With the

“Draw color coding triangle” tool (ROI 2 bottom) a triangle

was placed on the phasor (Figures 9C and 10) and the τSTED
image was generated (Figure 9B).

The triangle tool (and not the line tool) was used

because in this particular case the strong ATTO 647N Phal-

loidin staining in the neighboring spectral channel caused

crosstalk into the CF680R channel. However, ATTO 647N and

CF680R have different lifetimes. ATTO 647N is distributed in

a very elongated cluster, since this bleed-through signal is

weak and close to the background level (see above). Thanks

to the lifetime difference, the phasor signatures of theses

dyes are in different positions on the phasor plot. Reflection

and low resolution photonswere also filtered out to obtain a

crosstalk and background corrected image (Figure 9B). See

legend to Figure 9 for details.

In the case shown here, expert mode was used because

of the complexity of the sample. For a spectral channel with

only a single fluorochromewithminimal bleed-through, the

“τSTED” mode (ROI 1, center), is sufficient. In this mode, the

software predicts what would be the best trajectory, and

applies it automatically.

The generated image should be saved before export.

3 Results and discussion

3.1 Phasor based separation by lifetime

Wedemonstrated that twofluorochromes per spectral chan-

nel can be separated in confocal (Figures 4 and 6A) and

STED microscopy (Figure 6B) if their lifetime is sufficiently

different. Exploiting this, we generated multi-color confocal

and FLIM-STED images with five colors from only three

spectral channels (Figure 1). In our previous publication we

demonstrated that the remaining bleed-through between

lifetime separated images is well in the range of spectrally

separated images [40]. Lifetime separated images can thus

have the same quality as spectrally separated images. Oth-

ers have shown that phasor based separation is also possible
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Figure 10: User interface of the τSTED part of the LAS X software. The expert mode shown here is needed only for complex samples (see main text)
and activated at ROI 1. Else the τ-STED-mode can be used. As explained at Figure 5, either a line or a triangle tool (ROI 2) can be used for lifetime
filtering. Here the triangle tool was applied to filter out ATTO647N bleed-through, noise and reflections (see Figure 9 and main text). Different

parameters for the strength of the filtering are in ROI 3. Typically, they can be left at the default values. With increased τ-Strength values, more weight
is given to long-lifetime signals. The physical limit is set by the photon budget and signal-to-noise ratio. See [52] for further information. Once the

τSTED image is generated it should be saved by clicking “Save image” on the bottom left corner of the FLIM window (surrounding the window shown

here) or by right click on the image. It can be exported as 16-bit tiff file.

in image-scanningmicroscopy [42] (ISM), an approach were

the confocal pinhole is replaced with an array detector to

avoid loss of light while obtaining optimal confocal resolu-

tion [53].

Color separation by phasor analysis is feasible with

much smaller numbers of photons (Figure 4B, D, and F) than

separation by curve fitting, because the phasor ismore accu-

rate to calculate the average lifetime of multi-exponential

decays with low photon counts and SNR [48]. With curve fit-

ting, twofluorochromeswithmultiexponential decaywould

further increase the complexity with their additional expo-

nential components. For more components more photons

are needed for an accurate fit. Hence phasor analysis is

superior for lifetime unmixing with small photon numbers.

Wewould like to point out that all procedureswere per-

formed with commercially available fluorochrome-coupled

antibodies or other reagents, commercial hardware and

software. We have the hope that the above detailed proto-

cols will help to motivate others to use these procedures in

their own multi-color fluorescence experiments.

3.2 Separating more than two
fluorochromes by lifetime?

The procedure described above works well with spectral

channels containing two fluorochromes with different life-

times (Figures 4 and 6). An obvious question is whether

more than two fluorochromes can be separated by lifetimes.

We tried this with Abberior STAR 635P on antibodies, Alexa

Fluor Plus 647 labeled antibodies and ATTO 647N-Phalloidin

(lifetimes of 2.0, 1.2, and 3.5 ns) [40].While any two of this set

could be separated, separation of all three, while possible,

resulted in loss of detail and thus suboptimal image qual-

ity. The technical problem that arose was that the lifetime
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position of the three fluorochromes in the phasor plot more

or less formeda line. Anypixel in themiddle of the line could

correspond to either a mixture of the dyes with the longest

and the shortest lifetime, or a significant contribution of the

dyewith the intermediate lifetime. Under such conditions, a

good separation onlywould be possible if the fluorochromes

would label spatially separated and identifiable structures

such as nuclear speckles versus cell membranes. But then

also a single fluorochrome would do.

Successful separation of three fluorescent species

based on the phasor plot was reported by others, however

[41], [54]. In these cases the positions of the three fluorescent

species formed a triangle in the phasor plot. Thus, a unique

solution could be identified for each phasor position. In one

case lifetimes were 3.71, 3.05 and 2.14 ns, with the 2.14 ns

lifetime coming from a tri-exponential decay and thus a

position away from the universal circle so that the three

phasor positions indeed formed a triangle despite the small

lifetime differences [41]. While generally good separation

was shown, close inspection of pictures with overlapping

structures (e.g. their Fig. S31D) reveal some separation arti-

facts though. Qdot 585 (longest lifetime), Bodipy TMR (inter-

mediate lifetime), and AF555 (shortest lifetime; in other

reports this dye is called Alexa Fluor 555 or Alexa 555), all

coupled to antibodies were also successfully separated [54].

The actual lifetimes were not given in this report, but other

publications give around 0.7 ns for antibody bound AF555

[26] and 19.5 ns for free Qdot 585 [55].

A separation of four fluorochromes using the phasor

plot was also reported [56]. Transformation of the phasor

plot to higher harmonics (Figure 3B and C) resulted in addi-

tional equations so that a unique solution for four compo-

nents could be determined. Respective lifetimes covered a

wide range: 12, 3.8, 1.4 and 0.6 ns. Since currently commer-

cially available labels on antibodies do not exceed 5 ns (to

our knowledge), it currently may be difficult to perform this

approach with immunostained samples.

3.3 Conclusion: recommendations for
multi-color fluorescence

It currently seems easiest to first explore the possibilities

of spectral separation of a given instrument, in particular

since spectral separation is broadly available. We success-

fully used six spectrally different colors on our confocal SP8

systems, five excitedwith thewhite light laser (470–670 nm)

plus DAPI excited with 405 nm. New systems may allow

even more spectrally separable fluorochromes. For projects

where the spectral options are exhausted, either because

more fluorochromes are needed or because of special con-

strains such as a single STED depletion laser, we recommend

to apply separation of two fluorochromeswith different life-

times in a given spectral channel. We could show that such

a separation works with as little bleed-through as spectral

separation [40]. In the future, dyes with a wider range of

lifetimes may become available allowing the separation of

even more than two fluorochromes per spectral channel in

standard experiments with commercial dyes.

In practice, for experiments with primary and sec-

ondary antibodies, the number of labels will not be lim-

ited by the number of separable fluorochromes but by the

number of species fromwhich primary antibodies are avail-

able. This limitation can be circumvented by the use of

self-labeled primary antibodies at the expense of additional

work and costs and labeling intensity.
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