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ABSTRACT 
 

Indirect labelling techniques of biomolecules with primary and secondary antibodies for 

immunofluorescence-based imaging is still serving well the needs of biologists in 

advancing the understanding of biological processes. However, these techniques impose 

a stringent selection of primary and secondary antibody pairs to avoid false-positive cross-

labelling leading to misinterpretation, in particular for (co-)localization / interaction of target 

molecules. Due to this, indirect immunofluorescence is either regularly limited to two - four 

antigens or a particular combination of target molecule labelling can’t be carried out at all. 

This work presents a novel immunolabelling method to use this ostensible disadvantage of 

cross-labelling secondary antibodies for separation of their fluorescence signals from 

single labelled structures by use of multi-dimensional fluorescence detection. This 

becomes possible since the undesirable cross-labelling among secondary antibodies leads 

to the generation of new characteristic Förster resonance energy transfer (FRET) emission 

spectra as well as change in fluorophores lifetime properties. To demonstrate this, a 

sequential antibody labelling protocol was adapted and appropriate fluorophore pairs were 

selected on interacting secondary antibodies achieving FRET effects. A spectrally resolved 

fluorescence lifetime imaging (sFLIM) system and multi-wavelength pulse interleaved 

excitation were combined together for  multi-dimensional signal detection. The short dead 

time of the time-correlated single photon counting electronics allows for rapid-sFLIM 

measurements enabling data acquisition at very high detection throughput. For data 

analysis, a pattern-matching based linear-unmixing technique was employed for efficient 

identification and unmixing of multi-labelled samples using reference emission spectra and 

fluorescence decay patterns from each immunolabelled biomolecule. Additionally, 

separation of up to three immunolabelled proteins from strong autofluorescence 

components in human lung tissue sections by sFLIM detection and applying appropriate 

autofluorescence reference patterns in unmixing analysis was demonstrated. The spectral-

FLIM(-FRET) detection system together with pattern-matching analysis forms an excellent 

tool for use in indirect immunofluorescence by overcoming the undesirable effect of 

secondary antibody cross-labelling by assigning separate colour channels to cross-labelled 

antigens or proteins. Altogether, this work demonstrates that spectral-FLIM could greatly 

enhance sensing and unmixing capabilities for native autofluorescence and/or external 

fluorescent markers in biomedical as well as clinical research. 



 V 
 
 

ZUSAMMENFASSUNG 
 

Im Bereich der Immunfluoreszenz-basierten Bildgebung sind indirekte Markierungs-

techniken von Biomolekülen mit primären oder sekundären Antikörpern von großem Wert, 

um das Verständnis biologischer Prozesse zu vertiefen. Um falsch-positive 

Kreuzreaktionen zu vermeiden, gelten jedoch stringente Auswahlkriterien an Primär- und 

Sekundärantikörperpaare. Solche Kreuzreaktionen können zu Fehlinterpretationen führen, 

insbesondere in den Bereichen (Co-) Lokalisierung und Wechselwirkung der Zielmoleküle. 

Dies hat wiederum zur Folge, dass indirekte Immunofluoreszenz häufig auf zwei-vier 

Antigene beschränkt ist oder dass bestimmte Markierungskombinationen gar nicht möglich 

sind. In dieser Dissertation wird eine neuartige Methode zur Immunmarkierung vorgestellt, 

welche die offensichtlichen Nachteile der Kreuzreaktion von sekundären Antikörpern 

ausnutzt, um die Fluoreszenzsignale einfach markierter Strukturen mittels 

multidimensionaler Fluoreszenzdetektion zu unterscheiden. Die Methode basiert darauf, 

dass die unerwünschte Kreuzreaktion zwischen sekundären Antikörpern sowohl zum 

Auftreten neuer, spezifischer Fluoreszenzenergietransfers-Emissionsspektren (FRET) als 

auch zu Veränderungen in den Fluoreszenzlebensdauern der Fluorophore führt. Um dies 

zu demonstrieren, haben wir ein sequentielles Antikörpermarkierungsprotokoll entworfen 

und entsprechende Fluorophorpaare für interagierende sekundäre Antikörper identifiziert, 

unter welchen FRET möglich ist. Für die Detektion wurde ein spektral- und zeitauflösendes 

Fluoreszenzlebensdauersystem (sFLIM) genutzt, welches über ein verschachtelt-

gepulstes Anregungsystem mit multiplen Wellenlängen sowie über ein multidimensionales 

Detektionssystem verfügt. Dank der kurzen Totzeit der eingesetzten Elektronik für die 

zeitkorrelierte Einzelphotonenzählung können sogenannte rapid-sFLIM Messungen mit 

sehr hohem Detektionsdatendurchsatz durchgeführt werden. In der Datenanalyse wurde 

eine Technik zum Musterabgleich angewandt, die eine effiziente Identifikation und 

Entmischung von mehrfach markierten Proben mittels Referenzemissionsspektren sowie 

Fluoreszenzabklingmustern der jeweiligen immun-markierten Biomoleküle erlaubt. 

Zusätzlich demonstriert die Arbeit die Abtrennung der Fluoreszenzsignale von bis zu vier 

immun-markierten Proteinen sowie der Hintergrundautofluoreszenz von menschlichem 

Lungengewebe mittels sFLIM Detektion durch Anwendung passender Referenzmuster im 

Entmischungs- und Analyseschritt. Die Kombination eines spektralen FLIM-(FRET) 

Detektionssystems mit einer Musterabgleichsanalyse erweist sich als ein sehr nützliches 
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Werkzeug für indirekte Immunofluoreszenz Untersuchungen. Sie überwindet die 

unerwünschten Nebeneffekte der Kreuzreaktion von sekundären Antikörpern indem sie 

kreuzreagierende Antigene oder Proteinen jeweils in einen separaten Farbkanal zuweist. 

Insgesamt wird in dieser Arbeit aufgezeigt, dass die simultane Detektion von 

Fluoreszenzabklingzeiten und Charakteristika von Emissionspektren mittels spektral-

FLIM, die Empfindlichkeit und Separierung der einzelnen Komponenten signifikant 

verbessern kann. Dies gilt sowohl für native Autofluoreszenz wie auch für externe 

Fluoreszenzmarker in der biomedizinischen oder klinischen Forschung. 
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1. INTRODUCTION 
 
Fluorescence microscopy has become a pivotal technique in modern day biological 

research for the detection and visualization of specific proteins in fixed and living cells 

as well as tissue sections and microarrays1. Recent trends in biomedical and clinical 

research suggests that simultaneous detection of larger numbers of biomarkers allow 

for a more precise diagnosis, thereby improving treatment success rate2-4. 

Consequently, monitoring the expression of different target molecules via microscopic 

imaging is becoming increasingly important, even crucial, for basic biomedical and 

clinical research purposes5. 

To date, indirect immunofluorescence (IMF) labelling of target biomolecules with primary 

and fluorophore-tagged secondary antibodies (ABs) is still one of the most extensively 

used methods because it allows for selective and specific detection of biomarkers with 

high signal-to-noise ratios (SNR)6-8. However, adapting IMF methods for labelling of 

multiple antigens requires careful selection of primary and corresponding secondary 

antibodies (ABs) to avoid false-positive detection due to host animal species overlap9,10. 

Another crucial aspect of IMF is the meticulous need for AB specificity validation using 

single label controls and that it must be retained when multiple ABs are used in single 

sample staining protocols. Typically, primary ABs originating from different host species 

are combined with secondary ABs, all raised in one disparate host species, or at least 

differing from the species origin of all primary and other secondary ABs (Fig. 1A). Even 

though a broad host species panel of primary ABs is principally available (e.g. mouse, 

human, rabbit, rat, goat, chicken, sheep, guinea pig, hamster, bovine, donkey, dog, 

camelid, cat, pig etc.), in practice, most well-performing and specific primary ABs for 

important target antigens originate from mouse, rabbit, rat or goat. This limits the number 

of target molecules that can be labelled and detected simultaneously in a single 

experiment due to AB species overlap. A series of solutions have been proposed by 

researchers to avoid double immunolabelling artefacts due to ABs raised in same host 

species11-17, but these still do not completely tackle the problem of false-positive cross-

labelling, and therefore bear the risk of misinterpretation regarding spatial co-localization 

distribution, or even interaction of molecules18-20. Additionally, these techniques require 

the use of chemical reagents, increased sample preparation time and sophisticated 

analysis, all of which hinder their practical use in many research laboratories. Another 

challenge of multi-target fluorescence microscopy of tissue sample is that the intrinsic 
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autofluorescence (AF) emission frequently invades the spectral emission of commonly 

used fluorophore-tagged ABs and hampers the quantitation analysis for estimation of 

co-expression and co-localization of multiple biomarkers21-23 (Fig. 1B). Limitations such 

as these highlight the need for developing innovative AB multiplexing protocols together 

with multi-dimensional fluorescence imaging systems and analysis methods 

demonstrating faster and simultaneous acquisition of multiple fluorophore-tagged 

biomolecules and subsequent suppression of background sample AF. 

 
Figure 1: A typical sequential labelling procedure used for indirect immunofluorescence (IMF) of five target antigens 

to demonstrate the resulting cross-labelling scenarios in multi-target studies. (A) Primary antibodies (ABs) originating 
from goat, rabbit and mouse bind to antigen 1, 2 and 3, respectively. For IMF detection, fluorophore-tagged secondary 

ABs (“donkey-anti-goat Alexa488”, “donkey-anti-rabbit Alexa532” and “chicken-anti-mouse Alexa555”), all having 

different origins than primary ABs, will not show any cross-labelling thus far. However, well-performing primary 
antibodies for target antigen 4 and 5 originate from rabbit and mouse, and subsequent IMF labelling steps with 

secondary ABs (“goat-anti-rabbit Alexa594” and “goat-anti-mouse Alexa633”) will lead to cross-labelling of rabbit  and 

mouse primary AB for antigen 2 and antigen 3 with “goat-anti-rabbit Alexa594” and “goat-anti-mouse Alexa633”, 
raising the risk of misinterpretation of results such as false-positive co-localization or even antigen-antigen interaction. 

(B) Autofluorescence (AF) emission of a tissue sample often covers the entire spectral detection range of commonly 

used fluorophores in multi-target studies. The highly intense native tissue AF (grey line) often bleeds into the detection 



 3 
 
 

channels of each fluorophore labelling, hindering their precise identification and separation. Multi-dimensional 
detection systems could potentially provide better separation due to simultaneous detection of characteristic 

fluorescence signatures from single- and cross-labelled species in autofluorescent cell or tissue samples. 

 

In Paper I, a novel IMF labelling procedure is proposed that transforms this undesired 

cross-labelling AB effect into an advantage by appropriately attributing new independent 

fluorescence analysis channels24. A necessary and sufficient condition for achieving this 

advantage is that single- as well as cross-labelled structures exhibit significant 

differences in their fluorescence signatures allowing for unambiguous separation and 

channel specific signal attribution. Selecting interacting fluorophores on the closely 

bound cross-labelling ABs such that there is considerable overlap between their 

absorption and emission spectra, will lead to change in their chemical-physical 

properties through the “Förster resonance energy transfer (FRET)” phenomenon, which 

was already shown by previous work of Holzapfel et al.25. When a pair of fluorophores, 

also called a donor / acceptor pair, on cross-labelled ABs are in close proximity to one 

another (< 10 nm), FRET occurs via radiation-less transfer of energy from donor to 

acceptor molecule26. FRET interactions result in shifts in two important fluorescence 

characteristics: (1) a decrease in donor intensity and concomitant increase in acceptor 

intensity leading to change in donor / acceptor emission spectra profile, (2) a decrease 

in donor fluorophore lifetime leading to change in its observed fluorescence lifetime 

decay shape. Therefore, simultaneous detection of emission spectra as well as 

nanosecond fluorescence lifetime decay makes it possible to separate cross-labelled 

species from single-labelled target biomolecules. To proof this hypothesis, we adapted 

a sequential IMF labelling procedure on A549 cells and selected appropriate FRET 

compatible fluorophores on cross-labelling ABs, thereby achieving triple antigen 

labelling using just two fluorophores. Furthermore, simultaneous acquisition of emission 

spectra and fluorescence lifetime decay is accomplished by means of time-domain 

spectrally resolved fluorescence lifetime imaging (spectral-FLIM or sFLIM)27-29.The 

combination of two non-filter-based confocal imaging modalities, multi-spectral imaging 

and time-resolved FLIM, allows for quantification of FRET effects with high precision and 

single molecule sensitivity as well as separation of up to nine different fluorophores in 

the cellular environment27,30-34. In this view, we built an 8-channel sFLIM system for 

quantification and verification of FRET signatures resulting from interaction of 

fluorophores on secondary ABs as well as an already established linear-unmixing-based 
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pattern-matching algorithm27 to precisely separate cross- and single-labelled target 

molecules in a typical biological multiplexed IMF scenario. The pattern-matching 

algorithm achieves optimal unmixing results by combining emission spectra as well as 

fluorescence decay information. 

The combination of multi-spectral imaging and FLIM has shown potential in biological 

studies, for instance in histopathology as well as in the cancer research field23,35. 

However, the true potential of sFLIM system still remains unexploited due to long dead 

times of photon detection electronics, which result in slow data acquisition speeds. To 

overcome this limitation, PicoQuant GmbH developed a fast time-correlated single 

photon counting (TCSPC) device with ultra-short dead times maintaining good temporal 

resolution. In Paper II, using this fast detection system (henceforth called rapid-sFLIM), 

we present an exemplary life science application, which provides faster data acquisition 

speeds due to the instrument’s capability to operate at high sustained data throughput 

independently in all channels36. Finally, as an outlook, we present a representative 

application of a rapid-sFLIM imaging technique for multi-target fluorescence imaging of 

highly autofluorescent human lung tissue samples. First, using the rapid-sFLIM imaging 

system, we could demonstrate that fluorescence lifetime provides a better contrast 

mechanism compared to multi-spectral imaging, which was then employed to develop a 

reliable and systematic method for discrimination of endogenous fluorophores with 

overlapping spectra. Second, we demonstrate how multiplexing in standard as well as 

advanced IMF becomes possible with cross-labelling ABs. With the results from these 

proof-of-concept studies, we expand the toolbox of IMF and demonstrate potential 

applicative benefits of the multi-dimensional (rapid-) sFLIM imaging method in tackling 

challenges in modern-day biomedical as well as clinical research. 

Note to Readers: A large part of the results presented in the following sections have 

been published in journal articles24,36.Here, I present a summary of that work using 

references to the figures in journal articles. For in-depth description of analysis and 

results, the reader is requested to take a deeper look at the original journal articles. 

Additionally, I present some data and results which are unpublished and form an outlook 

part of this dissertation work (Fig.7-8 and Table 3). 
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2. MATERIALS AND METHODS 

2.1 Antibodies 
The primary ABs against pan-cytokeratin and TOM20 were obtained from Santa Cruz 

Biotech (Germany). The anti-golgin primary AB and the Alexa Fluor® conjugated 

secondary AB were purchased from ThermoFisher Scientific (Germany). The 

“unconjugated rabbit-anti-mouse” and “unconjugated goat-anti-rabbit” secondary ABs 

were from Dianova (Germany).  

The primary ABs against EMP (extra-cellular matrix protein), proSPC (surfactant 

protein C) and CD68 protein (cluster of differentiation protein 68) were purchased from 

Atlas-Antibodies (Germany), abcam (Germany), and MilliporeSigma (USA), 

respectively. 

2.2 Sample preparation 
Cell cultures and indirect immunofluorescence labelling. Human lung alveolar 

epithelial cell line A549 (ATCC, CCL-185) was cultured in Ham’s F12 medium 

(Biochrome, Berlin, Germany) supplemented with 10% fetal calf serum at 37°C and 5% 

CO2. Cells were seeded on optical coverslips. After three washes with phosphate 

buffered saline (PBS), cells were fixed with 3% paraformaldehyde for 15 min at room 

temperature followed by three washes with PBS. Afterwards, cells were permeabilized 

with 1.0% Triton X-100 for 15 min. After washing with PBS, cells were blocked with AB 

diluent (20 ml PBS 0.01 M with 0.2 g BSA and 0.01 g Tween-20) and primary ABs (2 

μg/ml) were incubated overnight at 4°C. After three washes with PBS, cells were 

subjected to an overnight incubation with respective secondary AB at 4°C.  

Immunolabelled cells were embedded in MOWIOL for 20 min at 4°C. 
For triple antigen IMF of A549 cells, sequential labelling was performed was to achieve 

single labelling of TOM20 with “goat-anti-rabbit Alexa488” and golgin with “rabbit-anti-

mouse Alexa546”, as well as cross-labelling of pan-cytokeratin with “rabbit-anti-mouse 

Alexa546” and “goat-anti-rabbit Alexa488”. In a similar manner, as described above, a 

zero FRET control sample was also prepared for pan-cytokeratin. For optimal unmixing 

results, single-labelled samples for only TOM20 (with “goat-anti-rabbit”) and golgin (with 

“rabbit-anti-mouse Alexa546”) were prepared and imaged to obtain correct reference 

patterns. 
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Human lung tissue and immunofluorescence labelling. Tumour-free lung tissues 

were obtained from patients undergoing surgery at different medical centres in Berlin. 

Written informed consent was obtained from all patients, and the study was approved 

by the ethics committee at the Charité clinic (project EA2/079/13). To begin with, sliced 

sections of 3mm thickness were stamped into small cylinders (diameter 8 mm) using a 

biopsy punch (diameter 8 mm) and weighed. Next, to wash off the residual clinically 

applied antibiotics, tissue samples were incubated overnight in RPMI 1640 medium at 

37 °C and 5 % CO2. The lung tissue was cut with a scalpel into slices of approximately 

3 mm thickness. For deparaffinization, the tissue sections were heated at 60°C overnight 

and washed for 3 X 15 min with Roticlear (Roth, Karlsruhe, Germany). Thereafter, 

tissues were rehydrated in descending ethanol concentrations, ending in 0.01 M PBS 

(pH 7.6). For epitope recovery, tissue sections were incubated in Tris-EDTA buffer (1 M 

Tris, 0.5 M EDTA, pH 9.0) at 95 °C for 30 min. After three washes with PBS, tissues 

were permeabilized using 1% Triton X-100 for 15 min and washed three times again. 

Next, blocking was performed for 30 min with 5% goat serum and diluent (20 ml PBS 

0.01 M with 0.2 g BSA and 0.01 g Tween-20). For IMF labelling, primary ABs (2 μg/ml) 

were incubated overnight at 4°C. After three washes with PBS, tissue sections were 

subjected to an overnight incubation with the respective secondary ABs at 4°C. Finally, 

after three washes with PBS, labelled tissues were embedded in MOWIOL for 20 min at 

4°C. 
For AF characterization, tissue samples were obtained from 20 different patients and 

similar sample preparation procedures were performed except for overnight incubation 

with antibody labelling.  

For triple-protein IMF of tissue samples, we adapted a sequential procedure to achieve 

single-labelling of proSPC with “goat-anti-rabbit Alexa488” and CD68 with “goat-anti-

mouse Alexa546”, as well as cross-labelling of EMP with “goat-anti-rabbit Alexa546” and 

“goat-anti-rabbit Alexa488”. In a similar manner, as described above for cellular labelling, 

a zero-FRET control sample was also prepared for EMP. For optimal unmixing results, 

a single stained sample for proSPC and CD68 as well as an AF slide from same patients 

was prepared and imaged to obtain correct reference patterns. 

2.3 sFLIM experimental setup 
Conventional channel mode measurements were performed using a time-resolved 

microscope (MicroTime 200, PicoQuant, Germany) equipped with a galvo scanner 
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(FLIMbee, PicoQuant, Germany) and two SPAD detectors (PicoQuant, Germany) with 

520/35 nm and 593/20 nm bandpass filters (AHF Analysentechnik AG, Germany). For 

triple antigen cellular IMF, intensities in three analysis channels corresponded to 

following combinations of pulsed interleaved excitation (PIE) mode and detection 

bandpass filters: Ch. 1 – excitation at 485 nm wavelength, detection spectral band of 

520/35 nm, Ch. 2 – excitation at 485 nm wavelength, detection spectral band of 593/20 

nm and Ch. 3 – excitation at 560 nm wavelength, detection spectral band of 593/20 nm. 
The confocal microscopy setup used for sFLIM measurements is shown in Fig. 2A24. 

Measurements including dye solutions and cell cultures were performed on a time-

resolved microscope (MicroTime 200) equipped with a galvo scanner (FLIMbee) and an 

8-channel TCSPC module (HydraHarp 400, PicoQuant, Germany) operated by the 

commercially available software (SymPhotime 64, PicoQuant, Germany). Human lung 

tissue samples were investigated using a Zeiss LSM 780 (Carl Zeiss, Germany) 

equipped with the sFLIM upgrade kit including an 8-channel TCSPC module enabling 

faster measurements over the aforementioned setup version (MultiHarp, PicoQuant, 

Germany). For all the measurements, linearly polarized light from pulsed laser with 

wavelength 485 nm and 560 nm (LDH-D-C-485 and LDH-D-TA-560, PicoQuant, 

Germany) operated in PIE mode was used for sample excitation. Lasers were operated 

at repetition frequency of 40 MHz in PIE mode with an average measured power of 3 

μW to 6 μW after the oil-immersion objective. The custom-developed sFLIM system by 

PicoQuant works as an add-on to any modern-day inverted laser scanning microscope 

(LSM) unit. The fluorescence light emitted by the sample was guided using a multimode 

fibre to the sFLIM system consisting of a spectrograph, an array PMT detector and an 

8-channel TCSPC unit. The fluorescence light was dispersed into its constituent spectral 

components with a grating-based spectrograph (Shamrock SR-163 equipped with SR1- 

397 GRT-0600-0500 grating, Andor Oxford Instruments, UK) and then further detected 

on a 16-channel PMT array (H13123-40, Hamamatsu, Germany) with gallium arsenide 

phosphide (GaAsP) cathodes. The PMT detection array was configured to create eight 

spectral channels corresponding to eight TCSPC channels. In this way, a spectral 

detection range of 400 nm to 640 nm was covered with each spectral channel spacing 

equalling 18.8 nm between successive channels. The photonic signal from each channel 

was further amplified by an amplifier module (PAM 102-P, PicoQuant, Germany) and 

connected to the timing input channel of the TCSPC unit. The signal from the multi-
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spectral sFLIM system was recorded in TTTR (time-tagged time-resolved)37 format 

comprising timing and channel information corresponding to each detected photon. The 

raw TTTR image files were analyzed using custom-written pattern-matching software in 

MATLAB (MathWorks, USA). The pattern-matching analysis was performed on 16-core 

CPU (Intel® Xeon® CPU E5-2680, clock speed of 2.7 GHz) and 28-core CPU (Intel® Core 

i9-9880XE) corresponding to cell and human lung tissue section sFLIM imaging data 

respectively (Fig. 2B). The use of multi-core CPUs and custom-developed batch 

processing software for sFLIM imaging data resulted in 16-fold increase in computation 

speed, which is a significant improvement over previous data analysis workflow27. 

 

 
Figure 2: (A) Schematic illustration of the spectral-FLIM experimental setup developed for this research work. Sample 

excitation is performed using lasers with wavelength 485 nm and 561 nm operating in pulsed interleaved mode. The 

emitted fluorescence signal is detected with a combination of an 8-channel photomultiplier tube array connected to 
an 8-channel TCSPC unit (HydraHarp 400 or MultiHarp 150). For each detected photon in image pixel, information is 

recorded about its arrival time in addition to which spectral emission channel it belongs to. The complete detection 

systems allow for simultaneous recording of emitted multi-dimensional signals, combining spectral and nanosecond 
fluorescence decay properties of fluorescent labels. (B) We show the working principle of the pattern-matching 

algorithm of sFLIM datasets based on a linear-unmixing model. From left or right, acquired sFLIM datasets were first 

split into sub-images. Each of these sub-images along with a copy of reference patterns corresponding to species 1 
and 2 are analyzed in parallel on a multi-core CPU using an open-source pattern-matching software custom written 

in MATLAB. The algorithm allows for clear separation of the fluorescence signal of co-localized species 1 and 2 into 
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independent channels in a precise manner. (A)  is adapted and modified from Rohilla et al. 2020 (see Supplementary 

Fig. 2-3)24. 

2.4 Fluorescence lifetime analysis 
The SymPhoTime software (PicoQuant, Germany) was used to obtain lifetime values by 

performing fitting of fluorescence decays with a bi-exponential decay model re-

convolved with the measured instrument response function (IRF). To account for the 

distortions of fluorescence decays at higher count rates due to pulse pile-up effects, we 

used a bi-exponential rapid re-convolution fitting model to obtain correct lifetime 

values38. The quality of fit was judged on the reduced chi-square values and 

corresponding normally distributed fitting residuals after every iterative step. In this work, 

intensity as well as amplitude weighted average lifetime values were reported for each 

bi-exponential fit. The lifetime values are reported as mean ± SD from at least three 

independent experiments. 
 

2.5 Generation of reference patterns 
 
For the best results, the reference patterns were generated by imaging the single or 

FRET-pair stained cells and tissue samples using the described sFLIM setup. All the 

photons from selected regions of interest (ROIs) in a sFLIM image were merged to 

generate one multi-dimensional reference pattern corresponding to a labelled or AF 

structure. One such reference pattern includes information like excitation laser 

wavelength, spectral detection channel and shape of the nanosecond fluorescence 

decay. It is very important that all the sample preparation and imaging conditions (cell 

lines, AB incubation time, chemicals for washing, laser power, pixel dwell time, TCSPC 

base resolution etc.) are kept the same for all prepared samples. 

2.6 Bleed-through calculation 
 

Throughout this report, bleed-through and cross-talk are used interchangeably. It is 

defined as the incorrect attribution of photons from one unmixed colour channel to 

another unmixed channel. The bleed-through calculations are performed using unmixed 

images obtained after pattern-matching-based unmixing analysis of raw sFLIM data. 

The bleed-through analysis was first proposed by Winter et al. (see “residual crosstalk 

calculation”, Materials and Methods)39, and we adapted this routine to compute 
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percentage bleed-through numbers. The analysis works best when regions of pixels are 

selected such that they only represent contribution from one species. Sometimes, one 

cellular structure will completely overlap other species, e.g. pan-cytokeratin is 

omnipresent in cells and overlaps mitochondria or the golgi apparatus in cells. In this 

case, it becomes difficult to perform bleed-through analysis. To carry out the bleed-

through computation in this special scenario, we performed pattern-matching-based 

unmixing for single stained sample data using all the reference patterns employed during 

multi- stained sample unmixing (see 10. Paper I Results). This simple solution makes it 

possible to quantify bleed-through of overlapping species into different unmixed colour 

channels. For tissue AF samples, it was straightforward to compute bleed-through 

numbers as regions with pure species were much easier to find.  

2.7 Statistical analysis 
 

GraphPad Prism 7 (version 7.01) was used throughout this project for statistical analysis. 

An unpaired two-tailed Student’s t-test was used to compute the significant changes in 

donor fluorophore lifetime after the acceptor fluorophore mixing step, and the 

significance level (!) of 0.05 was considered significant (Fig. 5). The results are reported 

as mean ± SD from at-least three independent experiments. 

2.8 Data and code availability 
 

The pattern-matching software package used in this study is available for download at 

the link: www.github.com/SumeetRohilla/sFLIM. The data generated and used for this 

research work is included in published articles and this report. 

  



 11 
 
 

3. RESULTS 

3.1. Paper I: Multi-target IMF by leveraging cross-labelling antibody 
artefacts and spectral-FLIM-FRET detection24. 
Cross-labelling between secondary antibodies leads to FRET. First, it was reasoned 

that changes in the photophysical properties of fluorophores on interacting cross-

labelled secondary ABs caused by FRET could be used to precisely separate the 

fluorescence signal of cross- and single-labelled species into different analysis colour 

channels25. As a preliminary step, secondary ABs “goat-anti-rabbit Alexa488” (donor) 

and “rabbit-anti-mouse Alexa555” (acceptor) were chosen as cross-labelling FRET AB 

pair. As non-cross-labelling zero FRET control, I chose secondary ABs “goat-anti-rabbit 

Alexa488” and “goat-anti-mouse Alexa555”. For fluorescence lifetime quantification, 

time-domain FLIM and SymPhoTime 64 analysis software were used. Next, measured 

fluorescence decays were fitted to obtain lifetime values of free secondary ABs in 

aqueous solution (Table 1). Finally, non- as well as cross-labelling secondary AB pairs 

were mixed together and were measured using time-domain FLIM to quantify changes 

in the donor fluorophore lifetimes due to possible FRET interactions. As hypothesized, 

we observed no change in donor fluorophore lifetime for the non-cross-labelling AB pair 

(Fig. 3A), whereas a significant decrease in donor fluorophore lifetime was observed 

exactly after the AB mixing step at time t = 60 s (Fig. 3B). This characteristic change in 

donor fluorophore lifetime is a clear indication of FRET (Δ"int = 0.66 ns, difference 

between unquenched and quenched donor lifetime) for the interacting fluorophores on 

the cross-labelling AB pair. 

 
Table 1: Fluorescence lifetime values of free fluorophore-tagged secondary antibodies (ABs) in aqueous solutions. 

Measurements were performed using the sFLIM system. Lifetime quantification was performed using SymPhoTime 

64 software. Intensity ("int) as well amplitude ("amp) averaged lifetime values are reported here for each bi-exponential 
fit. Lifetime data is given as mean ± SD from three independent experiments. Adapted and modified from Rohilla 

et al. 2020 (see Supplementary Table)24. 

sAb-fluorophore conjugate antibody : H20 Excitation Emission Lifetime Std. dev. Lifetime Std. dev.
[μL]  !exc [nm]  !ems [nm] "int [ns] "int [ns] "amp [ns] "amp [ns]

sAb, secondary antibody

3.33 0.03

3.68

0.73

0.71

3.31 0.05

0.02

0.04

0.03

574 - 650 3.58 0.06

561 574 - 650 3.49 0.02

0.89 0.03

574 - 650

574 - 650

5 : 500

3.84 0.03500 - 555

0.93 0.04

goat-anti-rabbit Alexa488  F(ab)2 IgG (H+L) 5 : 500

rabbit-anti-mouse Alexa555 5 : 500

561

goat-anti-rabbit Alexa546

Type

goat-anti-mouse Alexa555 F(ab) IgG1 (lambda L)

 F(ab)2 IgG (H+L)

 F(ab)2 IgG (H+L)

 F(ab)2 IgG (H+L)

5 : 500

rabbit-anti-mouse Alexa546

485

561

5 : 500 561
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Figure 3: Results of fluorescence lifetime quantification for mixing of two pairs of fluorophore-tagged secondary ABs. 
(A) Non-cross-labelling secondary ABs (“goat-anti-rabbit Alexa488” and “goat-anti-mouse Alexa555”) do not exhibit 

any change in their lifetime values of 3.83 ± 0.10 ns and 0.93 ± 0.10 ns, respectively. (B) Use of cross-labelling FRET 

AB pair (“goat-anti-rabbit Alexa488” and “rabbit-anti-mouse Alexa555”) leads to FRET interactions between donor 
(Alexa488) and acceptor (Alexa555) fluorophores resulting in observed characteristic decrease of donor fluorophore 

lifetime from 3.84 ± 0.01 ns to 3.18 ± 0.04 ns (Δ"int = 0.66 ns). Fluorescence lifetime values are given as mean ± SD 

from three independent experiments; ***p < 0.001. Adapted and modified from Rohilla et al. 2020 (see Fig. 3)24. 

 
Triple antigen IMF using just two fluorophores and sFLIM-FRET. In this section, it 

is shown that by leveraging cross-labelling AB FRET effects and sFLIM detection 

system, it becomes possible to achieve triple antigen IMF of A549 cells for TOM20, pan-

cytokeratin and golgin with a combination of two species for primary AB host species 

(rabbit, mouse) as well as two fluorophore-tagged secondary ABs (“rabbit-anti-mouse 

Alexa546” and “goat-anti-rabbit Alexa488”). By following a proposed labelling sequence, 

pan-cytokeratin was positive for “rabbit-anti-mouse Alexa546”, TOM20 for “goat-anti-

rabbit Alexa488” and golgin for “rabbit-anti-mouse Alexa546” (Fig. 4). This labelling 

scheme led to an additional labelling of pan-cytokeratin with “goat-anti-rabbit Alexa488” 

as well as “rabbit-anti-mouse Alexa546” secondary ABs, and inevitably, resulting in 

FRET effects between interacting fluorophores on cross-labelled ABs.  
First, as a prerequisite, FRET effects were verified on pan-cytokeratin due to cross-

labelling of the “rabbit-anti-mouse Alexa546” and “goat-anti-rabbit Alexa488” AB pair. 

For quantification of FRET effects, a donor-only labelled pan-cytokeratin (no FRET) 

control sample was also prepared. The sFLIM measurements and subsequent 

fluorescence lifetime analysis (Table 2) of cross-labelled and donor-only labelled pan-

cytokeratin sample shows clear signs of FRET effects (Δ"int = 0.67 ns, difference 
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between unquenched and quenched donor lifetime) caused by interaction between 

fluorophores on cross-labelled ABs. Next, I demonstrate the inability of conventional 

filter-based imaging methods to separate the fluorescence signals of cross- and single 

labelled antigens into independent analysis channels (Fig. 5A). In addition, one could 

notice that there is significant false-positive attribution of the pan-cytokeratin signal in 

the TOM20 and golgin channel (Channel mode imaging, Fig. 5A). Finally, we showed 

that use of sFLIM imaging followed by pattern-matching-based data analysis enabled us 

to quantitatively separate the fluorescence contributions from all three immunolabelled 

antigens into their independent fluorescence analysis channels notwithstanding the 

complexity due to strong overlapping of TOM20 and golgin by the pan-cytokeratin 

structure (Fig. 5B)24. To achieve optical unmixing results, it is important to generate 

reference patterns for TOM20 and golgin from control samples, whereas the pan-

cytokeratin reference sample was obtained from a triple antigen IMF sample (Fig. 5C). 

 
 
Figure 4: The illustration shows a labelling strategy for triple antigen immunofluorescence (IMF) on A549 cells using 
just two primary (rabbit, mouse) and corresponding fluorophore-tagged secondary antibody (AB) (“goat-anti-rabbit 

Alexa488” and “rabbit-anti-mouse Alexa546”) species types. Following sequential labelling steps, cells were labelled 

for pan-cytokeratin (“rabbit-anti-mouse Alexa546”), TOM20 (“goat-anti-rabbit Alexa488”) and golgin (“rabbit-anti-
mouse Alexa546”). This labelling procedure led to cross-labelling of pan-cytokeratin with FRET fluorophore-AB pair 
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(Alexa488 and Alexa546). This cross-labelling of pan-cytokeratin and resulting FRET signature is assigned a new 
fluorescence channel and thus it becomes possible to quantitatively separate three antigens via use of spectral-FLIM-

FRET. Adapted and modified from Rohilla et al. 2020 (see Supplementary Fig. 4)24. 

 
 

 
Table 2. Excitation and emission maxima as well as fluorescence lifetimes were determined using the spectral-FLIM 

(sFLIM) system. Lifetime values obtained from sFLIM measurements of A549 cells immunolabelled for TOM20 (“goat-
anti-rabbit Alexa488”) and golgin (“rabbit-anti-mouse Alexa546”) as well as pan-cytokeratin with cross-labelling ABs 

(“goat-anti-rabbit Alexa488” and “rabbit-anti-mouse Alexa546”) exhibiting FRET. In addition, a donor-only (“goat-anti-

rabbit Alexa488” AB) labelled pan-cytokeratin sample was imaged to obtain the donor-only fluorophore lifetime value 

for FRET quantification on pan-cytokeratin. Intensity("int)- and amplitude("amp)-weighted fluorescence lifetime values 

are given as mean ± SD from three independent experiments. Adapted and modified from Rohilla et al. 2020 (see 

Supplementary Table)24. 

Target Excitation Emission Fluorophore Lifetime Std. dev. Lifetime Std. dev.
principal cross (*1) cross (*2)  !exc [nm]  !ems [nm] "int [ns] "int [ns] "amp [ns] "amp [ns]

(*2)    represents cross-labelling of pan-cytokeratin with Alexa546 after golgin principal labelling step

2.53 0.03

2.54 0.03

2.18 0.03

1.15 0.05

2.07 0.04

574 - 650rabbit-anti-mouse A546 - - pan-cytokeratin 561 2.79 0.05

Alexa488

Alexa488

0.09

Alexa546

Alexa546 2.84

TOM20 485 500 - 555 2.28

golgin 561

Immunolabelling

-

rabbit-anti-mouse A546

--

- -

unconjugated rabbit-anti-mouse

rabbit-anti-mouse A546

goat-anti-rabbit A488

rabbit-anti-mouse A546

(*1)    represents cross-labelling of pan-cytokeratin with Alexa488 after TOM20 principal labelling step

0.06

2.38 0.03

goat-anti-rabbit A488 pan-cytokeratin 485 500 - 555 1.71 0.04

goat-anti-rabbit A488 pan-cytokeratin 485 500 - 555 Alexa488

574 - 650
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Figure 5: A549 cells were labelled for three target antigens with just two primary (rabbit, mouse) and secondary 

antibody (AB) (“goat-anti-rabbit Alexa488”; “rabbit-anti-mouse Alexa546”) host species types. Following the labelling 

procedure as shown in Fig. 7, we achieved single labelling of TOM20 (with “goat-anti-rabbit Alexa488”) and golgin 
(with “rabbit-anti-mouse Alexa546”) as well as cross-labelling of pan-cytokeratin (with “rabbit-anti-mouse Alexa546” 

and “goat-anti-rabbit Alexa488”). (A) Conventional channel mode imaging was shown to be insufficient for eliminating 

attribution from pan-cytokeratin (closed arrowhead) in the TOM20 and golgin channel. (B) The spectra-FLIM data 
acquisition and pattern-matching analysis enables clear visualization of all three antigens into independent analysis 

channels with a notable false-positive suppression (see merged images in A and B panel). (C) Shown are the 

reference patterns, combining sub-nanosecond fluorescence decays (left panel, 485 nm and 561 nm excitation laser 
wavelengths were used) and emission spectra (right panel) information, used in the pattern-matching algorithm for 

unmixing of fluorescence contributions from singly labelled TOM20 (Alexa488) and golgin (Alexa546) as well as FRET 

AB pair labelled pan-cytokeratin. Representative images from three independent experiments are shown; scale bars 
5 μm. Adapted and modified from Rohilla et al. 2020 (see Fig. 5)24. 
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3.2. Paper II: Rapid-sFLIM enables faster time-resolved imaging of biological 
samples with very high data throughput36. 
Historically, in FLIM measurements of biological samples, the major bottleneck is the 

slow data acquisition rates due to longer dead times (or time duration in which the 

detection system is insensitive to a second photon after one photon was detected) of 

TCSPC electronics as well as the requirement of detecting no more than a photon-event 

per every 10 excitation laser pulses, collectively termed classical-sFLIM measurement 

mode in this study. Typical dead time for a detection unit (Photomultiplier tubes; PMT) 

is between 10 and 100 ns, while the dead time for TCSPC electronics is about 100 ns40. 

To address this limitation, PicoQuant developed a sub-nanosecond low dead time 8-

channel TCPSC unit (MultiHarp150), and this new device was used to demonstrate the 

high-throughput capability with parallel data acquisition in synchronous but spectrally 

independent detection channels, defined as rapid-sFLIM measurement mode. Human 

lung tissue samples were measured using the sFLIM system equipped with a MultiHarp 

150 TCSPC instrument (Fig. 2A). First, by limiting the data acquisition stop times to 1500 

photons in the brightest pixel, we show the speedup gains provided by rapid-sFLIM 

mode over classical-sFLIM measurements (Fig. 6). The data analysis reveals that the 

rapid-sFLIM system (Fig. 6A, right panel) enables six times faster data acquisition 

compared with classical-sFLIM (Fig. 6A, left panel). Furthermore, a maximum count rate 

of 65 Mcps (summed over all detection channels) was reached in the brightest pixels 

compared to a meagre 11 Mcps under a classical-sFLIM measurement regime. 

Next, we evaluated the lifetime values obtained under two operation regimes for three 

distinct AF species in human lung tissue – red blood cells (RBCs), collagen and alveolar 

macrophages (AM) (Fig. 6). A rapid-reconvolution bi-exponential fitting model was used 

for lifetime quantification and also included a correction parameter accounting for 

fluorescence decay distortions at high detection count rates (see Wahl et al. 2020, 

Fig. 7, 9)36. Compared to classical-sFLIM data analysis, a systematic lifetime increase 

of 0.1 ns was observed for all measured regions using rapid-sFLIM mode. This is 

primarily a limitation of the fitting model and ongoing work aims at resolving this 

systematic discrepancy in lifetime estimation by rapid-sFLIM measurements. Altogether, 

in this work it was shown that the rapid-sFLIM system allows for 7 times faster data 

acquisition compared to conventional multi-channel TCSPC FLIM measurements, with 

reliable estimation of fluorescence lifetime values. 
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B ROI Autofluorescent 
Species Lifetime ± std. dev. [ns] 

      classical 
sFLIM rapid sFLIM 

  1 Collagen 3.6 ± 0.02 3.7 ± 0.01 
  2 RBCsa 2.4 ± 0.01 2.5 ± 0.01 
  3 AMb  2.7 ± 0.01 2.8 ± 0.02 

aRBCs: red blood cells 
bAM: alveolar macrophage 
 

Figure 6: Unstained human lung tissue samples were measured using the rapid spectral-FLIM system. (A) Shown 
are mean photon arrival time images of highly autofluorescent human lung tissue samples measured under classical-

sFLIM (left) and rapid-sFLIM (right) operational limits. (B) Fluorescence decays from selected regions of interest 

(ROIs) for collagen (ROI 1), red blood cells (RBCs; ROI 2) and alveolar macrophages (AM; ROI 3) were fitted to 

obtain lifetime value. Fluorescence lifetime values are given as mean ± SD from three independent experiments; 
scale bars 20 μm. Adapted and modified from Wahl et al. 2020 (see Fig. 8-9)36. 
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3.3. Outlook research: Simultaneous autofluorescence and multi-target 
immunofluorescence imaging in human lung tissue samples by sFLIM. 
Characterization of AF species in human lung tissue samples by spectral-FLIM 
Fig. 6A shows different autofluorescent species in lung tissue samples, where contrast 

between different structures arises due to their distinct fluorescence lifetime properties. 

Based on these observations, we reasoned that FLIM provides better contrast compared 

to multi-spectral imaging (MSI) and this could be used as a potential tool for precise 

characterization of AF species in human lung tissue samples. In this view, we imaged 

three ROIs per each tissue sample obtained from 20 different patients using the rapid-

sFLIM detection system. First, to select regions of pixels with similar lifetime properties, 

we used fast-FLIM image data (Fig. 7A, left panel) to generate a decay diversity map 

(Fig. 7A, right panel; a scatterplot of "avg versus σ"). It is important to note that different 

AF structures have pronounced maxima or clusters (Fig 7A, right panel, marked in 

different colours) in decay diversity map which was consistent for all imaged lung tissue 

samples. In light of these observations, I decided to classify the lung tissue AF, broadly, 

into three distinct categories – erythrocytes (or RBCs), collagen and cytosolic (which 

includes AM compartments). In this way, we derived a total of 180 patterns - 3 (per each 

AF species) x 3 (per each ROI) x 20 patients from measured sFLIM datasets. Fig. 7B 

shows all 180 AF patterns and their corresponding fluorescence decay (left panel) 

obtained via two pulsed laser excitation (485 nm and 561 nm) and spectra emission 

curves. It can immediately be seen that patterns from different AF structures cluster 

together very nicely under 485 nm excitation (0 - 25ns pulse duration) and, based on 

these differences, can be easily separated from each other although they were derived 

from different patients (Fig. 7B, left panel). Also, there is no clear distinction between 

patterns from different AF species based on their emission spectra (Fig. 7B, right panel), 

meaning that addition of fluorescence lifetime decay information to the unmixing 

algorithm should potentially lead to improved separation of AF species into different 

analysis channels. To prove this, we performed unmixing analysis using spectral-only 

(Fig. 7C) and total sFLIM information (Fig. 7D). Furthermore, corresponding percentage 

bleed-through numbers were calculated and are shown in Table 4. A direct comparison 

of unmixed erythrocytes and cytosolic AF (Fig. 7C and 7D) clearly shows that, compared 

to spectral-only unmixing, generating unmixed images using sFLIM information results 

in less signal bleed-through. This was quantified and demonstrated using bleed-through 
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analysis (Table 3A and 3B). Together, this suggests that recoding of fluorescence 

lifetime decay in combination with emission spectra will result in much improved 

discrimination of endogenous fluorophores with minimal channel cross-talk. 

 
Figure 7: Shown above is a systematic method for identification and separation of different autofluorescent species 
in histological sections of human lung tissue. Tissue samples from 20 patients were imaged and analyzed using sFLIM 

and pattern-matching techniques. (A) Representative mean photon arrival time image (left panel) and corresponding 
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decay diversity map. This map is utilized to select groups of pixels with similar lifetime properties corresponding to a 
particular AF structure (erythrocytes - yellow; collagen - green and cytosolic - red). (B) A total of 180 patterns                              

(20 patients X 3 AF species X 3 ROIs) were derived using this process and plotted along fluorescence decay (left 

panel; corresponding to two pulsed laser excitations, 485 nm marked as a blue bar and 561 nm marked as a green 
bar) and spectral dimension (right panel; dip at 565 nm due to notch filter for 561 nm excitation laser). (C) and (D) 

Representative unmixed images obtained by pattern-matching-based unmixing using spectral-only and total sFLIM 

information. We observe less channel bleed-through for sFLIM between unmixed channel images (dashed boxes) 
compared to spectral-only unmixing results. For percentage bleed-through numbers, see Table 3; scale bars 20 μm. 

 

 
Table 3: Quantitative bleed-through between unmixed images/channels after pattern-matching analysis of 

autofluorescent human lung tissue sample using (A) spectral and (B) total sFLIM (combining lifetime and spectral) 
information in reference patterns. The table must be read line-wise. The bleed-through reading of the first line 

(cytosolic) is therefore: 14.58% of unmixed cytosolic signal bleeding into the unmixed erythrocytes channel; see 

Materials and Methods for details). A significant reduction in signal bleed-through for all species is observed for sFLIM 
unmixing analysis mode compared to spectral-only analysis. 
 

 
Leveraging cross-labelling AB FRET effects and sFLIM for triple protein IMF in 
human lung tissue using just two fluorophores. Next, we adapted our previously 

proposed FRET AB-pair cross-labelling method24 to perform triple labelling of the 

following structures in highly autofluorescent lung tissues: EMP, proSPC and CD68. 

Following a sequential labelling procedure, single labelling of EMP (with “goat-anti-rabbit 

Alexa546”), proSPC (with “goat-anti-rabbit Alexa488”) and CD68 (with “goat-anti-mouse 

Alexa546”) was achieved. This resulted in cross-labelling of EMP with FRET AB pair 

(Alexa488 and Alexa546). The sFLIM measurements and subsequent fluorescence 

lifetime analysis of cross-labelled and donor-only labelled EMP samples shows clear 

signs of FRET effects (Δ"int = 0.56 ns, difference between unquenched and quenched 

donor lifetime) caused by interaction between fluorophores on cross-labelled ABs.  

Finally, multiplexed samples were imaged using sFLIM system. The resulting merged 

and unmixed single-target images clearly show that sFLIM detection and pattern-

matching analysis enables clear separation of fluorescence contributions from single 

(proSPC and CD68) and cross-labelled (EMP) structures as well as three AF species 

A Channel bleedthrough [%] Cytosolic Collagen Erythrocytes

Cytosolic 100 3.31 14.58
Collagen 4.67 100 2.14
Erythrocytes 12.35 10.59 100

B Channel bleedthrough [%] Cytosolic Collagen Erythrocytes

Cytosolic 100 3.94 6.41
Collagen 1.23 100 0.92
Erythrocytes 1.92 0 100
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into an independent colour analysis channel in a robust manner with minimal bleed-

through by using sFLIM detection and pattern-matching algorithm (Fig. 8A). Reference 

patterns used in pattern-matching analysis are shown in Fig. 8B. For optimal results, we 

prepared single labelled control samples to derive reference patterns for proSPC and 

CD68, whereas a pure AF-only sample from the same patient was used to obtain AF 

reference patterns. 

 
Figure 8: Human lung tissue samples were immunolabelled for three different target proteins (extracellular matrix 

protein, EMP; pro-surfactant protein, proSPC; phagocytic cluster of protein 68, CD68) with just two primary (rabbit, 
mouse) and fluorophore-tagged secondary antibody (“goat-anti-rabbit-Alexa546”, “goat-anti-rabbit-Alexa488” and 

“goat-anti-mouse Alexa546”) species types. Following a sequential labelling procedure, single labelling of proSPC 

(with Alexa488) and CD68 (with Alexa546) as well as cross-labelling of EMP (with Alexa488 and Alexa546) was 
achieved. The multiplexed tissue sample was imaged and analyzed using sFLIM and a pattern-matching algorithm, 

respectively. (A) Shown are the resulting merged and single target images of EMP (red), proSPC (green), CD68 

(yellow) and three lung tissue autofluorescent (AF in white) species (erythrocytes, collagen and cytosolic), clearly 
visualized in three independent channels. (B) The six (3 x protein targets, 3 x AF species) corresponding reference 

patterns: fluorescence decays (left panel) corresponding to two alternating laser pulses and emission spectra (right 

panel) with gap introduced due to notch filter to avoid direct detection of scattered 561 nm laser light; scale bars 15 
μm.  
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4. DISCUSSION AND CONCLUSION 

 
In this research work, a novel immunolabelling strategy was proposed to overcome the 

limitations posed by false-positive cross-labelling in cellular as well as tissue IMF 

scenarios. A sequential immunolabelling procedure was described that includes 

appropriate selection of fluorophore tagged secondary ABs serving as suitable FRET 

pairs. Next, sFLIM imaging and pattern-matching-based analysis was performed to 

attribute these FRET signals from cross-labelled structures to independent fluorescence 

analysis channels. To demonstrate the potential of the method, triple antigen IMF in cells 

as well as in highly autofluorescent lung tissue was carried out using just two 

fluorophores, which would be impossible to separate by conventional filter-based 

imaging in cross-labelling conditions. Furthermore, the newly developed eight-channel 

rapid-sFLIM system was shown to overcome classical pile-up limitation through a low 

dead-time TCSPC device, enabling high data throughput (up to 65 Mcps) for fast FLIM 

measurements of fixed tissue samples. Finally, the study of label-free lung tissue 

samples from 20 different patients using sFLIM imaging and pattern-matching analysis 

elucidates that combining fluorescence lifetime information with spectral emission 

properties provides better contrast and reduced channel bleed-through compared to 

multi-spectral imaging for discrimination of inherent autofluorescent species. Based on 

these results, the combined approach of sFLIM detection and pattern-matching analysis 

proves that the wealth of information (spectral as well fluorescence lifetime decay) 

recorded by this system allows for clear separation of differently labelled targets in 

multiplexed IMF scenarios with minimal channel bleed-through, even in the presence of 

strong background AF. 

A key advantage of the proposed IMF scheme is that it requires only the design of 

suitable AB labelling sequences and subsequent controls for achieving efficient FRET 

effects on double labelled antigens. In other words, well-performing IMF protocols with 

established primary ABs can be maintained in laboratories, thereby avoiding the time 

and cost expense of establishing new IMF kits for false-positive cross-labelling. Although 

previous studies have shown that it is possible to visualize two antigens simultaneously 

using primary ABs raised in same species11,14,15, these methods additionally require an 

intermediate blocking step with AB F(ab) fragments for the first staining. This results in 

higher background signals, i.e. poor SNR due to non-specific binding of blocking AB 
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fragments, and consequently, decreased intensity of first labelling, possibly due to over-

blocking of AB on the first antigen11. Franzusoff et al. proposed a similar method that 

required the primary ABs to be pre-saturated in chemical solution to avoid any cross-

labelling from same species fragments, but also reported that this could possibly reduce 

the affinity of the primary ABs to target antigens17. More recently, Tsurui et al. reported 

a method for seven-colour analysis of IMF stained tissue using monoclonal ABs treated 

with avidin biotin complex (ABC)13. The use of high ABC ratios allows for increased SNR 

and specificity, but also bears the risk of increased unspecific background signal from 

avidin bound to endogenous biotin in cells as well as tissues. Furthermore, these studies 

use channel-mode imaging for sequential excitation and subsequent filter-based 

detection of each fluorophore colour, and data analysis requires additional dummy 

exposure images to correct for signal bleed-through from shorter wavelength dye groups 

into the red one. In comparison, our AB multiplexing method expands the fluorophore 

tagging options using already available ABs from the same host species. In addition, 

sFLIM detection systems enable simultaneous excitation due to PIE and acquisition of 

spectral as well as temporal profiles via multi-channel TCSPC detection. More 

importantly, the pattern-matching algorithm combines decay and spectral information to 

provide better unmixing with improved SNR and minimal bleed-through, thereby 

enabling precise fluorophore channel attribution post unmixing analysis.  

Time-domain FLIM is highly preferred, and is often considered to be the gold standard 

for quantitative FRET in the scientific community, but it is technically demanding, as 

demonstrated in the study by Pelet et al.34. Similar methods such as acceptor 

photobleaching or sensitized emission are intensity-based methods which could also be 

used for FRET analysis, but would be totally insufficient to identify and recover signals 

in scenarios where both single- as well cross-labelled species are present in one sample. 

In recent work of Arsenovic et al., it was demonstrated that sensitized emission in 

spectral unmixing mode is possible but still requires careful calibration procedures, and 

is limited only to specific combinations of donor and acceptor excitation laser41. 

Furthermore, since their method only uses emission spectra of fluorophores, any 

presence of background AF with an overlapping spectral profile will add uncertainty to 

the unmixing process and reduce the accuracy of FRET measurement. Compared to 

these limitations of an MSI system, a spectral-FLIM detection system with PIE excitation 

involves the flexibility to choose any donor-acceptor pair, and provides improved FRET 
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quantitation analysis. Furthermore, the benefits of unmixing based on the combination 

of FLIM with spectral domain has been demonstrated in recent work, where it was shown 

that separation quality decreased substantially when spectral or only lifetime information 

was used separately for unmixing27. In AF as well as multi-target tissue sample studies, 

similar results were observed and it was demonstrated that sFLIM will provide better 

unmixing results in more complex scenarios where fluorophore emission spectra are 

strongly overlapping. In total, the ability of the sFLIM detection and pattern-matching 

analysis to unambiguously separate fluorophores with spectroscopically similar 

fluorescence signatures or even cross-labelling FRET ABs, as shown throughout this 

study, will probably expand the fluorophore multiplexing toolbox, enabling multiple 

targets to be imaged and visualized simultaneously.  

While one may take advantage of our proposed labelling procedure leveraging FRET 

effects between cross-labelling ABs, obstacles and limitations that hinder the direct 

adaptation into routine experiments are still present. For example, some ABs are simply 

FRET incompatible due to their large molecule size or one might be tempted to use 

higher AB concentrations for achieving higher FRET effects24. Hence, as a first step it is 

a necessary prerequisite to perform control studies to ensure FRET interactions between 

fluorophore-tagged ABs, first in solution, then in cells, and if required, in tissue staining 

also. Researchers must determine, through trial and error, the optimal primary and 

secondary AB concentrations to avoid artefacts due to unspecific or background 

staining. Furthermore, the choice of labelling sequence is of critical importance to 

achieve FRET labelling on target antigens. For example, in triple cellular IMF, performing 

the TOM20 labelling first will result in cross-labelling of pan-cytokeratin with “rabbit-anti-

mouse Alexa546” AB, which makes it difficult to separate from golgin due to their similar 

spectral and fluorescence decay properties. Another key aspect of this labelling 

procedure is the use of F(ab) fragments for cross-labelling ABs as opposed to full IgG 

molecules. As was shown by Holzapfel et al., former AB fragment types will exhibit 

stronger and observable FRET on cross-labelling antigens compared to full IgG 

molecules. This is due to the fact that full IgG molecules are large compared to F(ab) 

fragments and allow for reduced possibility of interaction between donor and acceptor 

fluorophores. 

The development of a rapid-sFLIM system is another major improvement over the 

previous system used in the work of Niehörster et al.27. The new multi-dimensional 
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sFLIM detection system has high detection efficiency due to the inclusion of highly 

sensitive multi-array PMTs with GaAsP cathodes and faster speed of acquisition due to 

independent as well as parallelized multi-channel TCSPC units with ultra-low dead 

times. With this parallelized detection approach and new fast timing electronics 

hardware, we showed that lifetime measurements are not limited by the classical pile-

up limit, which enables a significant boost in data acquisition (higher frame rate) at high 

detection count rates, simultaneously covering a broad spectral range24,36. 

In conclusion, a novel AB-based multiplexing approach is presented that allows 

researchers to use the adversity arising from cross-labelling artefacts in IMF to their 

advantage and, at the same time, provides a general solution for multiplex IMF using AB 

originating in the same host species. I hope that this possibility will allow researchers to 

develop individual labelling schemes based on already well-established primary ABs 

combined with the use of several commercially available fluorophore-tagged secondary 

ABs that are FRET compatible pairs (e.g. Cy3 / Cy5 or ATTO488 / ATTO565 etc.). With 

this work, I envisage that (rapid)-sFLIM and pattern-matching analysis has the potential 

to serve as an innovative imaging method that will benefit the entire research field in 

which AB-based IMF is carried out and will potentially enable differentiation between 

cancerous and normal tissue based on their AF properties alone. I believe that sFLIM 

imaging will yield excellent multicolour imaging results and facilitate new discoveries in 

biomedical as well as clinical research. 
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Supplementary Figures 
 

 
 

Supplementary Figure 1. Schematic illustration of sequential labelling 

procedure used for cross-labelling of target antigens leading to FRET. 

A549 cells were sequentially immunolabelled for pan-cytokeratin (secondary antibody: 

“rabbit-anti-mouse Alexa555”) and TOM20 (secondary antibody: “goat-anti-rabbit 

Alexa488”) antigen) AB. This led to labelling of TOM20 with a single type of 

fluorophore (“goat-anti-rabbit Alexa488”) and cross-labelling of pan-cytokeratin with 

two different types of fluorophores (“rabbit-anti-mouse Alexa555” and “goat-anti-rabbit 

Alexa488”) which undergo FRET due to their spatial proximity. Shown here is 1:1 

stoichiometry between secondary AB and primary AB, however, typically there are 
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might be more than one fluorophore tagged to each secondary AB as well as more 

than one secondary AB attached to primary AB. 

 
 
 
 

 

Supplementary Figure 2. Schematic illustration of the spectral-FLIM 

experimental setup. 

Excitation is carried out by two lasers of wavelength 485 nm and 561 nm, operating in 

pulsed interleaved excitation mode, which were raster scanned over the sample. The 

emitted fluorescence light is spatially filtered with the confocal optics and then 

spectrally dispersed by a grating-based spectrometer. The light is detected with an 8-

channel photomultiplier detector (PMT) array connected to an 8-channel TCSPC unit. 

For every image pixel we get a two dimensional spectral-FLIM data set consisting of 

a family of 8 photon arrival time histograms, one histogram for every spectral detection 

channel. Each arrival time histogram shows up to two maxima corresponding to 

photons being excited by a 485 nm laser pulse at about 2 ns and/or excited by a 561 

nm laser pulse at about 27 ns. The setup allows for complete recording of the 

immunofluorescence signal, taking differences in the absorption as well as in the 

spectral and decay properties of the fluorescent labels into account (also called as 

reference pattern, see Materials and Methods for details). 



 46 
 
 

 

 
 

Supplementary Figure 3. Linear-unmixing based pattern-matching approach for 

spectral-FLIM data analysis. 

From left to right, acquired multi-dimensional spectrally and time-resolved 

fluorescence lifetime imaging microscopy (spectral-FLIM or sFLIM) data is first split 

into sub-images. These sub-images along with a copy of reference patterns are then 

analysed in parallel on a multi-core CPU using a pattern-matching based linear-

unmixing algorithm (see Materials and Methods for details). Here, this analysis 

scheme is coarsely defined as parallel batch image processing. For instance, a sFLIM 

image (combining emission spectra and fluorescence decay information per pixel) of 

size 512 x 512 pixels is then split into 16 sub-images and is processed on a 16-core 

CPU to finally provide the fluorescence contribution per pixel (in photon counts) 

corresponding to each immunolabelled antigen reference pattern. 
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Supplementary Figure 4. Labelling strategy for cross-labelling antibodies to 

achieve optimal FRET effects for triple antigen indirect immunofluorescence. 

Shown are the two labelling strategies for triple antigen indirect immunofluorescence 

(IMF) on A549 cells and resulting cross-labelling antibody (AB) pairs on the target 

antigens. As a model, two secondary AB conjugates (“goat-anti-rabbit Alexa488” and 

“rabbit-anti-mouse Alexa546”), were used to achieve single labelling of TOM20 and 

golgin antigen as well as cross-labelling of pan-cytokeratin using two different labelling 

strategies. (A) Following the proposed sequential procedure, cells were immunolabelled 

for pan-cytokeratin (“rabbit-anti-mouse Alexa546”), TOM20 (“goat-anti-rabbit Alexa488”) 

and finally, golgin (“rabbit-anti-mouse Alexa546”). This led to labelling of TOM20 and 

golgin with a single type of fluorophore (Alexa488 and Alexa546, respectively), as well 

as cross-labelling of pan-cytokeratin with two different fluorophores (Alexa488 and 

Alexa546) undergoing FRET. By assigning a new fluorescence analysis channel to the 

FRET pair labelled pan-cytokeratin, quantitative separation of three antigens into 

independent analysis channels becomes possible by spectral-FLIM based data 

acquisition and pattern-matching based analysis. (B) The illustrated sequential IMF 

procedure results in labelling of TOM20 (“goat-anti-rabbit Alexa488”) and golgin (“rabbit-

anti-mouse Alexa546”) as well as cross-labelling of pan-cytokeratin (“rabbit-anti-mouse 

Alexa546”). This incorrect labelling sequence leads to a labelling of both golgin and pan-

cytokeratin antigen just with Alexa546 AB and renders it therefore difficult to 

quantitatively separate their fluorescence contribution into independent analysis 

channels. To make illustration easy to understand, stoichiometry of 1:1 between 

fluorophore and ABs is shown, however in reality, there could be on an average more 

than one fluorophore attached to secondary AB and/or more than one secondary AB 

tagged to primary AB. 
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Supplementary Figure 5. Spectral-FLIM FRET and pattern-matching based linear-

unmixing enables proper channel attribution. Shown are the line profiles of selected 

regions in merged images for channel mode and sFLIM based unmixing to demonstrate 

correct fluorescence attribution corresponding to (A) dual- and (B) triple- labelled 

samples using cross-labelling antibodies (ABs). The line profiles clearly show separation 

of signal into corresponding colour channels using multi-dimensional sFLIM detection 

and consequent data analysis using pattern-matching algorithm, which would be 

impossible to achieve using conventional channel mode imaging setup; scale bars 5 μm. 
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Supplementary Tables 
 
A 

 
 
 
 
B 
 

 
 
 

 

C 

 

 

sAb-fluorophore conjugate antibody : H20 Excitation Emission Lifetime Std. dev. Lifetime Std. dev.
[μL]  !exc [nm]  !ems [nm] "int [ns] "int [ns] "amp [ns] "amp [ns]

sAb, secondary antibody

5 : 500

rabbit-anti-mouse Alexa546

485

561

5 : 500 561

goat-anti-rabbit Alexa546

Type

goat-anti-mouse Alexa555 F(ab) IgG1 (lambda L)

 F(ab)2 IgG (H+L)

 F(ab)2 IgG (H+L)

 F(ab)2 IgG (H+L)

goat-anti-rabbit Alexa488  F(ab)2 IgG (H+L) 5 : 500

rabbit-anti-mouse Alexa555 5 : 500

3.84 0.03500 - 555

0.93 0.04

0.89 0.03

574 - 650

574 - 650

5 : 500 561

574 - 650 3.58 0.06

561 574 - 650 3.49 0.02 3.33 0.03

3.68

0.73

0.71

3.31 0.05

0.02

0.04

0.03

Target Excitation Emission Fluorophore Lifetime Std. dev. Lifetime Std. dev.
principal cross(*1)  !exc [nm]  !ems [nm] "int [ns] "int [ns] "amp [ns] "amp [ns]

0.07Alexa555561 574 - 650 1.61

Immunolabelling

unconjugated rabbit-anti-mouse pan-cytokeratin

1.87 0.04

goat-anti-rabbit Alexa488 485 500 - 555

rabbit-anti-mouse Alexa555

Alexa488

Alexa488

0.07-

2.34 0.03

goat-anti-rabbit Alexa488 500 - 555

485 500 - 555 2.24Alexa488goat-anti-rabbit Alexa488 TOM20

pan-cytokeratin 485

rabbit-anti-mouse Alexa555 - pan-cytokeratin 1.36 0.04

2.16 0.01

1.52 0.01

2.13 0.02

Target Excitation Emission Fluorophore Lifetime Std. dev. Lifetime Std. dev.
principal cross (*1) cross (*2)  !exc [nm]  !ems [nm] "int [ns] "int [ns] "amp [ns] "amp [ns]

(*2)    represents cross-labelling of pan-cytokeratin with Alexa546 after golgin principal labelling step
(*1)    represents cross-labelling of pan-cytokeratin with Alexa488 after TOM20 principal labelling step

0.06

2.38 0.03

goat-anti-rabbit A488 pan-cytokeratin 485 500 - 555 1.71 0.04

goat-anti-rabbit A488 pan-cytokeratin 485 500 - 555 Alexa488

574 - 650

Immunolabelling

-

rabbit-anti-mouse A546

--

- -

unconjugated rabbit-anti-mouse

rabbit-anti-mouse A546

goat-anti-rabbit A488

rabbit-anti-mouse A546

TOM20 485 500 - 555 2.28

golgin 561

2.79 0.05

Alexa488

Alexa488

0.09

Alexa546

Alexa546 2.84

574 - 650rabbit-anti-mouse A546 - - pan-cytokeratin 561

2.53 0.03

2.54 0.03

2.18 0.03

1.15 0.05

2.07 0.04
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Supplementary Table 1. Photophysical properties of free fluorophore-tagged 

antibodies and immunolabelled cellular species. 

Excitation and emission maxima as well as fluorescence lifetimes were determined using 

the spectral-FLIM (sFLIM) system. Obtained fluorescence decays were fitted using the 

SymPhoTime 64 software taking into account the measured instrument response 

function. Intensity weighted ("int) as well as amplitude weighted ("amp) average lifetimes 

were calculated for each bi-exponential fit. Quantification of lifetime is given as mean ± 

SD from three independent experiments.  A549 cells were used for antigen indirect 

immunofluorescence. (A) Fluorescence lifetime values of free fluorophore-tagged 

secondary antibodies (AB) in aqueous solution. (B) Lifetime values obtained from 

measurements of A549 cells immunolabelled for TOM20 (“goat-anti-rabbit Alexa488”) 

and pan-cytokeratin with cross-labelling ABs (“goat-anti-rabbit Alexa488” and “rabbit-

anti-mouse Alexa555”) exhibiting FRET. In addition, a “goat-anti-rabbit Alexa488” AB 

only labelled pan-cytokeratin sample was imaged to obtain the FRET donor only 

fluorophore lifetime value for FRET quantification on pan-cytokeratin. (C) Lifetime values 

obtained from measurements of A549 cells immunolabelled for TOM20 (“goat-anti-rabbit 

Alexa488”) AB and golgin with (“rabbit-anti-mouse Alex546”) as well as pan-cytokeratin 

with cross-labelling FRET AB pair (“goat-anti-rabbit Alexa488” and “rabbit-anti-mouse 

Alexa546”). Additionally, a “goat-anti-rabbit Alexa488” AB only labelled pan-cytokeratin 

sample was imaged to obtain donor fluorophore lifetime value for FRET quantification 

on pan-cytokeratin. 
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