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Introduction 1

I ntroduction

This handbook describes the bh TCSPC FLIM systems for the Olympus Fluo View FV1000

laser scanning microscopes. The systems are based on bh’s proprietary multi-dimensional
TCSPC technique. The systems are modular, and a large number of system configurations are
available. The fluorescence light may be detected by one, two, or four detectors, or in 16
channels of a multi-wavelength system. Moreover, the systems may use a single TCSPC
channel, or several TCSPC channels may be used in parallel to increase the acquisition speed.

The bh FLIM systems work both for microscopes with multiphoton excitation and for micro-
scopes with one-photon excitation. It should, however, be noted here that multiphoton excita-
tion is covered by patents owned by Zeiss [43] and Leica [57]. The patent situation and thus
the availability of the multiphoton technique for the Fluo View FV1000 depends on the coun-
try you are living in.

This handbook should be considered a supplement to the bh TCSPC Handbook [22] and the
user manual of the FV1000. Moreover, we recommend [21] as supplementary literature.

Why Use FLIM

Since their broad introduction in the early 90s confocal and two-photon laser scanning micro-
scopes have initiated a breakthrough in biomedical imaging [44, 67, 85, 103]. The applicabil-
ity of multi-photon excitation, the optical sectioning capability and the superior contrast of
these instruments make them an ideal choice for fluorescence imaging of biological samples.

However, the fluorescence of organic molecules is not only characterised by the emission in-
tensity and the emission spectrum, it has also a characteristic lifetime. In the simplest case, the
fluorescence lifetime can be used to distinguish between different fluorophores. Moreover, the
fluorescence lifetime is not only different for different fluorophores, it also depends on the
molecular environment of the fluorophore molecules. Any interaction between an excited
molecule and its environment in a predictable way changes the fluorescence lifetime. Since
the lifetime does not depend on the concentration of the fluorophore fluorescence lifetime
imaging is a direct approach to the mapping of cell parameters like pH, ion concentrations or
oxygen saturation, protein interaction, and other effects on the molecular scale.

The Fluorescence Decay Function

When an organic dye is excited by light of appropriate wavelength a part of the light is ab-

sorbed. A fraction of the absorbed light is converted into heat; the rest is emitted at a wave-
length longer than the excitation wavelength. The effect is known as fluorescence. The fluo-
rescence light not only has a characteristic spectrum; it is also emitted with a characteristic
time constant, the fluorescence lifetime or fluorescence decay time [75]. The fluorescence
lifetime becomes apparent if a sample is excited by light pulses shorter than a few nanosec-
onds, see Fig. 1.
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Fig. 1: Decay of the fluorescence (red) after excitation with a short light pulse (blue)

In the simplest case, the fluorescence lifetime can be used as an additional parameter to sepa-
rate or identify the emission of different fluorophores. The application of the lifetime as a
separation parameter is particularly useful to distinguish the autofluorescence components in
tissues. These components often have poorly defined fluorescence spectra but can be distin-
guished by their fluorescence lifetime [71]. FLIM has also been used to verify the laser-based
transfection of cells with GFP [100].

Fluorescence Quenching

An excited molecule can also dissipate the absorbed energy by interaction with other mole-
cules. The effect is called fluorescence quenching. The fluorescence lifetime, 7, becomes
shorter than the normally observed fluorescence lifetime, 1o, see Fig. 2. Typical quenchers are
oxygen, halogens, and heavy metal ions, and a variety of organic molecules. The fluorescence
lifetime of most fluorophores depends more or less on the concentration of ions in the local
environment and on the oxygen concentration. For fluorescence lifetime microscopy it isim-
portant that the rate constant of fluorescence quenching depends linearly on the concentration
of the quencher. The concentration of the quencher can therefore be directly be obtained from
the decrease in the fluorescence lifetime [75].

Intensity

Unquenched
Fluorescence:

/ e-t/TO

Quenching:
e t /Tq

0 1 2 3 Time(ns) 4

Fig. 2: Fluorescence quenching

Protonation

Many fluorescent molecules have a protonated and a deprotonated form. The equilibrium be-

tween both depends on the pH. It the protonated and deprotonated form have different life-

times the apparent lifetime is an indicator of the pH. A typical representative of the pH-
sensitive dyes is 2’,7’-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein (BCECF) [58, 59,
75].

Complexes

Many fluorescent molecules, including endogenous fluorophores, form complexes with other
molecules, in particular proteins. The fluorescence spectra of these different conformations
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can be virtually identical, but the fluorescence lifetimes are often different. The exact mecha-
nism of the lifetime changes is not always clear. In practice, it is only important that for al-
most all dyes the fluorescence lifetime depends more or less on the binding to proteins, DNA
or lipids [64, 74, 75, 94, 102]. The lifetime can therefore be used to probe the local environ-
ment of dye molecules on the molecular scale, independently of the concentration of the fluo-
rescing molecules.

Extremely strong effects on the decay rates must also be expected if dye molecules are bound
to metal surfaces, especially to metallic nano-particles[51, 78].

The fluorescence behaviour of a fluorophore is also influenced by the solvent, especially the
solvent polarity [75]. Moreover, when a molecule is in the excited state the solvent molecules
around it re-arrange. Consequently, energy is transferred to the solvent, with the result that the
emission spectrum is red-shifted. Solvent (or spectral) relaxation in water happens on the time
scale of afew ps. However, the relaxation times in viscous solvents and in dye-protein con-
structs can be of the same order as the fluorescence lifetime. The effects can be measured by
TCSPC [89]; applicationsto cell imaging have not been reported yet.

Aggregation

The radiative and non-radiative decay rates depend also on possible aggregation of the dye
molecules. The electron systems of the individual molecules in aggregates are strongly cou-
pled. Therefore the fluorescence behaviour of aggregates differs from that of the free mole-
cules. The lifetime of aggregates can be longer than that of single molecules; on the other
hand, the fluorescence may be almost entirely quenched. Aggregation is influenced by the
local environment; the associated lifetime changes can be used as a probe function. Aggrega-
tion has also been used to observe the internalisation of dyesinto cells [63]. However, in most
applications aggregation is to be avoided by keeping the dye concentration at a reasonable
level.

FRET

A particularly efficient energy transfer process between an excited and a non-excited molecule

is fluorescence resonance energy transfer, or FRET. The effect was found by Theodor Forster
in 1946 [50]. The effect is also called Forster resonance energy transfer or simply resonance
energy transfer (RET). Fluorescence resonance energy transfer is an interaction of two mole-
cules in which the emission band of one molecule overlaps the absorption band of the other.
In this case the energy from the first dye, the donor, transfers immediately into the second one,
the acceptor. The energy transfer itself does not involve any light emission and absorption.
FRET can result in an extremely efficient quenching of the donor fluorescence and conse-
guently in a considerable decrease of the donor lifetime; see Fig. 3.

Intensity Intensity

Laser
Donor Donor Acceptor Acceptor
Absorption Emission Absorption  Emission

e -tITo

Exci-
tation

> > S GE
i i 4 unquenched donor

Wavelength Time

Emission

Fig. 3: Fluorescence Resonance Energy Transfer (FRET)

The energy transfer rate from the donor to the acceptor decreases with the sixth power of the
distance. Therefore it is noticeable only at distances shorter than 10 nm [75]. FRET is used as
a tool to investigate protein-protein interaction. Different proteins are labelled with the donor



4 Introduction

and the acceptor, and FRET is used as an indicator of the binding state of these proteins. Dis-
tances on the nm scale can be determined by measuring the FRET efficiency quantitatively.

Requirementstoa FLIM Technique

Time Resolution

It is sometimes believed that FLIM in cells does not require a particularly high time resolu-
tion. It is certainly correct that the fluorescence lifetimes of most fluorophores used in cell
imaging are on the order of a few ns. However, the lifetime of autofluorescence components
and of the quenched donor fraction in FRET experiments can be as short as 100 ps. Lifetimes
of dye aggregates in cells have been found as short as 50 ps [63]. The lifetime of fluorophores
bound to metallic nano-particles [51, 78] can be 100 ps and shorter. A good FLIM technique
should therefore by able to record lifetimes down to less than 100 ps. Moreover, it should be
able to resolve the components of complex decay profiles, see below.

Decay Profiles of Biological Samples

The fluorophore populations in biological specimens are normally not homogeneous. Several
fluorophores may be present in the same pixel, or one fluorophore may exist in different bind-
ing or protonation states. The fluorescence decay functions are therefore usually muilti-
exponential. A few typical decay profiles are shown in Fig. 4.
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Fig. 4: Decay profiles of biological samples, total length of time axis 10 ns, logarithmic intensity scale. Left to
right: CFP-YFP FRET in HEK cell at emission wavelength of CFP, autofluorescence of the stratum corneum of
human skin, plant tissue sample

The curves show the fluorescence intensity versus the time in the fluorescence decay. The
total length of the time axisis 10 ns; the intensity scale is logarithmic. All curves were meas-
ured by TCSPC FLIM. The blue dots are the photon numbers in the subsequent time channels
of a selected image region; the red curve is afit by a double-exponential or triple-exponential
model. Even without data analysis, it is clearly visible that the decay profiles are not single
exponentials.

In the case of CFP-YFP FRET the decay profile can be fitted well by a double-exponential
model. The fit delivers a lifetime of 590 ps for the interacting donor component, a lifetime of
2.4 ns for the non-interacting donor component, and the respective amplitudes of 51 % and
49 %.

The fluorescence decay of skin autofluorescence is fit by two components of 208 ps and
2.1 ns, with amplitudes of 77 % and 23 %. For the plant tissue even a double-exponential fit is
not satisfactory. A triple-exponential fit delivers 150 ps, 313 ps, and 1716 ps, with amplitudes
of 53 %, 39 % and 8.8 %, respectively.

There are certainly cases when fitting multi-exponential decay profiles by a single-exponential
decay isfeasible. These may be pH imaging, oxygen quenching experiments, or ion concentra-
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tion measurements. Even in FRET experiments a single-exponentia fit is acceptable if only

the locations of protein interaction in a cell, not the quantitative values are required. In most

cases, however, describing the fluorescence of the sample by a single ‘Fluorescence Lifetime’
means discarding useful information or even leads to wrong conclusions.

Efficiency

Under ideal conditions, the lifetime of a single-exponential decay can be obtained from the
recorded data with the same accuracy as the intensity [4, 52, 65]. In both cases the standard

deviation is+/N , with N being the number of photons in the pixel considered. One might
therefore conclude that FLIM does not set special requirements to the photon economy. Un-
fortunately this is not so. An intensity image with a standard deviation of 10% may look pleas-
ing and show the spatial structure of a sample very well. However, lifetime changes investi-
gated by FLIM may be on the order of a few %. Thus, a standard deviation on the order of 1 %
is required. Thus, except for a few relatively trivial cases, FLIM experiments need to record a
large number of photons.

An even larger number of photons is required for resolving the components multi-exponential
decay functions. Kollner and Wolfrum [65] calculate a number of 400.000 photons for resolv-
ing two decay components of 2 ns and 4 ns, with amplitudes of 10% and 90%, respectively.
Of course, resolving such decay functions in FLIM images is almost impossible. Fortunately,
in practice the lifetimes are wider apart, and the amplitude of the fast component is larger.
Such decay profiles can be resolved by analysing some 1000 photons per pixel, see Fig. 4.
Nevertheless, a large number of photons must be recorded.

Recording many photons means either a high excitation intensity or a long acquisition time.
Therefore photobleaching [45, 83] and photodamage [60, 66, 69] are important issues in pre-
cision FLIM experiments. Both effects are more troublesome for FLIM than for intensity im-
aging because they are likely to change the lifetimes [17]. Photobleaching and photodamage
are clearly nonlinear for two-photon excitation. A nonlinear component seems to be present
also for high intensities of one-photon excitation [28]. A good FLIM technique must therefore
not only make best use of the detected photons, it must also be able to work reliably at low
intensity.

Multi-Wavel ength Detection

In some cases FLIM images are taken in several emission wavelength intervals or under dif-
ferent angle of polarisation. It is important that both recordings be performed simultaneously.
This not only reduces the sample exposure and the associated photobleaching, it also avoids
that the photobleaching of the first recording changes the results of the second one. Only if
both recordings are done simultaneously the results are comparable.

Compatibility with the Scanning Microscope

Laser scanning microscopes with standard scanners scan the sample at pixel dwell times down
to about 1 us, systems with resonance scanners even faster. Photon rates obtained from typical
samples are usually an order of magnitude smaller. It is thus impossible to obtain enough pho-
tons for lifetime analysis within the time the beam is on one pixel. Consequently, the FLIM
system must be able to acquire the photons from a large number of frames scanned at a pixel
rate higher than the photon detection rate.

Another important issue is lateral resolution and depth resolution. Mixing the fluorescence
lifetimes of different sample planes or different locations of the sample must be strictly
avoided. Thus, the FLIM technique must make full use of the depth resolution of confocal and
two-photon laser scanning microscopes [21].
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Multi-Dimensional Time-Correlated Single Photon Counting

Time-correlated single photon counting (TCSPC) is an amazingly sensitive technique for re-
cording low-level light signals with picosecond resolution and extremely high precision.
TCSPC is based on the detection of single photons of a periodic light signal, the measurement
of the detection times, and the reconstruction of the waveform from the individual time meas-
urements. The techniquein its classic form is successfully used since the early 70s[82, 104].

Due to the low intensity and low repetition rate of the light sources and the limited speed of
the electronics of the 70s and 80s the acquisition times of classic TCSPC applications were
extremely long. More important, classic TCSPC was intrinsically one-dimensional, i.e. limited
to the recording of the waveform of a periodic light signal. For many years TCSPC was there-
fore used primarily to record fluorescence decay curves of organic dyes in solution. A few
attempts were made to use TCSPC in combination with scanning microscopes [37]. However,
the classic TCSPC technique was limited not only to relatively low count rates but also to
slow scanning [36].

The situation changed with the introduction of the multi-dimensional TCSPC technique of
Becker & Hickl. The new technique not only increased the recording speed by two orders of
magnitude [10, 13], it also added additional dimensions to the recording process. The photon
distribution is recorded not only versus the time in the fluorescence decay but also versus the
coordinates of a scanning area [16], the wavelength [14], or the time from the start of the ex-
periment [10, 18]. The technique is extremely flexible, and the configuration of the hardware
can be changed by a ssimple software command. Multi-dimensional TCSPC is described in
detail in[21, 22].

TCSPC makes use of the specia properties of high-repetition rate optical signals detected by a
high-gain detector. Understanding these signals is the key to the understanding of TCSPC.
The situation isillustrated in Fig. 5.

Excitation pulse sequence, repetition rate 80 MHz

a _{[LLLEEEEEREEEE PP

100ns

Fluorescence signal (expected)
I VT L R

Detector signal, oscillocope trace

i lll | o [ o l

Fig. 5: Detector signal for fluorescence detection at a pulse repetition rate of 80 MHz

Fluorescence of a sample is excited by a laser of 80 MHz pulse repetition rate (). The ex-
pected fluorescence waveform is (b). However, the detector signal measured by an oscillo-
scope has no similarity with the expected fluorescence waveform. Instead, it consists of afew
pulses randomly spread over the time axis (c). The pulses represent the detection of single
photons of the fluorescence signal.

The photon detection rate (c) is about 10’ s*. This is on the order of the maximum possible
detection rate of most detectors, and far above the count rates available from a living speci-
men in a scanning microscope. Thus, the fluorescence waveform (c) has to be considered a
probability distribution of the photons, not anything like a directly observable signal wave-
form. Moreover, Fig. 5 shows clearly that the detection of a photon in a particular signal pe-
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riod is a relatively unlikely event. The detection of several photons in one signal period is
even lesslikely.

The idea behind TCSPC is that only one photon per signa period needs to be considered. If

only one photon needs to be detected per signal period the build-up of a photon distribution

over the time in the signal period, and, in case of multi-dimensional TCSPC, over additional
parameters is a straightforward task. Of course, the neglecting of a possible second photon and

the resulting ‘pile-up effect’ are subject of never-ending discussion. It can, however, be
shown, that the effect on the recorded lifetime under practical conditions is negligible [21].

The architecture of a multi-dimensional TCSPC device operated in the FLIM mode is shown
in Fig. 6.

PMTs
D Channel| Channel register Channel / Wavelength
D Router
(= Time
D Timing Measurement
Start
Time within decay curve
from Laser Stop
Frame Sync I Histogram Histogram Histogram Histogram
Counter Y y Memory Memory Memory Memory
Detector Detector Detector Detector
Line Sync Scanning channel 1 channel 2 channel 3 channel 4
Interface | ‘ | ‘ | ‘ |
Pixel Clock - S :
_Pixel Clock | Counter X ‘ X Location within scanning area
from I
Microscope

Fig. 6: Multidimensional TCSPC in the FLIM mode

At the input of the detection system are a number of photomultipliers (PMTSs), detecting the
fluorescence light from the excited spot of the sample in different wavelength intervals.

In the subsequent ‘router’ the single-photon pulses of the PMTs are combined into a common
timing pulse line. The combination is possible because the photon count rate is considerably
smaller than the repetition rate of the laser [21] (see Fig. 5). The timing pulse is sent through
the time-measurement block of the TCSPC device. This block determines the time of the pho-
ton in the laser pulse period.

Along with the timing pulse, the router delivers the number, n, of the PMT in which a photon
was detected. The detector number is stored in the ‘channel register’ of the TCSPC device.
The detector number is used later to store the photons of the individual detectors in different
memory blocks. The routing technique can be used with several individual PMTs and with
multi-anode PMTs [22].

The scanning interface of the TCSPC module receives the scan clock signals (pixel, line, and
frame clock) from the scanning unit of the microscope. For each photon, the TCSPC module
determines the location within the scanning area, x and y. The photon times, t, the detector
channel number, n, and the spatial coordinates, x and y, are used to address a memory in
which the detection events are accumulated. Thus, in the memory the distribution of the pho-
ton density over X, y, t, and n builds up. The result can be interpreted as a number of data sets
for the individual detectors, each containing a large number of images for consecutive times in
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the fluorescence decay. The individual data sets can also be considered images with a fluores-
cence decay curve stored in each pixel.

The data acquisition runs at any scanning speed of the microscope. As many frame scans as
necessary to obtain an appropriate signal-to-noise ratio can be accumulated. At the typical
count rates obtained from living specimens the pixel rate is higher than the photon count rate.
This makes the recording process more or less random; a photon is just stored in a memory
location according to its time in the fluorescence decay, its detector channel number, and the
location of the laser spot in the sample in the moment of detection.

It should be noted that multi-dimensional TCSPC does not use any time gating, wavelength
scanning, or detector multiplexing. For count rates up to several MHz virtualy all detected
photons contribute to the result. Consequently, a near-ideal signal-to-noise ratio for a given
fluorescence intensity and acquisition time is obtained.

The time resolution is determined mainly by the transit time spread of the detectors. With
multichannel PMTs the width of the instrument response function (IRF) is about 30 ps (full
width at half maximum, fwhm); with the PMC-100 detectors an IRF about 150 ps (fwhm) is
achieved.

The fluorescence decay curves in the individua pixels of the image are resolved into a large
number - typically 64 to 1024 - time channels. The large number of time channelsin combina-
tion with the near-ideal counting efficiency results in a near-ideal standard deviation of the
measured fluorescence lifetime over awide range of lifetimes [65]. Moreover, standard multi-
exponentia lifetime analysis techniques can be used to resolve complex decay profiles into
their lifetime components and intensity coefficients.

It should aso be mentioned that multi-dimensional TCSPC FLIM does not require any cali-

bration by a lifetime standard. Lifetime standards are difficult to use because the effective
fluorescence lifetime depends on the pH and the possible presence of fluorescence quenchers,

see ‘Fluorescence Quenching’, page 2. For the bh FLIM systems the time scale of the TCSPC
module is factory calibrated and the fluorescence decay is recorded into a large number of
time channels; thus data analysis automatically delivers absolute lifetimes.

By a simple change of the operation mode (see ‘System Parameters’, page 33) the TCSPC
modules can be configured for a number of different signal recording procedures.

In particular, the ‘FIFO’ or ‘Time-Tag’ can be used to simultaneously obtain fluorescence
correlation (FCS) [27, 49, 77, 91], photon counting histograms (PCHs) [39, 81] and fluores-
cence decay curves in selected spots of a sample [19, 21, 23]. The technique can even be used
to identify the photon bursts of individual molecules and run a lifetime and anisotropy analy-
sis with the bursts. The technique is termed ‘Burst integrated fluorescence lifetime analysis, or
BIFL [21, 47, 89].

The sequential recording modes can be used to acquire fast triggered sequences of decay
curves or even small images at high speed. Typical applications are electro-physiology ex-
periments or chlorophyll transients [6, 21, 22]. It should, however, be noted that most of these
techniques are not finally explored or even tested in conjunction with commercially available
laser scanning microscopes.

One-Photon FLIM versus Multi-Photon FLIM

As described above, FLIM requires a pulsed excitation source of both high repetition rate and
picosecond pulse duration. This may be a picosecond diode laser, a frequency-doubled
Ti:Sapphire laser, or the Ti:Sapphire laser of a multiphoton microscope. In terms of FLIM
signal recording there is no difference between these systems. There is, however, a difference
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in the way the sample is excited and the fluorescence light is detected. This results in a num-
ber of optical differences which are discussed below.

It should aso be noted here that multiphoton excitation is covered by patents owned by Zeiss
[43] and Leica[57]. The patent situation and thus the availability of the multiphoton technique
for the FV 1000 depends on the country you are living in.

The general optical principle of a laser scanning microscope [44, 79, 85] is shown in Fig. 7.
One-photon excitation is shown left, two-photon excitation right.

ps Diode
Laser

Ti:Sa
Laser

Pinhole Pinhole

Dichroic
Mirror

Dichroic

Mirror Detector

Confocal

Detector

Confocal Scanner Scanner

Detector Dichroic

Mirror
NDD

Objective
Lens

Objective
Lens

Sample Sample

One-Photon Excitation Two-Photon Excitation

Fig. 7: One-photon FLIM (left) and multi-photon FLIM (right)

One-Photon Excitation With Confocal Detection

The laser is fed into the optical path via a dichroic mirror and focused into the sample by the
microscope objective lens. Scanning is achieved by deflecting the beam by two galvanometer-

driven mirrors. The excitation light excites fluorescence within a double cone throughout the

whole depth of the sample. The fluorescence light from the sample goes back through the ob-

jective lens, and through the scanner. After travelling back though the scanner the beam of
fluorescence light is stationary or ‘descanned’. The light is focused into a confocal pinhole in
an image plane conjugate with the image plane in the sample. Light from outside the focal
plane is not focused into the pinhole and therefore substantially suppressed [44, 85, 103]. Out-
of-focus suppression is the basis of the superior image quality and the optical sectioning capa-
bility of scanning systems. For FLIM out-of-focus suppression is even more important. Any
mixing of the (possibly different) fluorescence lifetimes of different focal planes adds addi-
tional lifetime components to the apparent decay functions. However, the difficulties of un-
mixing lifetime components increase dramatically with the number of components. Out-of-
focus suppression is therefore mandatory to obtain good FLIM results.

Two-Photon Excitation With Descanned Detection

With a fs Ti:Sa laser the sample can be excited by two-photon absorption [42, 53]. The effi-
ciency of two-photon excitation increases with the square of the excitation power density.
Noticeable excitation is therefore obtained only in the focus. Thus, two-photon excitation is a
second way to obtain depth resolution and suppression of out-of-focus fluorescence, see Fig.
7, right. Different from one-photon excitation and confocal detection, which avoids out-of
focus detection, two-photon excitation avoids out-of-focegcitation. Therefore, detection
through a confocal pinhole is not required to obtain a good image quality. Nevertheless, feed-
ing the fluorescence light back through the scanner and the pinhole often has benefits. The
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accuracy of FLIM can be seriously impaired by detection of background light and by optical
reflections in the beam path. A pinhole, even if wide enough to transmit virtually all fluores-
cence light, yields substantial suppression of daylight and of optical reflections.

Two-Photon Excitation With Direct Detection

Since the scattering and the absorption coefficients at the wavelength of the two-photon exci-
tation are small the laser beam penetrates through relatively thick tissue. Two-photon excita-
tion can therefore be used to excite fluorescence in tissue layers as deep as 1 mm [42, 44, 67,
68, 85, 86, 98, 99]. The problem of deep-tissue imaging is, however, that the fluorescence
photons are strongly scattered on their way out of the sample and emerge from a relatively
large area of the sample surface. Moreover, the surface is not in the focus of the objective
lens. No matter which optical system isused, it isimpossible to focus thislight into a pinhole.

The solution to deep-tissue imaging is ‘direct’ or ‘non-descanned’ detection. The fluorescence
light is diverted by a dichroic mirror directly behind the microscope lens and transferred into a
detector, see Fig. 7, right. Thus, photons leaving the sample from a large area are collected
and fed into the detector.

Unfortunately the large detection area of a direct detection system has also a drawback: It in-
creases the detection efficiency for scattered photons and for photons of background light
similarly. Any direct detection system with TCSPC has therefore to be operadbsbinte
darkness.
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The FV1000 FLIM Systems

The bh FLIM systems are modular [22]. Consequently, a large number of system configura-
tions are available. The excitation light source can be a picosecond diode laser attached to a
confocal microscope or the Ti:Sapphire laser of a multiphoton microscope. The detection light
path may the a fibre output from the scan head of the FV1000, a direct output form the
FV1000 scan head, or a non-descanned (direct) output of an FV1000 that is operated as a
multiphoton microscope. The fluorescence light may be detected by one or two detectors [15],
or in 16 channels of a multi-wavelength system [6, 14, 21, 29, 33, 95]. Depending on the par-
ticular application different detectors may be used [22]. Moreover, the systems may use asin-
gle TCSPC channel, or several TCSPC channels may be used in parallel to increase the acqui-
sition speed [17, 21, 22].

Data Acquisition System

Most confocal and NDD FLIM systems use the bh SPC-830 module for data acquisition. In
systems that use a single bh DCC-100 detector or the bh MW-FLIM setup the detector signal
is connected directly to the stop input of the SPC-830 module. The R3809U and H7422P-40
detectors [55, 56] are connected via preamplifiers. Dual-detector systems require an HRT-41
router [5, 22] to connect both detectors to a single SPC-830 module. Alternatively, two
SPC-140 or SPC-150 modules can be used with the detectors connected directly to the
TCSPC modules. The components of the data acquisition system are shown in Fig. 8.

Fig. 8: Components of the FLIM data acquisition systems. Left to right: SPC-830 TCSPC FLIM module, pream-
plifier for R3809U and H7422P-40 detectors, HRT-41 router for simultaneous operation of several detectors at
one SPC-830 module

The detectors of the bh FLIM systems are controlled via a DCC-100 detector controller card.
The card supplies the power to the detectors, controls the shutters of NDD-FLIM systems,
provides software control of the detector gain and shuts down the detectors in case of over-
load. The DCC-100 card is shown in Fig. 9.

Fig. 9: DCC-100 detector controller

The SPC-830 module and the DCC-100 detector/shutter controller may be operated in a stan-
dard PC, or the ‘Simple Tau’ lap-top based system [22] may be used. The ‘Simple Tau’ has
the SPC-830 and the DCC-100 module readily installed in an extension box of the lap-top
computer. This makes the data acquisition system compact and portable, see Fig. 10.
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Fig. 10: ‘Simple Tau’ compact data acquisition system.

The Simple Tau can be used for all configurations that require no more than one TCSPC
module and one DCC-100 detector controller card and.

To increase the acquisition speed of TCSPC FLIM systems several detector and TCSPC chan-
nels can be operated in parallel [17]. Systems with up to four channels are supported by the
data acquisition software. Any set of similar TCSPC-FLIM modules (SPC-830, SPC-140 or
SPC-150) can be used. However, size and cost considerations normally lead to systems con-
taining several SPC-140 or SPC-150 cards, see Fig. 11.

Fig. 11: Package of four parallel SPC-140 channels for high speed FLIM applications

Two- and four-channel TCSPC systems require additional beamsplitters at the optical outputs
of the FV1000 microscope. Four-channel TCSPC systems have a saturated count rate of
40010° photons per second and can be reasonably operated at a (recorded) total count rates up
to of 20010° s™. Thus, single-exponential lifetime images can be obtained within acquisition
times as shorter than a second [17, 21]. It should be noted, however, that most samples do not
deliver count rates this high without substantial photobleaching. Therefore, please make sure
that the photostability of the samples you are going to investigate is high enough to justify the
cost of atwo- or four-channel TCSPC system.

One-Photon Confocal FLIM Detection Systems

Picosecond Diode L aser

Fluorescence lifetime imaging requires a pulsed excitation source. This is no problem in
multi-photon microscope. The titanium-sapphire laser meets the requirements of TCSPC
FLIM amost ideally. Standard Fluo View FV1000 microscopes, however, use continuous
lasers. To upgrade these systems for FLIM a pulsed excitation source must be added. The bh
FLIM systems use a BDL-405SMC picosecond diode laser for excitation. This laser has a
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wavelength of 405 nm*. The laser can be operated both in CW mode and picosecond pulsed
mode. In the pulsed mode, the repetition rate can be switched between 20 MHz, 50 MHz, and
80 MHz. The pulse width is about 60 ps. Higher repetition rate gives higher average power.
However, the fluorescence may not completely decay between the pulses. Incomplete decay
can, in principle, be taken into account in the data analysis, but results in less than optimal
standard deviation of the lifetime. For most of the fluorophores, including the GFPs, 50 MHz
repetition rate is the best compromise.

The BDL-405SMC laser [9] is shown in Fig. 12. The laser head (shown right) contains the
complete driving electronics. Confocal laser scanning microscopes use single-mode fibres to
transfer the light of the excitation lasers into the scan head. It is therefore essential to couple
the light of the laser diode efficiently into the fibre. For laser diodes this is difficult because
the beam generated by a laser diode has a high divergence, non-circular shape, and substantial
astigmatism. The BDL-405SMC laser therefore has a beam profile corrector that corrects both
for beam shape and astigmatism. As a result, more than 60% of the laser power are coupled
into the single-mode fibre”. The power available from the single-mode fibre of a405 nm laser
isabout 1 mwW and 30 mW for pulsed and CW operation, respectively.

The optical output of the laser is coupled to the 405 nm input fibre of the FV1000. The input
fibres of the F\V1000 use the connector system of Point Source Ltd., UK. The BDL-405SMC
lasers for the FV1000 FLIM systems are therefore delivered with a Point-Source-compatible
fibre adapter, see Fig. 12, right. For alignment of the fibre coupler, please see Fig. 50, page 50.

The BDL-405SMC is operated from a simple wall-mounted 12 V power supply (Fig. 12, |eft).
A control box (Fig. 12, middle) is inserted in the power and control cable to the laser. This
box contains the frequency selection switch, and the mandatory safety key switch and emis-
sion indicator LEDs.

A timing synchronisation signal is provided at an SMA connector at the back of the laser. The
polarity of the pulses is positive; therefore an A-PPI-pulse inverter has to be used in the
SYNC line of the SPC-830 module.

Fig. 12: BDL-405SMC picosecond diode laser. Left: Power supply. Middle: Control box. Right: Laser with beam
profile corrector and coupler for single-mode fibre

The bh BDL lasers have an input for electronic control of the optical output power. The con-
nector is located at the back of the control box. In the bh FLIM systems, the power control
input isdriven by asignal from the bh DCC-100 detector controller.

Moreover, all bh BDL lasers have an input for fast on/off control. The on/off input was im-
plemented for beam blanking during the line and frame flyback, and for FRAP applications.

! Versions with 375 nm, 440 nm, and 473 nm wavelength are available. However, the available laser input at the
FV1000 is not necessarily compatible with these wavelengths, due to the internal dichroic mirrors of the scan
head.

2 The beam corrector is a development of LASOS GmbH, Jena, Germany
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The standard FV1000 FLIM systems do not use the beam-blanking capability of the
BDL-405SMC laser. Please contact bh if you need beam blanking.

Optical Interface

One-photon excitation requires confocal detection to achieve suppression of out-of focus light,
see Fig. 7, page 9.

The scan mirrors, the pinhole, and the dichroic mirror that separates the fluorescence light
from the excitation light are contained in the Olympus FV 1000 scan head. The scan head con-
tains several photomultipliers detecting the fluorescence signal in selectable wavelength inter-
vals. Unfortunately, these detectors and the associated preamplifiers are not fast enough for
reasonable FLIM data acquisition. Upgrading the FV1000 scanning microscope therefore re-
quires one or severa fast detectors to be attached to an optical output from the FV 1000 scan-
ner. The designers of the Olympus Fluo View FV1000 have provided for such an output in
form of afibre port. Although the fibre port can easily be used to transfer the light to a FLIM
detector it is not the favoured FLIM solution for two reasons:

The first one is that the multi-mode fibre used introduces pulse broadening. The effect is no-
ticeable only for ultra-fast detectors, such as the R3809U, but nevertheless unwelcome. The
second reason for not using fibre coupling is efficiency. Coupling into the fibre inevitably
causes lossin intensity - in case of the FV 1000 fibre port up to 60 %.

Except for the id-100 SPAD detector, which requires a fibre connection, the bh FLIM systems
therefore use direct optical coupling The fibre adapter is removed (or not installed altogether),
and an a direct coupling optics attached instead. The FLIM adapter is shown in Fig. 13. The
FLIM beam pass contains a long-pass or bandpass filter and, in case of the R3809U detector,
an electronically controlled shutter. Details are shown in Fig. 51 and Fig. 52, page 51.

Shutter

R3809U MCP

Laser Input g
Fibres //

Fig. 13: Olympus Fluo View FV 1000 scan head with bh FLIM adapter and FLIM detector attached. The detector
isan R3809U MCP PMT.

The shutter is used to protect the R3809U MCP PMT against high light intensities from the
microscope lamp. The other detectors are sufficiently protected by the overload shutdown
function of the DCC-100 detector controller. They are therefore operated without a shutter.

For dual-detector operation bh provide suitable shutter/beamsplitter assemblies. Both dichroic
and polarising beamsplitters are available. An exampleis shown in Fig. 14.
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Beam

R3809U

Fig. 14: Dual-detector assembly with two R3809U MCP PMTs. Both dichroic and polarising beamsplitters are
available.

Detectorsfor Confocal FLIM

Detectors for the FV1000 confocal FLIM systems are shown in Fig. 15. All PMT-based detec-
tors are controlled via the DCC-100 detector controller card, see Fig. 22.

Fig. 15: Detectors for confocal FLIM systems. Upper row, left to right: R3809U MCP PMT, PMC-100, H7422P-
40, id-100-50. Bottom: PML-SPEC multi-wavel ength setup.

R3809U

The R3809U detector [55] is the detector for ultimate time resolution. Its instrument response
function (IRF) has a width of 30 ps (FWHM) [22]. However, if the R3809U is used in one-
photon excitation systems the pulse width of the diode laser limits the resolution. The effec-
tive IRF is thus about 60 ps. In other words, the gain in time resolution over a PMC-100 de-
tector is only a factor of 2.5. Nevertheless, the R3809U is highly recommendable for FRET
experiments. Quantitative FRET requires the decay components of the interacting and non-
interacting donor fractions to be separated. This requires a detector response that is not only
short but also free of tails or bumps after the main peak. FRET measurements benefit there-
fore considerably from the clean response of the R3809U.

Other applications of the R3809U are autofluorescence measurements. Autofluorescence of
cells and tissue contains several fluorescence components with lifetimes as short as 100 ps.
The fast response of the R3809U makes it easier to resolve the complex decay profiles.
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The maximum continuous count rate of the R3809U is about 1[10° photons per second®. Al-
though this is enough for the majority of applications it should be noted that the R3809U is
not a solution to fast-acquisition FLIM. To achieve maximum safety against overload damage
the R3809U is connected to the scan head via a shutter.

PMC-100

The PMC-100 PMT module is the standard detector for al bh FLIM systems. It delivers an
IFR of 150 ps FWHM [22]. Lifetimes down to about 200 ps are easily resolved. The PMC-
100 features excellent timing stability at high count rates. It can therefore be used up to the
highest count rates applicable with the bh TCSPC boards, without noticeable degradation in
the IRF [22]. Typica applications are pH imaging, oxygen imaging, and ion concentration
measurements via fluorescence quenching. The PMC-100 works well aso for single-
exponential FRET measurements i.e. experiments that do not require separating of the inter-
acting and non-interaction donor fraction. Separating the different donor fractions of FRET is
generally possible. However, the longer IRF makes the data analysis more difficult and less
accurate than for the R3809U. Autofluorescence imaging is possible as well, though with
some compromise in resolution for the shortest lifetime components. All in al, the PMC-100
isthe most versatile detector for one-photon FLIM systems.

H7422P-40

The H7422P-40 detector [56] has an exceptionaly high quantum efficiency. It is recom-
mended for applications that require ultimate sensitivity. In the wavelength range of 500 to
600 nm a sensitivity improvement of afactor of 2 to 3 over the R3809U and the PMC-100 is
obtained. The IRF width of the H7422P-40 is 250 to 350 ps [22]. The large IRF width makes
the H7422P-40 less useful for FRET and autofluorescence imaging. The H7422P-40 is cur-
rently the best compromise for systems that are to be used both for FLIM and FCS [19, 23,
49].

1d-100-50-SMC Single-Photon Avalanche Photodiode

The id-100-50 SMC is a single-photon avalanche photodiode. The instrument response width
of the id-100-50 itself is about 45 ps. However, in one-photon systems the effective IRF is a
convolution of the laser pulse shape and the detector IRF. Thus, the typical IRF width of the
complete system is on the order of 80 ps. The id-100-50 is overload-proof; an overload shut-
down function is not required. Because the id-100-50 SMC has afibre input, it is connected to
the standard fibre output of the F\V1000 scan head.

Due to its fast response the id-100-50 is an alternative to the R3809U MCP PMT. Some care

is, however, recommended if the id-10-50 is used at wavelengths longer than 500 nm. All sin-
gle-photon APDs show a ‘diffusion tail’ in their response [21, 22]. The relative amplitude of
the tail increases with increasing wavelength. The diffusion tail can therefore easily be mis-
taken for a fluorescence component. Especially in double-exponential FRET experiments the
diffusion tail makes it difficult to accurately resolve the decay components of the interacting
and non-interacting donor fractions.

% The R3809U can be used at count rates up to 3 MHz [21, 22]. However, the output current at this count rate is
beyond the permissible maximum specified by Hamamatsu. In FLIM applications high count rates normally oc-
cur only in afew pixels of the image. Immediate damage under these conditions appears therefore unlikely; nev-
ertheless life cannot be guaranteed.
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MW-FLIM

The MW FLIM detection system [6] detects the fluorescence simultaneously in 16 wavelength
channels. A polychromator splits the light spectrally and projects the spectrum on the photo-
cathode of a PML-16 detector. This detector contains a 16 channel PMT and the associated
routing electronics [6]. Thus, 16 lifetime images are recorded in a single SPC-830 TCSPC
module. For confocal detection the MW FLIM system can be coupled both to the fibre output
of the FV1000 scanner or to the bh FLIM adapter. In the second case the light is transferred
into the polychromator via a fibre bundle. Despite of the non-ideal filling factor of the bundle
the efficiency for the fibre bundle is slightly higher than for the single fibre. Typical applica-
tions of the MW-FLIM detector are FRET experiments [33] and autofluorescence imaging
[22].

Wiring Diagrams of Confocal FLIM Systems

Connecting diagrams of some typical one-photon confocal FLIM systems are shown in Fig. 16
through Fig. 20.

PMC-100 System

The wiring diagram of a confocal FLIM system with a single PMC-100 detector is shown in
Fig. 16. A BDL-405-SMC or BDL-473-SMC diode laser is used for excitation. The optical
output of the laser is coupled to an input fibre of the F\V1000 scan head. The power of the la-
ser is controlled via connector 1 of the DCC-100 detector controller.

The fluorescence light is fed into a PMC-100 detector via a direct output from the confocal
scan head of the FV1000. To separate the fluorescence light from scattered excitation light it
is important that a suitable longpass or bandpass filter be inserted in front of the PMC-100
input. For optical configuration please see Fig. 51, page 51.

Power Supply Laser Power Control

BDL-405 SM
Single-Mode

Fibre into Laser Sync Output
Microscope

Scan Clocks
4 from
PMC- Microscope
100 \
FLIM adapter
Power Supply
& Control

Fig. 16: One-photon confocal FLIM system with PMC-100

DCC-100 Board

Scan Clocks
SPC Board

Routing
CFD

The +12V power supply, the cooling current, and the gain control signal for the PMC-100 are
provided at connector 3 of the DCC-100. The cooling circuit of the DCC-100 must be config-

ured for ‘one detector’, see DCC-100 manual [7]. The connecting cable has also a line for the
overload signal of the PMC-100. In case of overload the DCC-100 shuts down the gain con-
trol signal and the +12V power supply of the PMC-100.

The detector pulses are fed into the CFD input of an SPC-830 TCSPC FLIM module. The
timing reference signal (SYNC) signal of the TCSPC module is obtained directly from the
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BDL-405SMC laser. The BDL-405SMC delivers positive synchronisation pulses; therefore an
A-PPI pulse inverter is inserted in the SYNC line. The scan clock signals of the microscope
controller are connected to the upper sub-D connector of the SPC-830 or SPC-730 module.

id-100-50 System

Fig. 17 shows a FLIM system that uses an id-100-50 single-photon avalanche photodiode as a
detector. The excitation part is the same as for the PM C-100 system described above.

The light signal from the scan head is fed through afilter adapter into the optical input of the
id-100-50 module. The id-100-50 gets its power supply voltage from the DCC-100 detector
controller. The single-photon pulses of the id-100-50 are inverted by an A-PPI pulse inverter
and fed into the ‘CFD’ input of the SPC-830 TCSPC board.

Power Supply Laser Power Control

& Control
BDL-405 SM
Single-Mode m

Fibre into Laser Sync Output
Microscope

DCC-100 Board

Scan Clocks

Fibre
from

from
Microscope

Filter id-100-50

SYNC
\ Eﬂj I Scan Clocks
; SPC Board
= ZS = @&] ALETE Routing

Fig. 17: One-photon confocal FLIM system with id-100-50 detector

The id-100-50 detector is overload-proof up to light intensities far above the daylight level.
An overload shutdown is therefore not necessary.

R3809U Systems

The connecting diagram of an R3809U FLIM system is shown in Fig. 18. A BDL-405SMC or
BDL-473-SMC diode laser is used for excitation. The optical output of the laser is coupled to
an input fibre of the FV1000 scan head. The power of the laser is controlled via connector 1 of
the DCC-100 detector controller.

To provide maximum safety against detector damage all R3909 systems use electro-
mechanical shutters in the beam path. The shutter is controlled via connector 2 of the
DCC-100 card. The operating voltage of the R3809U detectors is provided by an

FuG HCN 14-3500-A high-voltage power supply. The high voltage is controlled by a signal

from connector 3 of the DCC card.
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Fig. 18: FLIM system with one R3809U detector

The single-photon pulses delivered by the R3809U are amplified by an HFAH-26-01 pream-

plifier and connected into the ‘CFD’ input of the SPC-830 module. The timing reference sig-
nal (SYNC) signal of the TCSPC module is obtained from the laser. The signal from the BDL
laser is positive; therefore an A-PPI pulse inverter is inserted in the SYNC line. The scan
clock signals of the microscope controller are connected to the upper sub-D connector of the
SPC-830.

In case of detector overload the preamplifier delivers an overload signal. A second overload
signal comes from a photodiode in front of the shutter. Both signals are combined in the p box
and connected to the overload input of the DCC-100.

Routing
CFD

Dual-PMC-100 System

Although only one output from the FV1000 scan head is available dual detector systems can
be built by using standard optical components delivered by bh. An example is the dual-
detector system shown in Fig. 19.

The excitation part of the system is the same as shown in Fig. 16. The laser power is con-
trolled via output 1 of a DCC-100 card.

The fibre from the scan head is connected to a beamsplitter assembly. The assembly contains a
collimator lens and a dichroic mirror. The dichroic mirror splits the light into a short-
wavelength and a long-wavelength component. The components are detected by two
PMC-100 detectors. Individual long-pass or bandpass filters can be inserted in front of the
detectors. The detectors are controlled via the two outputs of a second DCC-100 card.

The output pulses of the detectors are fed into two inputs of an HRT-41 router. The routing
signal generated by the router and the combined single-photon pulses of the detectors are con-
nected to into the routing input and the CFD input of the SPC-830 monhplartant: In or-

der to maintain correct timing between the routing signals and the photon pulses the CFD ca-
ble must not be longer than the routing cable.
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Fig. 19: Dual-detector confocal FLIM system with PM C-100 detectors

Multi-Wavel ength System
The BDL-405SM laser is connected as described for the standard PMC-100 FLIM systems.

The PML-SPEC multi-wavelength detector can be coupled to the FV1000 scan head via a
single optical fibre or via a fibre bundle. The fibre bundle adapter is compatible with the di-
rect-coupling adapters of the PMC-100 and R3809U systems. The fibre bundle is therefore
recommended for systems that are to be used both with the PML-SPEC and the PMC-100 or
R3809U. It is recommended that a longpass (laser blocking) filter be inserted in the fibre or
fibre bundle adapter of the PML-SPEC.
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Fig. 20: One-photon multi-wavelength FLIM system

The PML-16C detector of the PML-SPEC assembly obtains its gain control signal and power
supply voltages from connector 3 of the DCC-100 detector controller. The connecting cable
also feeds the overload signal of the PML-16C into the DCC-100. In case of overload, the
DCC-100 shuts down the gain and the +12V power supply of the PML-16C.
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The routing signals and the photon pulses of the PML-16C are connected to the lower 15 pin
connector and the CFD input of the SPC-830 module, respectively. Important: In order to
maintain correct timing between the routing signals and the photon pulses the CFD cable must
not be longer than the routing cable.
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Multiphoton NDD FLIM Systems

The bh FLIM systems work both for microscopes with one-photon excitation and with for
microscopes with multiphoton. It should, however, be noted here that multiphoton excitation
is covered by patents owned by Zeiss [43] and Leica [57]. The patent situation and thus the
availability of the multiphoton technique for the FVV1000 depends on the country you are liv-
ingin.

Synchronisation with the L aser

In a multiphoton system the fluorescence of the sample is excited by femtosecond pulses of a
titanium-sapphire laser. Different lasers may be used, with pulse repetition rate ranging from
78 to 90 MHz. In terms of TCSPC data acquisition, there is little difference between the la
sers. The only requirement is that a timing reference signal for the TCSPC card be provided.
Most of the lasers deliver a reference signal at a BNC connector at the back panel of the laser
housing. The output pulses are usually positive. The polarity has then to be reversed by a pas-
sive pulse inverter, see Fig. 21, left. For wiring diagrams of the complete FLIM systems,
please see Fig. 25 to Fig. 29.

Some of the older titanium-sapphire lasers do not deliver areference signal. In these cases the
timing reference signal for the SPC card must be generated by a photodiode module, see Fig.
21, right. A reflex of the laser beam from a glass plate is normally sufficient to obtain a useful
reference signal.

R — e

A-PPI m

\ Pulse-invertor

Fig. 21: Left: A-PPI pulse inverter to reverse the pulse polarity of the reference pulses of the Ti:Sapphire laser.
Right: PHD-400-N photodiode module used to generate reference pulses for lasers without reference output.

Optical Interface

In general, the FLIM detectors of multiphoton systems can be attached to the microscope as
described for the one-photon systems. The pinhole is opened wide and only used to suppress
daylight leaking into the detection light path.

As long as the two-photon microscope is used for imaging single cells or thin cell layers using
the confocal detection path is not objectionable. For imaging deep tissue layers, however, the
efficiency of the confocal beam path degrades rapidly with increasing depth in the sample.
Two-photon microscopes therefore often use non-descanned detection (see Fig. 7, page 9).

The FLIM detector are attached to the side port of the microscope body. Two FLIM detectors
can be attached via a beamsplitter unit, see Fig. 14, page 15.

A non-descanned system detects light from a relatively large area. The detectors can therefore
easily be overloaded by daylight. Worse, if the microscope lamp in the transmission light path
is switched on extremely strong light is sent directly into the detection light path. The micro-
scope lamps are therefore a potentia thread to the detectors. To avoid detector damage all
non-descanned FLIM detectors are equipped with electro-mechanical shutters. The shutters
are closed when the safe limit of the detector current is exceeded. Moreover, a photodiode in
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front of the shutter prevents the shutter from being opened as long as the light intensity is high

[16, 22]. The shutters are controlled via the DCC-100 detector controller [7, 22] and the ‘p-

box’, which reduces the power dissipation in the shutter coils. The system components are
shown in Fig. 22.

Y d

=

Fig. 22: The detectors of non-descanned FLIM systems are protected by shutters (left). The detectors and shutters
are controlled via the DCC-100 detector controller card (middle). The box (right) reduces the power dissipation
in the shutter coils.

Detectorsfor NDD FLIM

Different detectors available for the non-descanned FLIM systems are shown in Fig. 23. The
detectors are shown with the shutter assemblies. All FLIM detectors are controlled via the
DCC-100 detector controller card, see Fig. 22.

Fig. 23: Detectors of the bh non-descanned FLIM systems. Left to right: R3809U MCP PMT, PMC-100,
H7422P-40, bh MW-FLIM detector

R3809U

The R3809U detector [55] is the detector for ultimate time resolution. Its instrument response
function (IRF) has a width of 30 ps (FWHM) [22, 55]. The R3809U is used when lifetimes or
lifetime components shorter than 150 ps are to be resolved. Typical applications are FRET
experiments with resolution of the interacting and non-interacting donor fraction [15, 16, 32,
46], tissue autofluorescence [70, 71, 72], and fluorescence of dyes attached to metallic nano-
particles [78]. The maximum continuous count rate of the R3809U is alAéfiphotons per
second. Although this is enough for the majority of applications it should be noted that the
R3809U is not a solution to fast-acquisition FLIM.

PMC-100

The PMC-100 detector [22] is the standard detector for all bh FLIM systems. It delivers an
IFR of 150 ps FWHM. Lifetimes down to about 200 ps are resolved. The PMC-100 features
excellent timing stability at high count rates. It can therefore be used up to the highest count
rates applicable with the bh TCSPC boards, without noticeable degradation in the IRF [22].
Typical applications are pH imaging, oxygen imaging, and ion concentration measurements

4 The R3809U can be used at count rates up to 3 MHz [21, 22]. However, the output current at this count rate is
beyond the permissible maximum specified by Hamamatsu. In FLIM applications high count rates normally oc-
cur only in a few pixels of the image. Immediate damage under these conditions appears unlikely; nevertheless
life cannot be guaranteed.
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via fluorescence quenching. The PMC-100 works well aso for single-exponential FRET
measurements, i.e. experiments that do not require separation of the interacting and non-
interaction donor fraction. In double-exponential FRET measurements the longer IRF makes
the data analysis more difficult and less accurate than for the R3809U. Autofluorescence im-
aging is possible as well, though with some compromise in resolution for the shortest lifetime
components.

H7422P-40

The H7422P-40 detector [56] has an exceptionaly high quantum efficiency. It is recom-
mended for applications that require ultimate sensitivity. In the wavelength range from 500 to
600 nm a sensitivity improvement of afactor of 2 to 3 over the R3809U and the PMC-100 is
obtained. The IRF width of the H7422P-40 is 250 to 350 ps. The large IRF width makes the
H7422P-40 less useful for FRET and autofluorescence imaging.

MW-FLIM

The MW FLIM detection system [6] detects the fluorescence simultaneously in 16 wavelength
channels.

The fluorescence light leaving the back aperture of the microscope objective lens is projected
at the input of a fibre bundle. The fibre bundle transfers this light into the input dlit of a poly-
chromator. Fig. 24, left, shows the input of the polychromator with the holder of the fibre
bundle. The fibre bundle is shown in the middle. Fig. 24, right, shows the shutter assembly.
The shutter assembly contains also the projection lens and alaser blocking filter.

The polychromator splits the light spectrally and projects the spectrum on the photocathode of
a PML-16 detector. This detector contains a 16 channel PMT and the associated routing elec-
tronics. Thus, 16 lifetime images are simultaneously recorded in a single SPC-810 TCSPC
module. Typical applications of the MW-FLIM detector are FRET experiments [33] and auto-
fluorescence imaging [22].

- L=,

Fig. 24: Details of the NDD MW-FLIM system. Left: Polychromator with adapter for fibre bundle. Middle: Fibre
bundle, polychromator end and shutter end, Right: Shutter assembly

Wiring Diagrams of Typical NDD-FLIM Systems

Typica wiring diagrams for the most frequently used NDD FLIM systems are described be-
low. Please note that the diagrams given are just one way to connect the system components.
Often there are alternative wiring options, which can be used to satisfy special requirements of
aFLIM setup. Please see[22] for details.

Sngle-PMC-100 system

The wiring diagram of a FLIM system with a single PMC-100 detector is shown in Fig. 25.
The PMC-100 is connected to the side port of the microscope via its shutter assembly. Both
the detector and the shutter are controlled via the DCC-100 detector controller card. A shutter
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control signal is provided at connector 2 of the DCC-100. The ‘P box’ (power saving box)
reduces the current in the shutter coils when the shutter is open and thus avoids heating of the
detector by the shutter. Moreover, the box combines the overload signal of the PMC-100 de-
tector with an overload signal from a photodiode in front of the shutter. This prevents uninten-
tional opening of the shutter when strong light is present, e.g. when the microscope lamp is
on.

The +12V power supply, the cooling current, and the gain control signal for the PMC-100 are
provided at connector 3 of the DCC-100. The cooling circuit of the DCC-100 is configured for
‘one detector’, see [7], DCC-100 manual.

The detector pulses are fed directly into the CFD input of an SPC-830 TCSPC FLIM module.
The timing reference signal (SYNC) signal of the TCSPC module is obtained from the laser.
Most Ti:Sapphire lasers deliver positive synchronisation pulses. Therefore an A-PPI pulse
inverter is inserted in the SYNC line. The scan clock signals from the ‘User 10’ connector of
the microscope controller are connected to the upper sub-D connector of the SPC-830 module.

Wall Mounted &jtﬁ

Power Suppl

Con 1
DCC-100 Board

Con 2

Con 3

A-PPI

Scan Clocks Laser Sync Output
from
Microscope
SYNC

Scan Clocks

Photodiodg Routing SPC Board
Power Suppl
Outpu & Control /—c@ CFD

Fig. 25: NDD FLIM system with one PMC-100 detector

Detector
PMC-100

Sngle-R3809U system

A system with a single R3809U detector is shown in Fig. 26. The R3809U is connected to the
side port of the microscope via its shutter assembly. The shutter is controlled via connector 2
of the DCC-100 card. The operating voltage of the R3809U detectors is provided by an FuG
HCN 14-3500-A high-voltage power supply. The high voltage is controlled by a signal from
connector 1 of the DCC card.

The single-photon pulses delivered by the R3809U are amplified by an HFAH-26 preamplifier
and connected into the ‘CFD’ input of the SPC-830 module. The timing reference signal
(SYNC) signal of the TCSPC module is obtained from the laser. Normally this signal is posi-
tive; therefore an A-PPI pulse inverter is inserted in the SYNC line. The scan clock signals of
the microscope controller are connected to the upper sub-D connector of the SPC-830.

In case of detector overload the preamplifier delivers an overload signal. A second overload
signal comes from a photodiode in front of the shutter. Both signals are combined in the p box
and connected to the overload input of the DCC-100.
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Fig. 26: NDD-FLIM system with one R3809U detector

Dual PMC-100 System

A beamsplitter is connected to the side port of the microscope via a shutter assembly. PMC-
100 detectors are attached to both outputs of the beamsplitter. As in the setups described
above, the detectors and shutters are controlled via the DCC-100 detector controller card and
the ‘p box’. The wiring diagram is shown in Fig. 27.
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Fig. 27: Dual PMC-100 NDD FLIM system
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The gain control for the PMC-100 detectors s provided via connector 1 and connector 3 of the
DCC-100 card. The output pulses of the detectors are fed into two inputs of an HRT-41
router. The routing signal generated by the router and the combined single-photon pulses of
the detectors are connected to into the routing input and the CFD input of the SPC-830 mod-
ule. Important: In order to maintain correct timing between the routing signals and the photon
pulses the CFD cable must not be longer than the routing cable.

Dual R3809U system

A beamsplitter is connected to the side port of the microscope via a shutter assembly. R3809U
detectors are attached to both outputs of the beamsplitter. As in the setups described above,
the detectors and shutters are controlled via the DCC-100 detector controller card and the p
box.

The high voltage for both R3809U detectors is provided by an FUG HCN 14-3500-A power
supply. The high voltage is controlled by a signal from connector 1 of the DCC-100 card.

The output pulses of the detectors are amplified in HFAH-26-01 preamplifiers and fed into
two inputs of an HRT-41 router. The routing signal generated by the router and the combined
single-photon pulses of the detectors are connected to into the routing input and the CFD input
of the SPC-830 module. Important: In order to maintain correct timing between the routing
signals and the photon pulses the CFD cable must not be longer than the routing cable.

Conl
DCC-100 Board
Con2
Con3
Wall Mounted
Power Suppl
A7y +12v DCC2 DCC1/3
P Box
Shutl Shut2 Detect
—

ae

High-Voltage Control

\ @
~ Rear Panel

Shutter
@kv Polarity
mA negative
Voltage Current
A °O O
i Anal
Photodiode n!n 0 Qo?faog + gy HV
HVS i bigtal O © ©
FuG HCN 14-3500
High-Voltage Power Supply
f_ J
N —

+12v +12V
/OVLD JOVLD @@@ WMFE‘]
‘l l Scan A-PPI Laser Sync Output
| Clocks
SYNC
HFAH-20-01 HFAH-20- 01
k_Z:D Scan Clocks SPC Board

Routing

10 dB Router | CFD
HRT 41
]

HRT 81

10 dB

Fig. 28: Dual R3809U NDD FLIM system
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NDD MW-FLIM systems

A wiring diagram of a multi-wavelength FLIM system is shown in Fig. 29. The MW-FLIM
detector assembly is connected to the side port of the microscope via its shutter and fibre bun-
dle (please see aso Fig. 24). The shutter is controlled in the usual way, i.e. via the p box and
connector 2 of the DCC-100 card. The power supply of the PML-16 detector comes from con-
nector 1 of the DCC-100. The connecting cable contains also a line for the overload signal.
The cable is therefore fed through the p box, which combines the overload signals of the de-
tector and the photodiode in front of the shutter.

The routing signals and the photon pulses of the PML-16C are connected to the lower 15 pin
connector and the CFD input of the SPC-830 module, respectively. Important: In order to
maintain correct timing between the routing signals and the photon pulses the CFD cables
must not be longer than the routing cable.
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Fig. 29: Multi-wavelength NDD FLIM system

High-Speed FLIM Systems

A high-speed FLIM system is shown in Fig. 30. The detector part is the same as for the dual-
PMC-100 system shown in Fig. 27. However, the signals of the two detectors are connected to
individual TCSPC modules. Thus, the counting capability is doubled without increasing
counting-loss and pile-up effects. Any pair of similar TCSPC-FLIM modules can be used.
However, for cost reasons high-speed FLIM systems are normally built from SPC-140 or
SPC-150 modules,
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Fig. 30: High-Speed NDD FLIM system. The two PMC-100 detectors are connected to individual TCSPC mod-

ules

With additional beamsplitters in front of the detectors FLIM systems with four fully parallel
can be built. A demonstration of afour-channel system was givenin [17].
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SPCM Software

The TCSPC FLIM system is controlled by the ‘SPCM’ software of the SPC-830 module and
by the software of the DCC-100 detector controller.

The SPCM software allows the user access the full functionality of all Becker & Hickl
TCSPC modules [21, 22]. There are operation modes for recording single decay curves, time-
controlled sequences of decay curves, fluorescence correlation (FCS) curves and photon
counting histograms (PCH), FLIM images in several detector channels, multi-wavelength
FLIM images, or sequences of FLIM images. Although not tested in details, most of these
features can be used in conjunction with the Olympus Fluo View FV1000 scanning micro-
scopes. The SPCM software therefore contains by far more system and measurement control
parameters than you need for recording a simple FLIM image in a single detector channel.

Depending on the application different, often multi-dimensional results are to be displayed.
Therefore the SPCM software contains a number of one-dimensional and multi-dimensional
display modes. The main panel of the SPCM software can be configured by the user.

Please do not get confused by the variety of options. The SPCM software stores the complete
set of system, control, and configuration parameters. Thus, all you have to do is to load the

right setup files created during the setup of your FLIM system. Moreover, measurement data

files contain the full set of hardware and software setup parameters. You may therefore also
load the data file of a successful measurement and run a new measurement with exactly the
same parameter set. Please see ‘Loading Setup and Measurement Data’, page 45.

Data Acquisition

Configuration of the Main Panel

As mentioned above, the main panel of the SPCM software is configurable by the user, see
[22], ‘Configuration of the SPC Main Panel’. A number configurations are shown in Fig. 31
to Fig. 34.

Fig. 31 shows the main panel of a single-detector system. An intensity image or an image in a
defined time window is displayed on the left. The ‘Display parameter’ panel is kept open on
the right. It allows the user to define the display scale, the colours of the display, and the time
window within the fluorescence decay in which the image is displayed. Moreover, the display
style can be changed in order to display fluorescence decay curves along selected horizontal or
vertical stripes of the image.

We recommend to keep also the main panel of the DCC-100 software open, see lower right
corner of Fig. 31. The DCC-100 panel is used to control the detectors, the shutters of the NDD
FLIM systems, and the power of the diode laser of the one-photon confocal FLIM systems.

For details of the DCC-100 panel please see Fig. 39, page 38.
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Fig. 31: SPCM main panel recommended for a single-detector system. Display parameter panel open, detector
control panel placed in lower right corner

The recommended main panel configuration for a dual-detector system is shown in Fig. 32.
The intensity images of both detector channels are displayed simultaneously, and the display
parameters and the detector control panel are kept open.
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Fig. 32: SPCM main panel for a dual-detector system. Images of both channels displayed, display parameters
open, detector control panel placed lower right.

Fig. 33 shows the main panel configuration of a multi-wavelength system. Images in eight
wavelength intervals are displayed; the detector control panel is placed in the lower right cor-
ner of the screen.
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Fig. 33: SPCM main panel for a multi-wavelength system. Images in eight wavelength intervals displayed, detec-
tor control panel open.

For setup purpose the SPC-830 can be configures as an optical oscilloscope. A single fluores-
cence decay curve or several curves recorded in different detector channels are displayed. In
FLIM systems the oscilloscope mode is used mainly to adjust the CFD and TAC parameters
and the signal delays in the detector and synchronisation path. Please see page 56 for details.
A suitable main panel setup is shownin Fig. 34.
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Fig. 34: SPCM main panel for the ‘oscilloscope’ mode. Fluorescence decay curves are measured in short inter-
vals and displayed. The oscilloscope mode is used to adjust the CFD and TAC parameters an the signal delays in
the detector and synchronisation path.

System Parameters

The ‘System Parameters’ contain the complete set of hardware and measurement control pa-
rameters of the TCSPC module. If your system has been set up by a bh engineer you need not
change any of the setup parameters. For users who like to setup a FLIM system on their own
bh deliver a number of setup files for different FLIM configurations. If you start from these
you need only adapt the TAC parameters and signal delays to the special requirements of your
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microscope (see ‘Getting Started: First Light’, page 56). The following paragraph should
therefore be considered supplementary information for advanced users.

The system parameters are accessible by clicking into ‘Parameters’, ‘System Parameters’. The
system parameter panel is shown in Fig. 35.
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Fig. 35: System parameter panel

A detailed description of the system parameters is given in [22]. The following paragraphs
give an overview about the available operation modes and the system parameters controlling
the FLIM acquisition.

M easur ement Control Parameters

Operation Mode

The operation mode selection panel of the bh TCSPC modules is sho
the figure right. The mode used for FLIM recording is ‘Scan Sync e il
Other modes may be used for special application of a FLIM system: ST

Oscillozcope
The ‘Single’ mode records one decay curve for each of the detectors con- Eﬁ?f ]
nected to the SPC-830 module. It can be used for fluorescence decay FILEXT)

measurement with the laser beam being parked in a pixel of interest. If e

used in combination with scanning it delivers an average decay curve over [ ¥ ScanSneln

the complete scan area. SeanSpne Ou

The ‘Oscilloscope’mode performs a repetitive measurement and displays
the results like an oscilloscope. The mode is an excellent tool for setup, maintenance and
alignment purpose.

The F(t,T) mode runs a time-controlled sequence of ‘Single’ measurements. It is useful for
photobleaching experiments, experiments of photodynamic therapy, and for recording chloro-
phyll transients.

The F(t,EXT) mode is implemented for recording sequences of curves in connection with ex-
ternal experiment control. The Fi(T) and Fi(EXT) modes record time-gated intensity curves.

The ‘Scan Sync In” mode is the mode for recording FLIM data in a scanning microscope. The
SPC-830 module records a photon distribution over the time in the laser period and over the
coordinates of the scan area, see Fig. 6, page 7.
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‘Scan Sync Out’ is an imaging mode that actively controls a scanner. It is implemented mainly

for scanning with piezo-driven scan stages. However, the Scan Sync Out mode can also be
used to record and accumulate fast triggered sequences of decay curves. With a large number
of accumulation cycles, sequences as fast as a few microseconds per curve can be recorded.
The mode can be used to record photochemical quenching transients in chlorophyll [21], pos-
sibly also effects of electro-physiological stimulation in neurones. Please see [22] for detalls.

The FIFO mode differs from all the other modes in that it does not build up any photon dis-
tribution. Instead, the FIFO mode stores information about each individual photon. The in-
formation stored is the time in the laser period, the time since the start of the experiment, and,
if several detectors are used, the number of the detector that detected the photon. The FIFO
mode is the key to the application of single-molecule techniques. It can be used to record FCS
and FCCS curves in combination with fluorescence decay curves, photon counting histo-
grams, or BIFL (burst-integrated fluorescence lifetime) data [19, 21, 23, 49, 89]. These tech-
nigues require parking the beam with extremely low beam jitter and a detection volume on the
order of a femtoliter. For details, please see see [22]; typical results are described in [21, 23].

Sepsand Cycles

The memory of the SPC modules provides memory space for a large number of decay curves.
The memory may even hold data of several measurements containing a large number of decay
curves each. In particular, there may be enough space to store the data of a large number of
images with moderate numbers of pixels and time channels. The individual memory blocks
are termed ‘pages’. By defining a number of ‘steps’ greater than one a sequence of recordings
can be defined that automatically steps through subsequent pages.

A measurement sequence may also be defined with several ‘cycles’. The results of the indi-
vidual cycles can either be accumulated (‘accumulate’ button) or read from the device mem-
ory and automatically saved into subsequent data files (‘fautosave’). The functions can be used
for on-line display during a FLIM measurement, see Fig. 42, page 41. Moreover, they can be
used to record and save a number of subsequent recordings taken at the same sample.

Repeat Function

By activating the ‘repeat’ button the complete measurement cycle is repeated until it is
stopped by user interaction.

The repeat function can be used to create a ‘Life Mode’ of TCSPC imaging. The image is de-
fined with a moderate number of ‘scan pixels X' and ‘scan pixels Y’, and an ADC resolution
of ‘one’. With one ADC channel the recorded image is a pure intensity image of moderate
data size. This keeps the time for the data readout on a negligible level. With a fast scan rate
and a collection time on the order of one second a sufficiently fast update rate for adjusting the
focus or selecting an image area of the sample is obtained.

Trigger

The start of a measurement, the steps of a page stepping sequence, or the cycles of a meas-
urement sequence can be triggered. For microscopes that deliver a pulse at the transition at the
next z plane the trigger function can be used to record z stacks of FLIM images. Please see
[22].

Collection Time

Collection time is the acquisition time for the measurement, or, if page stepping or cycling is
used, for each step or cycle of a measurement. With the parameters shown in Fig. 35 100 cy-
cles of 10 seconds are performed, with the results being accumulated and displayed after each
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cycle. It is not required that you run a FLIM measurement over the full collection time or the
full number of cycles. If you are satisfied by the signal-to-noise ration you can stop the meas-
urement at any time. After an operator stop command the internal scanning machine com-
pletes the current frame, so that artefacts by accumulating incomplete frames are avoided.

CFD, SYNC and TAC Parameters

These parameters control the constant fraction discriminators at the inputs of the detector and

laser synchronisation signal, and the time conversion circuitry in the TAC. You may possibly

change the conversion range of the TAC by changing TAC gain and TAC offset. In case of
synchronisation problems (indicated by a wrong SYNC rate) you may also attempt to change

‘SYNC Threshold'. In general, we discourage changing these parameters unless you are famil-
iar with the TCSPC hardware. Please see [22] for detalils.

Data For mat and Page Control

ADC Resolution is the number of time channels in the decay curves recorded. For FLIM re-
cording there is a conjunction between the available number of pixels and the available ADC
resolution. The maximum ADC resolution is 4096, the minimum ‘one’. ADC resolution = 1
does, of course, not yield any time resolution. It can, however, be used to obtain life-display of
images for adjusting a sample, the focus, or the region of interest of the scan. Unless you want
to run a life display or a page stepping sequence we recommend to use the highest ADC reso-
lution available.

Scan Pixels X and Scan Pixels Y are the number of pixels of the FLIM Image. Please note that
several adjacent pixels of the FV1000 scan may be binned into one pixel of the FLIM data, see
Fig. 36 and Fig. 37. Scan Pixels X and Scan Pixels Y can therefore be smaller than the pixel
numbers of the scan defined in the FV1000 software. There is a conjunction between the
available number of pixels and the available ADC resolution.

Routing Channels X and Routing Channels Y are the number of detector channels. Two rout-
ing channel parameters are provided to define a two-dimensional detector array. For FLIM
systems, seRouting Channels X to the number of detector channels usedRmding Chan-
nelsY = 1. Please note: If you have several detectors arkRbsthg Channels X = 1 the sig-

nals of all detectors are combined into a single FLIM image.

A number of frequently used combinations of data format and page control parameters are
shown in Fig. 36 and Fig. 37. For details please see [22].

Scan Parameters

The image acquisition in the SPC-830 module is synchronised with the scan in the microscope
via the scan clock pulses (see Fig. 6, page 7). The details of the synchronisation are defined
under ‘More parameters’. ‘More Parameters’ are hardware settings specific for the selected
operation mode. In the Scan Sync In (FLIM) mode the ‘more parameters’ panel contains the
scan control and pixel binning parameters, see Fig. 36 and Fig. 37. You may change these
parameters to create FLIM image sizes different from the sizes defined in the setup files deliv-
ered with the system. It should, however, be noted, that changing these parameters requires
some knowledge about the scanning and data acquisition hardware. Please refer to [22] and
save a setup file of the current settings before you make any changes.
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Access of System Parametersfrom the Main Panel

To facilitate on-line adjustments the essential hardware and measurement control parameters
are accessible directly from the main panel, see Fig. 38.



38 SPCM Software

_ |Repeat

. 0
: TAC CFD SYNC Pag:% %
| Collection | Range | Limit Low | Freq Div Ovfl Control
] | 4 || s | 4 | o
7 1ooo | 3 50.00E9 | 3 2000 | 3 1 | Btep /CFD)
|

Fig. 38: Accessto system and control parameters from main panel

Detector Control Parameters

The detectors, the shutters, and the picosecond diode lasers of confocal one-photon FLIM sys-
tems are controlled viathe DCC-100 card [ 7], see Fig. 22. The software panel of the DCC-100
isshown in Fig. 39.

Main Parameters Exit!
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Shutter 2 Gai DigOut Gain/HV Cooler Enable Outputs
Settings from auto.set
Shutier ] MI//
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Fig. 39: Detector control panel

Depending on the system configuration, the DCC-100 controls one or two detectors, one de-
tector and one picosecond diode laser, and one or two shutters (see Fig. 25 to Fig. 29 and Fig.
16 to Fig. 20).

Enable Outputs Button

After the start of the DCC-100 software the outputs of the DCC-100 are disabled. Please note

that this is a safety function. It avoids unintentionally switching on the output voltage of a
high-voltage power supply or unintentional activation of detectors. Please note: The DCC
software can be configured to turn on the outputs automatically (Option ‘Enable Outputs on
Startup’). This option isot intended for operation of PMTs, and shondd be used in con-
junction with the bh FLIM systems.

Power supply of detectors

The power supply of the PMC-100, H7422P-40, and PML-16 detectors is provided by the
DCC-100. To operate these detectors the corresponding power supply buttons have to be acti-
vated. The PMC-100 and the H7422P-40 have internal coolers. If you use these detectors,
activate the cooling by clicking on the ‘Cooling On’ and set a cooling current of 0.5to 1 A.
Set the cooling voltage to maximum (5 V).

Gain of Detectors

The gain of the detectors is set by the sliders under ‘Connector 1’ and Connector 2’. When
changing the detector gain, please remember that the detectors work in the photon counting
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mode. In other words, the detector delivers a pulse for every photon detected. The data acqui-

sition system counts these pulses. The light intensity is proportional to the number of pulses

per timeinterval. A change in detector gain changes the amplitude of the single-photon pul ses,

not their frequency. The detector gain is therefore adjusted in order to obtain a single-photon

pulse amplitude well above the threshold of the input discriminator of the TCSPC card (the

CFD threshold). With the right combination of CFD threshold and detector gain the count rate

(and thus the intensity of the image recorded) becomes amost independent of the detector

gain. The setup of the detector gain and the CFD threshold is described under ‘Adjusting the
CFD Parameters’, page 60. Please see also [6, 21, 22] for details.

Please note: The detector gain shoutet be used to control the intensity of the recording, or
to avoid overload shutdown at high intensity. Reducing the detector gain results is loss of pho-
tons, i.e. decrease of the signal-to-noise ratio of the lifetime images.

Power of Picosecond Diode Laser

In the confocal one-photon systems a picosecond diode laser is used for excitation. The power
of this laser is controlled via the slider under ‘Connector 1'.

Shutters

The shutters of the NDD detectors are controlled by the ‘Dig. Out’ buttons, b0 and b1l. In case
of overload shutdown the shutters close automatically. After an overload shutdown the shut-
ters must be opened by clicking on the b0 and bl buttons.

Overload Shutdown

If the light intensity at one or both detectors is too high the DCC-100 shuts down the gain and
the +12 V supply voltage, and closes the shutters. In extreme cases this may happen at a gain
far below the single-photon detection level, i.e. before the SPC module displays a CFD count
rate. The DCC-100 panel after an overload shutdown is shown in Fig. 40. If an overload shut-
down has occurred, first remove the source of the overload. Then click on the ‘Reset’ button
and open the shutters. The detector then resumes normal operation. Pleatsatidonpt to

avoid overload by decreasing the detector gain. This may result in poor counting efficiency
and, in a multi-wavelength system, poor channel uniformity [6].
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Fig. 40: DCC-100 panel after an overload shutdown

Maximum Values of Detector Gain

The maximum safe gain may differ for different detectors. We recommend not to exceed
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86% for MCP PMTs operated via an HCN-14-3500 power supply
95% for PMC-100 detectors

90% for H7422P-40 detectors

100% for PML-16C detectors

Maximum values of the gain can be defined in the ‘Adjust Parameters’ panel of the DCC-100.
The panel is shown in Fig. 41.

x|
Reload from EEPROM (F9)

5197380001

17.10.2001

Return (Esc)

Fig. 41: DCC-100 Production and adjust parameters panel, setting maximum values of the detector gain

The values are defined under ‘C1 Gain HV Limit" and ‘C1 Gain HV Limit'. They are auto-
matically saved in a non-volatile memory on the DCC board.
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Display of Imagesin the SPCM Software

Online Display

Images can be displayed at the end of a FLIM measurement or on-line in regular intervals

within the measurement. On-line display is achieved by defining a large number of measure-

ment ‘cycles’ and activating ‘accumulate’ and ‘display each cycles’ in the system parameters
of the SPCM software, see Fig. 42.

Fig. 42: System control parameters for on-line display

The setting shown runs 100 cycles of the specified ‘collection time’, accumulates the data, and
displays the accumulated data after each cycle. The display of the data itself is controlled by
the ‘Display Parameters’ and ‘Window Parameters’, see paragraphs below.

Display Parameters

The data recorded by the FLIM system are multi-dimensional. There is a two-dimensional
array of pixels, and each pixel contains a decay curve, i.e. photon numbers in a large number
of time channels within the laser period. Each pixel may even contain such data for a number
of different wavelength channels, or for different times from the start of the experiment. The
SPCM software is able to display such data in various display modes,. The display is con-
trolled by the ‘Display Parameters’. The display parameters recommended for FLIM acquisi-
tion with a single detector are shown in Fig. 43.

Solid Sguare En

Fig. 43: Display parameter panel of the SPCM software

A detailed description of the display parameters and their influence on the display of multi-
dimensional TCSPC data is given in [22]. The parameters important for the standard configu-
rations of the bh FLIM systems are briefly described below. Please note that the setups com-
ing with you FLIM system contain reasonable display parameters. The following paragraphs
should therefore be considered supplementary information for advanced users.
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Scale Section

- Linear/Logarithmic: Defines a linear or logarithmic intensity scale. For displaying FLIM
images we recommend ‘linear’.

- Max Count, Baseline: Display range (in photon counts) for linear display

- Log Baseline: Lower display threshold for logarithmic display

- Autoscale: Sets Max count automatically according to maximum number of photons in the
displayed data. For FLIM we recommend ‘Autoscale ON'.

- Reverse Scale: Images can be reversed both horizontally and vertically.

3D Display Section

- 3D Curves / Colour Intensity / OGL Plot: Displays data as a sequence of curves, as an im-
age, or as a curved surface. For FLIM use ‘Colour Intensity’.

- Colour Bar: Assigns colours to the photon numbers in the pixels of the Colour-Intensity
display.

- Interpolate Colours / Pixels: Switch on for FLIM.

- HiColour: Colour assigned to pixels with photon numbers out of the display range. Please
note that HiColour only indicates that these pixels cannot be displayed within the display
scale used. The corresponding pixels are usoellgaturated.

- Display page: A measurement can contain several smaller images recorded consecutively.
These images are contained in different ‘pages’ of the device memory.

Salection of subsets of multidimensional data

- T Window: TCSPC data can be multi-dimensional data cubes, but only one plane through
the cube can be displayed at a time. For FLIM measurements with a single detector images
in selectable time windows are displayed. The time window are defined in the ‘Window
Intervals’, see below.

- Mode: Defines the plane through the multidimensional data cube. For FLIM images, use

fx.y).

Window Intervals

The display routines of the SPCM software display subsets of multi-dimensional data arrays.
These can be images within specified time windows or ranges of detector channels, decay
curves along one coordinate within a spatial interval of the other coordinate, time-controlled
sequences of waveforms within a range of detector channels, or intensity values along a one-
dimensional scan within specified time windows. The required window definitions are pro-
vided by the ‘Window Intervals’, see Fig. 44.
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Fig. 44: Window parameters. One-detector system, therefore no routing windows are available.
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The ‘Time Windows’ are used for calculating integral photon numbers in selected time inter-
vals of decay curves or other waveforms. The definitions shown in Fig. 44 are for FLIM dis-
play of images recorded with an ADC resolution of 256 time channels. Eight time windows
are provided. The first window covers all time channels. An image displayed in this window

is contains all photons, i.e. is a pure intensity image. The following windows are consecutive
time gates within the laser period. Images in these time windows are gated images, as you can
see by stepping through the ‘T Windows’ of the Display Parameters (Fig. 43).

The Scan X and San Y windows are used to display decay data over selectable stripes of an
image. Please see [22].

The Routing X and Y windows are used to select data from an array of detectors in a multi-
detector setup. In a FLIM having only one detector the routing windows are disabled. In multi-

wavelength systems the routing windows are used to define wavelength intervals in which the
images are displayed.

Please note that the Window parameters are different for different numbers of pixels or time
channels. When these parameters are changed the SPCM software automatically calculates
new window parameters.
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Saving Setup and M easurement Data

The ‘Save’ panel is shown in Fig. 45. It contains fields to select different file types, to select
or specify a file, to display information about existing file, and to select between different save
options.

Filefomat 3] SPCData File name : | autofluor] . sdt

-
e\bhhspoimanualidatabtppical-setups’, Select fle [F9]

‘what to save : :| All uzed data sets

Fielnfo i

Selected file doesn't exist B

Save [F10]
Return [E=c]

¥ i

gEsiari 1 £50M SetMo [V TTH MakallFl)
Authar [Bond, James
Unmaik all [F2]

Tatal

-

Contents Sutofluorescence of skin. BOL-405 lazer, PML-SPEC =

I i

Company |
F

Fig. 45: Save panel

File Format

You can chose between ‘SPC Data’ and ‘SPC Setup’. The selection refers to different file
types. With ‘SPC Data’ files are created which contain both measurement data and system
parameters. When this file is loaded not only the measurement data are restored but also the
complete system setup. With ‘SPC Setup’ files are created that contain the system parameters
only. When such files are loaded the system setup is restored, but no data are loaded. Files
created by ‘SPC Data’ have the extension ‘.sdt’, files created by ‘SPC Setup’ have the exten-
sion ‘.set’.

File Name/ Sdlect File

A file name can be written into the ‘File Name’ field. ‘Select File’ opens a dialog box that
allows you to change or create directories. Moreover, it shows the names of existing files.
These are ‘.sdt’ files or ‘.set’ files, depending on the selected file format. If you want to over-
write an existing file you can select it in the ‘File Name’ field. A history of previously saved
files is available by clicking on tr~! button.

File Info

After selecting the file text can be written into the ‘Author’, ‘Company’ and ‘Contents’ fields.
Both for ‘'SPC data’ and ‘SPC setup’ the file information is saved in the file. The file informa-
tion helps considerably to later identify a particular measurement among a large number of
data files. We therefore strongly recommend to spend a few seconds on typing in a reasonable
file information.

If you have selected an existing file the file information contained in it is displayed in the
‘File info window'. If you want to overwrite this file you can edit the existing file information.
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Selecting the data to be saved

All used data sets

¥ All used data sets

Under ‘What to Save’ the options ‘All used data se
‘Only measured data sets’ or ‘Selected data blocks’ Only measured data sots
available. The default setting is ‘All used data sets’, wt Selected data blocks
saves all valid data available in the memory of the SPC

modules. These can be measured data, calculated data or data loaded from an&eepfile.
for special cases (see]22]) we recommend to use the ‘All used data sets’ option

L oading Setup and M easurement Data

The ‘Load’ menu is shown in Fig. 46. It contains fields to select different file types, to specify
a file, to display information about the file selected, and to select different load options.

File format 2 SPC Data Filename : | autoskind3-3x sdt -
File Infa : e:bhispcimanualidataibypical-zetupst Select file (F9)
Title : autoskin23-3= 4
erzion ; 1850 M
Resizion : 10 bits ADC Load [F10]
Diate  2005-10-1
Tirne : 14:29:22 Return (Ezc)
Suthor : Becker
Company :bh
Contents : Autofluorezcence of gkin. Lagzer 4050m, filter 435nm . PML-5PELC, Aequisition Tmin at 1 kMHz
" r

dwhrat to load = | Al data blocks & Setup

Block_no in the file

Fig. 46: Load panel

File Format

You can chose between ‘SPC Data’ and ‘SPC Setup’. The selection refers to different file
types. With ‘SPC Data’, .sdt files are loaded. These files contain both measurement data and
system parameters. Thus the load operation restores the complete system state as it was in the
moment when the file was saved.

If you chose ‘SPC Setup’, .set files are loaded. These files contain the system parameters only.
The load operation sets the system parameters, but the actual measurement data are not influ-
enced.

Note: Measurements in the ‘FIFO’ (time tag) mode deliver an .spc file that contains the micro
time, the macro time, and the detector channel for each individual photon. These files are
loaded by using the ‘Convert’ routines, see [22].

File Name/ Salect File

The file to be loaded can is selected in ‘File Name’ field. ‘Select File’ opens a dialog box that
displays the available files. These are ‘.sdt’ files or ‘.set’ files depending on the selected file
format. A history of previously loaded files is available by clicking or~Heutton.

File Info

The file info window displays information about the file selected. The first three lines of the
file info are inserted automatically when a file is saved. The last three items can be typed in by
the operator, see ‘Saving Setup and Measurement Data’.
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Block Info

Activating a data block in the ‘Block Number in File’ field enables a ‘Block Info Button’.
Clicking on this button opens a list that contains the device number of the SPC modules by
which the data were recorded, the time and data of the recording, and all system parameters,
see Fig. 47. At the end of the block information the minimum and maximum count rates of the
corresponding measurement are shown (see Fig. 47, right). The block info often helps to re-
cover the exact recording conditions of an older measurement.

Module |dentification  : SPC-730 380033 P!HB”ImB : 1.0000e-01 & -
Creation date & ime  : 2004-11-08 184351 Pixel Clock Sowrce  : O Internal ]
Scan Size :
Measurement mode  : FTRY Scan Size ' D32
Mo of meas. steps 1 Scan RoutChan % @ 1
Repeat Time : BO0.0000 = Scan RoutChan. ¥ @ 1
Stepping Mator  : Mot Uged Ext. Piz.Clock Divider: 1
Accunulate . 0 Infarmation collected when the measurement was finished
Statuz : 02000z  Flags : OxB000
Collection Time  : B0.0000 = Stop Time  : 621838 =
Stop on time | Cument step: 1 Curent cycle : 1
Stop on Overflow S Current page : 1
Syncrate : Min: 4 99996e+07  Max: 4.99996e+07
CFDr Limit Lawe o -49.02 my CFD rate: Min: 263136 Max: 331936
CFD ZC Level ;5,29 mi TAC rate: Min: 249552 Max: 364480
- _,_| j‘«DE rate: Min: 239008  Maw: 350784

Fig. 47: Block info window of the load panel

Load Options

Under ‘What to Load’ the options ‘All data blocks & setup’, ‘Selected data blocks without
setup’ or ‘Setup only’ are available. The default setting is ‘All data blocks & setup’, which
loads the complete information from a previously saved datdfitept for special cases (see
below) we recommend to use the ‘All data blocks & setup’ aption

Loading Files from older Software Versions

Older software versions may contain less system parameters than newer ones. Therefore, load-

ing older files into a newer software (or vice versa) can cause warnings of missing or un-

known parameters. To load the file, click on the ‘Continue’ button until the file is loaded. Un-
known parameters are ignored, and missing parameters are replaced with default values. To
avoid further problems with such a file, we recommend to save it in the current software ver-
sion (Use option ‘All used data blocks’, see ‘Saving Setup and Measurement Data’).

Predefined Setups

Setups of frequently used system configurations can be added to a list of ‘predefined setups’.
Changing between these setups then requires only a mouse click.

To use the predefined setup option, click on ‘Main’, ‘Load

Predefined Setups’. This opens the panel shown right. A's & %]
is loaded by clicking on the button left of the name of 1
setup. Joscilloscope.bns

) ) oscilloscope,12.5ns
To add or delete setups to or from the list, or to change

names of the setups, click into one of the name fields with
right mouse key. This opens the panel shown in Fig. 48.

) oscilloscope, 25ns
J[=canning 512x512x64

To add a setup, click on the disc symbol right of the ‘F ) Ecanning 26:HExeo8

Name’ field and select a ‘.set’ file. Default setups comi ' ScanningZaB<2sex]
with the SPCM software are in the ‘default setups’ folder of

the working directory defined during the software installation. Please note that there may by
sub-directories for different classes of applications. Select the files you want to put into the list
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of predefined setups, and click on the ‘Add’ button. Every setup has a user-defined ‘nick-
name’. The default nickname is the file name of the .set file. To change the nickname, click
into the nickname filed and edit the name. Then click on ‘Replace’.

i Manage Setups List

pel
oscilloscope, blns Add

oscillogcope,12.5ns
oscilloscope, 25ns M

Scanning 512x512x64 ] i Heplace :
Scanning 256x256x256 ove Uown
Scanningebbx2bed Bl

Reload Default List |

Mickname Scanning256x256x1 (@ Load with data

File name c:\spcpackispcmidefaulisetupstispc-830izeiss Ism—51|]\scann‘ﬂ él

- - File Infa
Title : scanning256x256x1 o

ersion : 1 790 M
Revision : 0 bits ADC
Date : 07-04-2003
Time : 13:55:02
Author : BH
Company : BH
Contents : LSMS10, Scanning 250x256 pixels, ADC Res =1

Li 7]

Fig. 48: Editing the list of predefined setups

To create your own predefined setups, first save a setup file of the system configuration you
want to add the list. Use the ‘Save’ panel, option ‘setup’, as described under ‘Save’. Then add
the file to the setup list as described above.

You can also add an ‘“.sdt’ file to the setup list. The .sdt file contains not only the system set-
tings but also measurement data. You can define whether the file is loaded with or without the
data by clicking on the ‘load with data’ marker. Please note that loading files with data can
take a longer time than without, especially for data recorded in the FLIM mode of the
SPC-830.
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System Setup

For al FLIM systems described in this handbook in-site setup by bh is available. However,
experienced TCSPC users may prefer to do the setup on their own. Moreover, modifications
in the microscope system may require the system to be modified or partly re-installed. There-
fore, the following paragraphs describe the general steps of FLIM system setup.

One-Photon (Confocal) Microscopes

Installing the Diode L aser

Upgrading one-photon laser scanning microscopes for FLIM requires a laser input fibre for the
BDL-SMC diode laser to be available. The BDL-SMC lasers come in different wavelength
versions, 405 nm, 440 nm, and 473 nm. Inside the FV1000 scan head, the laser radiation is
coupled into the beam path via dichroic mirrors. Consequently, the characteristics of the inter-
nal dichroics must correspond to the laser wavelength used. Please make sure with your
Olympus representative that the correct fibres and dichroics are installed.

Connecting the input fibre to the BDL diode laser is simple. Just push the ferrule of the input
fibre into the fibre manipulator of the laser. The principleis shown in Fig. 49.

For electrical connection of the laser, please refer to the wiring diagrams, Fig. 16 to Fig. 20.

Alignment of the Laser

The front end of the laser is shown in Fig. 49. The laser ends in a fibre manipulator that ac-
cepts the cylindrical input adapter of the single-mode fibre. The fibre manipulator has four
adjustment screws, Al, A2, B1 and B2. Inside the manipulator, the fibre input adapter is
pressed against the alignment screws by a spring-loaded counter-bearing. Thus, the fibre
adapter can both be shifted and tilted by turning the adjustment screws. Under normal use, e.g.
after unplugging the fibre from the manipulator, only fine adjustments are required. It is then
sufficient to adjust the front screws, A2 and B2, for maximum image intensity. Do not turn the
screws by more than 1/2 turn. Once the manipulator is totally misaligned you need to go
through the complete alignment procedure.

Beam Profile Fibre Manipulator
Corrector

Alignment Screws
= B1 B2

Input Collimator of Fibre

Alignment Screws

Alignment Tool

Fig. 49: Front end of the BDL-405SM laser. Beam profile corrector, fibre manipulator with alignment screws,
input adapter of the single-mode fibre, and alignment tool.

The complete alignment procedure is illustrated in Fig. 50. For the first steps an alignment
tool isrequired, see Fig. 49. Thetool is atube which has a pinhole in the optical axis.
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Step 1: Step 4:
adjust Al and B1 adjust Al and B1

insert alignment tool
‘:E' this side first

&) 2 =2 .
G0l mmm= [0

Step 2: Step 5:

adjust Al and B1 adjust _Al and A2_ .
B2 turn screws in same direction

:@I ﬁ insert alignment tool :EI :EI
this side first
O =0 |-— ([ 2O =

Step 3: Repeat step 1 Step 6:

adjust B1 and B2
turn screws in same direction

B1 adjust Al and B1
insert alignment tool Bl B2
‘:E' this side first
e O HD O O [p=—=

Fig. 50: Steps of the alignment procedure
To align the fibre coupler, proceed as follows:

Step 1: Insert the alignment tool as indicated in Fig. 50 and adjust A1 and B1 for maximum
throughput.

Step 2: Reverse the alignment tool and adjust A2 and B2 for maximum throughput.

Step 3: Repeat step 1. After step 3 the optical axis of the fibre manipulator is aligned with the
axis of the laser beam.

Step 4: Insert the fibre. Adjust A1 and B1 for maximum image intensity. Use a uniform sam-

ple or amirror in the image plane. Run arepetitive scan of the FV1000. Y ou may either check

the images displayed by the FV1000 software or use the ‘Oscilloscope Mode’ of the TCSPC
module (see Fig. 58). You may need to take out the laser blocking filter of the detector, see
Fig. 51 to Fig. 53.

Step 5: Adjust A1 and A2 for maximum intensity. This step is a lateral shift of the optical
axis. Therefore turn both screws in the same direction until you find the setting that yields
maximum intensity.

Step 6: Adjust B1 and B2 for maximum intensity. This step is a lateral shift of the optical axis.
Therefore turn both screws in the same direction until you find the setting that yields maxi-
mum intensity.

Installing the Detector s

Direct-coupled Confocal Detectors

The standard solution for confocal FLIM is direct coupling of the FLIM detectors to the
FV1000 scan head. The opto-mechanical principle is shown in Fig. 52 and Fig. 51.

In the FV1000 scan head a bracket is installed instead of the output fibre coupler. The bracket
holds the FLIM detector and the associated optical elements.
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The optical principle for the PMC-100 detector is shown in Fig. 51. The fluorescence light
leaves the FV1000 scan head in a roughly collimated beam of light. The light passes a filter
holder that holds a removable emission filter. An additional laser blocking filter can be in-
serted in abarrel directly in front of the detector.

FV-1000

Filter Holder
Scan Head

PMH-100 Detector C-Mount

Adapter

C-Mount
Adapter

Bracket

Barrel

/)

i Rin Filter
Ring e N9
(optional)

Support Post

Fig. 51: Direct coupling of detectorsto the FV1000 scan head: PMC-100 detector

The optical principle for the R3809U MCP PMT is shown in Fig. 52. The fluorescence light
passes the removable emission filter. The next element is a negative lens that expands the
beam diameter over the full cathode area of the R3809U MCP PMT. The expansions is neces-
sary to achieve a peak count rates in the MHz range without degradation of the detector re-
sponse [21, 22]. Moreover, a shutter is used to protect the cathode of the MCP PMT against
excessively high light intensities. A second filter (normally a laser blocking filter) can be in-
serted between the shutter and the MCP PMT.
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Bracket
(inside Scan Head)

= Shutter

Filter
PMT Holder Holder
Beam
- = -
C-Mount C-Mount
Adapter Adapter
Shutter —_—
PMT Holder - Filter Holder chrY_nggg
Beam Expander
R3809U MCP PMT o
g?\:lloo::[l. — C-Mount C-Mount
Barrel Adapter Adapter Bracket
Ring ' Ring Negatlve Lens Filter
Filter Adjust Screws
L1

Fig. 52: Direct coupling of detectors to the F\V1000 scan head: R3809U MCP PMT

For electrical installation of the laser and the detectors, please refer to the wiring diagrams
givenin Fig. 16 to Fig. 20. If your system differs from the configurations shown there and you
are not sure how to connect the components, please see[22] or contact bh.

Fibre-Coupled Confocal Detectors

In the direct-coupled FLIM systems the fibre output of the FV1000 is replaced with the
bracket that holds the detector assembly. If the fibre output has to be maintained for whatever
reasons the FLIM detectors can also be attached to the fibre. The fibre is coupled to the detec-
tor by an SMA 905 fibre adapter, see Fig. 53. No specia aignment is required. Please make
sure that a bandpass filter or alongpass (laser blocking) filter is placed in front of the detector.
Thefilter isinserted inside a threaded barrel between the detector and the fibre adapter.

C-Mount Thread

Barrel —
SMA-905
Fibre
Connector

t{:@ Detector

Fibre from
Scan Head

\ Rin
Filter g

Ring

Fig. 53: Connection of the FLIM detector to the output fibre from the FV 1000 scan head. Left: Principle. Right:
Example for PMH-100 detector.
Experiments with fibre-coupled FLIM detectors have shown that the sensitivity is by a factor
of two to three lower than for directly coupled FLIM detectors. Direct coupling should there-
fore be preferred.
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Multiphoton Microscopes

Installing Non-Descanned Detectors

Non-descanned FLIM detectors for multiphoton microscopes are installed at the side port of
the microscope. Please make sure that the correct beamsplitters are installed in the micro-
scope.

Two-photon imaging requires careful blocking of the excitation laser wavelength. All bh de-
tector/shutter assemblies for multiphoton microscopes are therefore delivered with an addi-
tional laser blocking filter, see Fig. 54. Please do not remove the filter from the shutter assem-
bly, even if there is ablocking filter in the microscope.

Shutter

Shutter Lens R3809U
Lens r
C-Mount thread E /
/ Barrel —— Barrel
) / Detector inserts
inserts ;
) into
|n.to side
side
port

port \ L of
of B0 Filter ~ RING microscope —

microscope — . q
Ring Filter Ring

Fig. 54: Location of the blocking filter in the detector/shutter assemblies. Left: PMC-100 and H7422P-40. Right:
R3809U

For electrical installation of the detectors, please refer to the wiring diagrams given in Fig. 25
to Fig. 29. If your system differs from the configurations shown there and you are not sure
how to connect the components, please see [22] or contact bh.

| nstallation of the SPC and DCC modules

Softwar e

The SPC-830 FLIM module uses the ‘SPCM’ software, a comfortable software package that
allows you to access all functions of all bh TCSPC devices. The installation package contains
also the operating software of the DCC-100 detector controller and the SPCimage FLIM data
analysis software, see Fig. 55. The DLL libraries and the step motor control software included
in the package are not required for FLIM. For details of the installation procedure please refer
to [22].

#5 TCSPC Package v.1.4 Setup

Select software component |-‘l

Flease select which features you would like to install

¥ SPCM+.7.6 application

¥ DCCw.1.2 application

¥ SPCimagev.2.2 (License number reguired )

™ SPCM DLL 1.8 (License number required )
I it et jewLitirary,

I~ DCC DLL V10 (License number reguired )

™ STP DLLw20

Please contact info@becker-hicklde to gstlicense number.

<Back Next> Cancel |

Fig. 55: Installation panel. Software components required for FLIM are marked.
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If you have purchased the FLIM boards in a ‘Simple Tau’ system you get the software readily
installed. You may, however, update your software from time to time. Updates are free and
can be downloaded from www.becker-hickl.com at any time. Click on the ‘Software’ button,
see Fig. 56. On the ‘Software’ page, click on ‘TCSPC Modules’, ‘Operating Software for
Windows 95 / 98 / NT4 / 2k /XP. Then click on ‘Setup’ for SPC-830, SPC-134, SPC-730,
SPC-630. Download TCSPC_setup_web.exe and start it. It works the same way as the instal-
lation from the CD.

High Performance ‘ | _ Operating Software for Windows 95/ 98 /| NT4 / 2K / XP

Photon Counting

g Modules Name Version Setup Notes Manual  Size kb
w»
SPC830,SPC-134, spcm 767 % m @ 8210
SPC-Tx0, SPC-6x0, = 7]
SPC5x0, SPC4x0,  spcM 72570 j‘ 3288
SPC-3x0 = ﬂ mﬁ

) Integrated into selfextracting TCSPC Package 1.4 - Installation requires Windows Installer 2.0
) Bh-Device Drivers 1.5 must be installed prior to this installation under Service Pack 3 for Windows 2000,

Fig. 56: Updating the TCSPC package from www.becker-hickl.com

Hardware

To install the SPC and the DCC module, switch off the computer and insert the modules into a
free slot. To avoid damage due to electrostatic discharge we recommend first to touch a metal-
lic part of the computer with one hand and then to grasp the module at the metallic back shield
with the other hand. This will drain any potentially dangerous charge off your body and the
module. Then insert the module into a free slot of the computer. Keep the SPC module as far
as possible apart from loose cables or other computer modules to avoid noise pick-up.

When the computer is started the first time with an SPC or DCC module the operating system
detects the modules and attempts to update its list of hardware components. Therefore it may
ask for driver information from a disk. When this happens, put the installation CD into the
drive and select between ‘Win9x’ for Windows 95 / 98 and Win2kNT for Windows 2000,
Windows NT or Windows XP.

If you don’t have the installation disk available you can download the driver file from the bh
web site. Open www.becker-hickl.com and click on ‘Software’. On the ‘Software’ page, click
on ‘TCSPC Modules’, ‘Operating Software for Windows 95 / 98 / NT4 / 2k /XP, see Fig. 56.
Then click on ‘BH Device Drivers’ and download the drivers.

After the software and the hardware have been installed, start both the SPCM and the DCC
application. Both applications should come up with startup panels indicating ‘Hardware
Mode’, see Fig. 57.
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Single Photon Counter Detector Contrel Card DCC-100
Version 850 08 September 2005, for Windows Sx/NT/2KfXP Version 1.23 . 17 September 2004. for Windows 9x/NT/2K/XP
Inuse Initialization Status In use Initialisation Status
MW M- SPC-830 S/N 3D00T3-B2, acdr 1400 thex), slot10 M Module 1-5/N 810025, address 1440 (hex), Slot 11 =
| M2- Notfound | Module 2- Notfound
_ | M3- Notfound _| Module 3- Not found
_ | Ma- Notfound _| Module 4- Not found -
q Ji| :
Ini File: d:\dcelappidect 00.ini
Ini File: c\programme\bhispemispemini
Hardware Mode
Hardware Mode - SPC-830) Number of active modules = 1

MNumber of active modules =1

g Abort | Appt oK |
Abart | Ay [T I o e

Change mode Change made

4 Hardware mode I Clear SPC memory | Hardware mode |

Fig. 57: Initidisation panels for SPC (left) and DCC module (right). With the modules correctly installed the
software comes up in the ‘Hardware Mode’

When the initialisation panels have come up without any error messages, click on ‘OK’ to
start the main panels of the SPCM and the DCC software.
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Getting Started: First Light

System Setup Parameters

TCSPC Parameters

If you have a minimum of experience with optical detectorsit should be no problem for you to
put a TCSPC FLIM system into operation. For the first steps we recommend to use the SPC
module in the ‘Oscilloscope Mode’ with the parameter settings shown in Fig. 58.

! SPC-830 System Parameaters

e
|
E Oscilloscope

Retum (Esc)

b SPC-830 Display Parameters

—

T

E Stnall Solid Square En

Return (Esc)

I SPC-830 2D Traces Atiributes [-[
Trace Active Colour Curve Frame Page
Sl bl EEEELAL L
E R Mt gy Cew
i [ W e g
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i Chomm finen g i
E " mm -7 [ ¢
L - I B I
D o® i T
> Defau| I = 1]
Block Info (F1) | Export Trace Data (F2) | Retumn (Esc) |

Fig. 58: Parameter settings recommended for startup: System Parameters (left), Display Parameters (upper right),
Trace Parameters (lower right)

The parameters are shown for an SPC-830 module. The panels for other modules may differ
slightly, but are not significantly different. When you have set the parameters, close the Sys-
tem Parameters panel but keep the display and trace parameter panels open. Resize and place
the panels as shown in Fig. 59. Make sure that the ‘Rate’ button in the main panel is switched

on.
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Fig. 59: Recommended configuration of the SPCM main panel for the first tests in the Oscilloscope mode
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After having set the parameters, save the setup in a file, see Fig. 45, page 44. Use the ‘File
Format’ option ‘setup’, define a file name and a destination folder, and click on ‘Save’.

P[]

The DCC-100 panel with the detector and (in case of the one-

photon system) laser control parameters is shown in Fig s e

Pull down the detector gain regulators and switch on the op emscteri| comectorz comectors o
W+ 2V _|+2v W 12V On

ing voltage buttons for all DCC connectors that control de g’ i mev Currimt
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Caution: The gain sliders control the high voltage of the de s 1o 4% st sx°
tors. The DCC is used for a wide variety of detectors and *"™" %% Sy ceo
voltage power supplies. It can happen that the gain or the

voltage can be set higher than the permitted maximum . o

given detector. The DCC software therefore allows the user t@ig. 60: DCC main pane

set limits for the Gain/HV. The limits are accessible under ‘Pro-

duction & Adjust Data’, see Fig. 41, page 40. Please make sure that the limits are reasonably
set for your detector and high-voltage power supply. Although bh normally set correct limits
in DCC modules delivered in conjunction with detectors this is not necessarily the case if the
DCC and the detectors are purchased independently.

Shutters, Detectors, and Synchronisation

Make sure that the detector gain regulators of the DCC panel are pulled down. Enable the
DCC outputs. If you have a multiphoton NDD system, check the shutters. Click on the b0 and
b1l buttons. You should hear the shutters open and close. If you don't, there is either light in
front of the shutters or the shutter control cables or the power supply of the p box are not cor-
rectly connected.

Turn on the laser. If you have a picosecond diode laser, set the pulse repetition rate to
50 MHz. If you have an older Ti:Sapphire laser, make sure that it is pulsing. Check the
SYNC rate display in the SPC main panel. The frequency displayed must correspond to the
repetition rate of the laser. If there is no rate displayed, or the rate is wrong, change the SYNC
threshold (Click into ‘SYNC’ field of the main panel and select ‘Threshold’). You should
achieve correct synchronisation with in threshold range of -40 to -100 mV, possibly even be-
yond. If there is no synchronisation check the signal at the SYNC input. The pulse amplitude
should be negative.

Close the shutters. Start the measurement in the ‘Oscilloscope’ mode. Pull up the gain slider
of the detector. If you have two detectors, pull up the slider for only one detector. When the
gain comes into the region of 80 to 100% of the maximum permitted for the detector you
should see the first detected photons. The CFD, TAC and ADC rate bars start to display a rate,
and the first photons (dark counts) should show up in the curve display. (Please note that
‘Count Increment’ was set to 10, therefore a single photon is displayed as a vertical line of 10
counts.) Even if there is absolutely now light at the detector the SPCM software should dis-
play occasional dark pulses of the detector. If the system does not record any photons at this
stage, make sure that the signal cables are connected correctly, that the power supply cable to
the preamplifier is connected, and that the power supply and ‘Enable Output’ buttons in the
DCC panel are activated.
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First Detection of Fluorescence Signals

Turn the detector gain down. Put a sample into the microscope. Use a sample that delivers
fluorescence over alarge image area, not only from afew spots. The sample should have high
photostability; therefore do not use living cells. The most suitable specimens are stained tissue
samples or plant tissue samples, like the one shown in Fig. 92, page 81. Focus into the sample
by using an internal confocal detector of the FV1000. Usea 512 X 512 pixel scan.

For multiphoton NDD systems, turn the laser power down to a few per cent. Configure the

NDD beam path as to send the light to the FLIM detector. For confocal systems, send the light

to the fibre output of the scan head, see Fig. 70, page 65. If not already running, start a ‘con-
tinuous scan’ in the FV1000. (The FV1000 sends laser light to the sample only when the scan
is running.) If you have an R3809U detector or a multiphoton NDD system, open the shutter
(b0 at connector 2 of the DCC panel). Turn up the gain of the detector, or, if you have several,
of one detector. Watch the CFD count rate and the curve display. At a detector gain higher
than 80 to 90% the first photons should be detected. Eventually the fluorescence decay curves
should show up. With the settings of Fig. 58 decay curves from several signal periods should
become visible, see Fig. 61, left.

If the result looks like Fig. 61, middle, no fluorescence light arrives at the detector. Only dark
counts are detected. In this case check that the beam path in the microscope is correctly con-
figured, that the shutter is open, and that the excitation laser is activated.

Fig. 61, right, shows the test result if daylight (or other continuous light) is detected. In NDD
systems, turn off the room lights and make sure that all microscope lamps are turned off.

In the worst case, it may happen that the detector shuts down by overload before any reason-
able signals are recorded. In this case the light intensity at the detector is far too high. The
reason my be an unusually bright sample, or, more likely, a missing laser blocking filter,
pickup of daylight, or leakage from a microscope lamp.

N
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Fig. 61: Signals recorded with the settings of Fig. 58. Left: Fluorescence signal. Middle: No fluorescence signal
arriving at the detector, only dark counts detected. Right: Daylight detected.

Adjusting the Signal Delay

When you managed to record a reasonable fluorescence signal you can start to adjust the sig-
nal delay in the synchronisation and detection path.

Different microscopes may have different optical path lengths from the laser into the micro-
scope, inside the microscope, and from the sample to the detector. Also the cable length from
the detector and from the laser reference output to the TCSPC module may be different. Light
needs 1 ns to travel 30 cm in air and about 20 cm in an optical fibre; electrical signals about
1 ns to travel 20 cm in a cable. Thus, signal transit time differences of several ns are common.
Therefore the decay curves recorded may appear shifted in time. It may also happen that the
time measurement in the SPC module (see Fig. 6, page 7) is not stopped by the laser pulse the
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photon originates from, but by a pulse from a period earlier or later. For a Ti:Sapphire laser
thisis no problem because the laser pulse period is constant and highly stable. The diode | aser,
however, can be switched between different pulse periods. Stopping with the right pulse is
therefore mandatory. Because there is considerable transit time in the optical fibres and in
optical path of the microscope about 8 m cable are required in the SYNC path of a one-photon
system.

To adjust the delay, set SYNC Frequency Divider =1, and TAC gain = 5, see Fig. 62. With
these settings, only one signal period is recorded and stretched over the recording range.

EACI ENCIETRNS KT

Fig. 62: CFD, TAC and SYNC parameters for adjusting the signal delay

Start a measurement in the oscilloscope mode. Because the delays are not adjusted yet the
curve may be shifted or cut off at the left or the right end. Change the cable length in the
SYNC path in order to centre the decay curve in the display window. A number of cables of
different length and adapters to connect the cables is delivered with the SPC module.

More cable length in the SYNC path shifts the curve left, less cable length shifts it right, see
Fig. 63, left and middle. For single-detector systems you may also change the length of the
cable at the CFD input. The effect is opposite to that of a change in the SYNC cable length.
The result of the delay adjustment should be a curve as shown in Fig. 63, right. The decay
curve should fit well into the recorded time window. Make sure that a few time channels are
left before the rise of the fluorescence signal. The data acquisition software needs these chan-
nelsto correct for signal background.

W b T

Fig. 63: Effect of the cable length in the SYNC path. Left: SYNC cable too short. Middle: SYNC cable too long.
Right: Cable length correct

When adjusting the cable length of a diode-laser based system, check that the position of the
decay curve remains constant for different laser repetition rates. If the curve shifts by more
than a few 100 ps the cable length is wrong, and you are stopping the time measurement with
the wrong laser period. Typically 8 m cable are required in the synchronisation path from the
laser to the SPC module.
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With the TAC settings recommended in Fig. 62 the recorded time interval is slightly shorter
than the signal period of the laser. Within the recorded range you may therefore change the
signal position also by changing ‘TAC offset’. Details are described in [22].

When you have made these adjustments, save the setup parameters of the SPC module.

Adjusting the CFD Parameters

CFD Threshold

The detectors of the bh FLIM systems are operated in the photon counting mode. That means,
the detector delivers an electrical pulse at the detection of nay individual photon. Although the
times of these pulses correlate tightly with the arrival times of the photons the pulse ampli-
tudes vary randomly, see Fig. 5, page 6. The average pulse amplitude increases with the detec-
tor gain. To achieve good efficiency of a photon counting system a discriminator threshold
(‘CFD Threshold’) must be found that detects almost all of the photon pulses but suppresses
noise from the environment, from the preamplifiers, and from the detector itself.

Finding a reasonable CFD threshold is simple. Vary the CFD threshold, and watch the CFD
and TAC count rates. With decreasing CFD threshold the count rate increases. At some level
the increase flattens, and, for good detectors, turns into a plateau. When you see something
like a plateau (it may be not very pronounced) you detect the majority of the pulses, i.e. have
reached the correct operating point of the detector. Of course, the optimum CFD threshold
depends on the detector gain, or the high voltage of the PMT. In other words, a decrease in the
CFD threshold and an increase in the detector gain (or high voltage) are largely equivalent.
Higher detector gain usually yields shorter IFR and lower differential nonlinearity. However,
afterpulsing, possibly even instability, and early detector overload may limit the gain that can
practically be used. Details are described in [22]. Typical values of DCC gain and CFD
threshold for FLIM systems are

Detector DCC Gain (Voltage) CFD Threshold
R3809U-50, -52 80 to 86% (-2.9t0 -3.0 kV) -80 mV
PMC-100-0 80 to 90% -80 mvV
PMC-100-1 80 to 90% -100 mVv
PMC-100-20 90 to 100% -40 mV
H7422P-40 80 to 90% -100 mV
PML-16C-0 85 to 95% -100 mV
PML-16C-1 90 to 100% -50 mvV

Please note: No CFD adjustments have to be done for single-photon avalanche photodiode
(SPAD) detectors. These detectors have their own internal discriminators and deliver a pulse
of defined amplitude and duration for each photon. Once these pulses are detected by the CFD
of the SPC module further adjustment has negligible influence on the efficiency and the IRF
shape.

When you have found a reasonable set of CFD and TAC parameters, do not forget to save the
results.
CFD Zero Cross

The CFD zero cross level defines the point at the at which the timing reference is taken from
the input pulses. We recommend to set the parameter to -10 mV. If you want to optimise it,
please refer to [21] or [22].
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Recording I mages

TCSPC Parameters for Imaging

Change the operation mode to ‘Scan Sync In’. Use the system parameters and the display pa-
rameters shown in Fig. 64, bugtain the CFD, SYNC, and TAC parameters found in the pro-
cedure described above.
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Fig. 64: Startup System and Display parameters for Scan Sync In mode

Set ‘More Parameters’ as shown in Fig. 65. The parameters refer to the standard a
512 X 512 pixel scan of the FV1000; therefore make sure that your scan resolution is
512 X 512 (see Fig. 69).
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Fig. 65: Scan Control Parameters for recording a 256 x 256 pixel image with a512 X 512 pixels FV 1000 scan

Define the Window Parameters as shown in Fig. 66. The ‘time windows’ define time gates in
which the intensity is displayed. Window 1 covers the complete ADC range, the other win-
dows define subsequent time gates over the ADC range.
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Fig. 66: Window parameters. Time window 1 covers the photons of all time channels, the other time windows
define subsequent time gates in which the intensity can be displayed

Click the System Parameters and Window Parameters off. Turn the ‘Display Parameters’ on
and configure the main panel as shown in Fig. 67.
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Fig. 67: Main panel configuration recommended for FLIM. The ‘Display Parameters’ panel is placed upper right,
the DCC-100 detector control panel lower right.

Recording the First Image

Start a continuous scan in the microscope. Check the ‘Scan Clocks’ indicator, see Fig. 68. If
the scan clocks are present the indicator should turn green. It may cycle between red and green
if the frame rate is slower than one frame per second. Put the mouse cursor on the indicator to
see all three scan clocks. If one or several clocks are missing, check whether you have the
right scan clock cable for your microscope, and whether it is connected correctly. At the SPC-
730 and -830 modules it has to be connected taper sub-D connector.
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Fig. 68: Scan clock indicator
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If the scan clocks are there, activate the detector. Start the measurement in the SPCM  soft-

ware. With the system parameters shown in Fig. 64 the measurement runs for 10 seconds,

stops, displays an image, and restarts. The measurement continues until 100 such cycles are
accumulated. You can stop the recording at any time. Please note that the ‘autoscale’ function
of the display routine is switched on. The increase of image intensity is therefore not visible,
only the increase in signal-to-noise ratio.

The image you get may be shifted in x, or the x or y axis may be reversed. A shift is normal
and easily corrected by changing ‘left boarder’ in ‘More Parameters’. Reversion of the x or y
axis can be corrected in the ‘Display Parameters’. If the image is stretched or compressed the
line and pixel clock dividers are not set according to the ratio of the pixel numbers in the mi-
croscope scan and the SPC recording. The settings under ‘More Parameters’ allow for correc-
tion in all these cases. Please see [22].

Once you have recorded a reasonable image, save it into a file. You may use the File Format
option ‘Setup’ to save only the parameters, or ‘Data’ to save the recorded data together with
the setup.

Creating Setup Filesfor Different FLIM Configurations

Starting from the setup values obtained in the previous steps you may now create setup data
for other images sizes, for using both detectors of a dual detector system, or for multi-
wavelength imaging. Please see Fig. 36 and Fig. 37, page 37, or refer to [22]. We recommend
to put the settings into the list of ‘Predefined Setups’, see page 46.
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FLIM Measurements

Stepsof a FLIM M easurement

1. Turn on the computer that contains the FLIM system. If the FLIM system is contained in a
laptop-based ‘Simple Tau’ system, turn on the extension box first and then the computer.

2. Start the FV1000 software on the microscope computer, and start the SPCM and DCC
software on the FLIM computer. Place the DCC panel in a convenient area of screen.

3. One-photon systems: Turn on the picosecond diode laser. Multiphoton systems: Make sure
that the Ti:Sa laser is activated in the FV1000 control panel. Turn the laser power down to
a few %. For older Ti:Sapphire lasers, make sure that the laser is correctly pulsing. The
‘SYNC’ rate displayed by the SPCM software should correspond to the nominal repetition
rate of the laser.

4. Load a setup file, a ‘predefined setup’, or a data file of a successful measurement into the
SPCM software. Please see ‘Loading Setup and Measurement Data’, page 45.

5. Open the ‘Acquisition Setting’ panel of the FV1000 software, see Fig. 69. Define an image
size of 512 x 512 pixels. You may use other frame sizes; in this case make sure that the
scan control parameters of the SPCM software correspond to that frame size. Record an
image of the sample in the FV1000 software. Adjust the focus and zoom into the region of
interest (see also Fig. 77, page 72)
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Fig. 69 Acquisition settings in the FV1000 control software

6. Open the ‘Light Path & Dyes’ panel of the FV1000 software. Configure the beam path as
shown in Fig. 70. This sends the fluorescence light to the FLIM detector.
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Fig. 70: Beam path configuration for confocal FLIM detection
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7. Enable the outputs of the DCC-100 detector controller, see Fig. 71. Make sure that the op-

erating voltage buttons (+12V, +5V, -5V) are switched on. For R38009U detectors or NDD
detectors of multiphoton microscopes, open the shutters of the detectors. Activate the de-

tector (or the detectors). For the standard PMC-100 detector, set the detector gain to 90 to

100% and turn on the cooling of the detector. For the PMC-100-0 or -1 detectors moderate

cooling (0.5 to 0.8A, 5V) is sufficient. For the R3809U MCP PMT, set a DCC gain of

88%, corresponding to a voltage of -3000 V. In extreme cases it may happen that the detec-

tor is overloaded and shuts down. In that case, reduce the laser power or the pinhole size.
Re-activate the detector the detector by clicking on the ‘Reset’ button and re-open the shut-
ter.
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Fig. 71: DCC-100 detector and diode laser control panel. Left: Control of laser power, shutter, and detector gain.

8.

Right: Overload shutdown of detector.

Check the count rates displayed in the lower left part of the SPCM software panel, see Fig.
72. Adjust the laser power to obtain a CFD and TAC count rate betwé&kst 8ad 110°

photons per second. Higher count rates yield better signal to noise ratio for a given acquisi-
tion time. However, the high excitation power needed may cause excessive photobleaching.
If you have photobleaching you see it by a slow decrease of the CFD count rate. In that
case, reduce the laser power. In one-photon systems, you may compensate for the loss in
count rate by increasing the pinhole size.
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Fig. 72: Count rate display of the SPCM software

. If not already running, start a repetitive scan in the FV1000, see Fig. 73, left. Start the

measurement in the SPCM software by clicking on the ‘Start’ button. If you have the soft-
ware configured for online display (cycle and accumulate functions, see Fig. 42) you will
see intermediate results in intervals of ‘Collection Time’. Let the measurement run until
you are satisfied by the obtained signal-to-noise ratio or until it stops by reaching a speci-
fied number of accumulation cycles. The image you see is either the intensity accumulated
over all time channels of the pixels, or the intensity within a selected time gate, see
‘Display Parameters’, page 41. Keep in mind that reasonable FLIM in general requires a
higher signal-to noise ratio than pure intensity imaging.
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Fig. 73: Starting (left) and stopping (right) a repetitive scan in the FvV 1000

10. If not stopped yet, stop the measurement by clicking on the ‘stop’ button of the SPCM
software. Stop the scan of the FV1000, see Fig. 73, right. Save the data by using the ‘Save’
function of the SPCM software, see page 44. Saving the data into an .sdt file of the SPCM
software is important because only these files contain the complete set of photon data and
setup data. Only by saving an .sdt file the measurement can be reproduced. After having
saved the measurement data, send them to the SPCimage data analysis software.
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About
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Fig. 74: Saving of the measurement data and starting a decay analysis
11. Run a FLIM data analysis in SPCimage. See ‘Data Analysis’, page 75.

The steps of recording a FLIM image are summarised on the next page.



Steps of a FLIM Measurement 68

1. Turn on the FLIM system: First the extension box, thenthe 5. Configure the beam path in the FV1000 and define8arStart the measurement in the FLIM system. With the pre-

laptop computer.
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image size of 512 x 512 pixels. Start a ‘Continuous Scan’.defined settings the TCSPC module displays intermediate

results in intervals of about 20 seconds. Let the measure-
ment run until you are satisfied by the signal-to noise ratio.
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6. Enable the DCC outputs. Set the detector gain to 90%.

Laser Power

3. One-photon FLIM: Turn on the BDL-405-SM diode laser.
Multiphoton FLIM: Activate the Ti:Sapphire laser

Shutter

4. Load a setup file, a ‘predefined setup’, or a data file of shorter acquisition time but may cause increased photo- g

successful measurement. Place the DCC panel in a convétgaching.
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9. Stop the measurement. Stop the scan in the FV1000. Save

the FLIM data by using ‘Main’, ‘Save’. Send the data to the
SPCImage lifetime data anaIyS|s
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10. Set the cursors as shown in the SPCimage panel. Click on
‘Calculate system response’, then ‘Calculate decay matrix’.
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Detailsof FLIM Data Acquisition

Synchronisation and Count Rates

The count rates are displayed in the status window of main panel of the SPCM data acquisi-
tion software, see Fig. 75.
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Fig. 75: Count rates (left) statusinformation (upper middie)

The ‘SYNC'’ rate is the repetition rate of the laser. The Ti:Sapphire laser of a multiphoton
microscope has a repetition rate between 78 and 92 MHz. If the SYNC rate differs from the
nominal repetition rate of the laser either the mode-locking is not running properly, or the
SYNC threshold is set too high or too low.

The repetition rate of the BDL-SMC picosecond diode laser is 20, 50, or 80 MHz. With the
correct SYNC threshold being set the SYNC rate should correspond to the selected laser repe-
tition rate. An exception are lasers that are operated with beam blanking. Beam blanking
switches the laser off during the beam flyback. The indicated SYNC rate is therefore lower
than the laser repetition rate.

The CFD, TAC and ADC rates indicate the rate of the detected, converted, and stored pho-
tons, respectively [22]. The rates are thus direct indicators of the progress of a FLIM meas-
urement. The count rates may fluctuate due to inhomogeneous intensity in the scan area, due
to the beam blanking during the beam flyback, and due to suppression of photons outside the
useful scan area.

When a FLIM measurement is running, from time to time take a look at the CFD and TAC
count rate. A gradual decrease in the count rates indicates photobleaching. Photobleaching can
change the recorded lifetimes. It is not only that different fluorophores or fluorophore in dif-
ferent binding states bleach at different rate, the photobleaching products may also fluoresce
themselves. As long as the total decrease does not exceed 20 % the effect on the lifetimes may
still be negligible. If the drop is larger you either have to reduce the laser power or to increase
the detection volume, see below, ‘Photobleaching’.

Both the SPC-830 module and the PMC-100 detector work well up to a detected (CFD) count
rate of about 8 MHz. Although there is about 50% loss of photons at a count rate this high
systematic errors in the recorded lifetimes are still small [21, 22]. You should, however, take
into regard that the displayed count rates are averages over the whole scanning cycle, includ-
ing the beam flyback. With the sample reasonably filling the image area you can use CFD
count rates up to a few million photons per second (see ‘Image Size’, page 72).

In practice you will reach count rates in the MHz range only for strongly stained samples of
exceptionally high photostability. Except perhaps for a few pH or ion concentration imaging
tasks the count rates obtained from typical FLIM samples are considerably lower. The effects
investigated by FLIM normally require the fluorophores to be located in highly specific sub-
units of the cells. Or, in case of autofluorescence imaging there is no endogenous fluorophore
at all. Consequently, the fluorophore concentrations are low, and so are the count rates. The
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theoretical limit toward lower count rates is set by the detector dark count rate. With the
PMC-100 detector you can record lifetime data at count rates as low as 1000 photons per sec-
ond. Measurements at count rates this low do, of course, require extremely long acquisition
times.

Photobleaching

Typical FLIM samples are characterised by low fluorophore concentration. Moreover, most of
the effects investigated by FLIM have to be measured at living cells or tissue. The photostabil-
ity of these samplesis low. The attempt to obtain high count rates by increasing the excitation
intensity usually results in excessive photobleaching or even photodamage. Both effects can
cause noticeable changes in the lifetimes [17]. Usualy slow lifetime components bleach
faster, and the lifetime distribution changes. Moreover, the photobleaching products may be
fluorescent themselves.

Photobleaching is clearly nonlinear for two-photon excitation [83], and a nonlinear component
probably also exists for one-photon excitation [28]. Therefore, photobleaching can be reduced
by reducing the excitation power and compensating for the lower count rate by an increased
acquisition time.

For confocal FLIM you may aso increase the pinhole size. The increased detection volume
allows you to obtain the same count rate at a lower laser power. A dlightly impaired depth
resolution may be better than unpredictable lifetime changes by photobleaching.

It is often believed that photobleaching islower for two-photon excitation than for one-photon
excitation. Thisis not generally correct. Of course, two-photon excitation does not yield exci-
tation outside the focal plane, and, consequently, no photobleaching above and below the im-
age plane. However, for the same number of emitted fluorescence photons photobleaching
within the scanned plane is stronger [45] for 2p excitation. If photobleaching is a problem and
your system contains both an Titanium-Sapphire laser and a diode laser a comparison between
both excitation principles may be useful.

Giving general recommendations for adjusting the count rate is difficult. On the one hand, the
concentration of the fluorophore and the photostability may vary by orders of magnitude; on
the other hand, the tolerance of the users to possible artefacts may differ considerably. In pub-
lished FLIM results the count rates and the amount of photobleaching are rarely mentioned so
that only a few examples can be given here. CFP-YFP FRET images of HEK cells presented
in [16, 21] were recorded at 5010° s*. CFP-YFP FRET in Caenorhabditis Elegans [35] was
recorded at < 10° s*. Two-photon autofluorescence of skin delivered about 6010° s* [70, 71,
72]. These count rates are by factor of 40 to 100 lower than the maximum recorded count rate
of the bh TCSPC devices used. It should be expected that much higher count rates are ob-
tained from stained tissue. Nevertheless, imaging of the pH in skin tissue by BCECF was per-
formed at an average rate of only 2(10° s*[58], although the frequency-domain technique used
was capable of processing much higher rates.

Acquisition Timeof FLIM

From a single-exponential fluorescence decay recorded under ideal conditions the fluores-
cence lifetime can theoretically be obtained with a relative standard deviation or ‘coefficient
of variation’,CV _, of
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with N = number of recorded photons [4, 52, 65].

In other words, the fluorescence lifetime can be obtained with the same accuracy as the inten-
sity. Measurement under ideal condition means the decay function is recorded

- with an instrument response function of negligible width

- into alarge number of time channels

- within atimeinterval considerably longer than the decay time

- with negligible background of environment light and detector dark counts or detector af-
terpulsing

The equation given above can be used to estimate the number of photons and the acquisition
time needed to record a fluorescence lifetime image. The relative lifetime accuracy for agiven
number of photons per pixel is shown in Fig. 76, left. The diagram shows that the standard
deviation improves only slowly with the number of photons. A lifetime accuracy of 10 % can
ideally be obtained from only 100 photons. However, 10,000 photons are required to obtain a
lifetime accuracy of 1 %.
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Fig. 76: Left: Relative standard deviation versus the average number of photon per pixel. Right: Acquisition time
as afunction of the desired lifetime accuracy for different image sizes. Count rate 10° s™.

The acquisition time as a function of the desired standard deviation for a count rate of 10° s*
is shown in Fig. 76, right. Even for an image of 512 x 512 pixels a relative lifetime accuracy
of 0.1 (or 10%) is obtained within less than 30 seconds, for smaller pixel numbers the acquisi-
tion time is correspondingly shorter. However, an acquisition time of almost 1 hour would be
required to record lifetime image of 512 x 512 pixels with alifetime accuracy of 1 %.

The accuracy obtained in practice may differ from the values shown in Fig. 76. In particular,
the background count rate in FLIM experiments is often not negligible, and the fluorescence
may not decay entirely within the laser pulse period. Moreover, a count rate of 10° st isarela
tively optimistic assumption.

The required number of photons increases if double-exponential decay functions are to be
resolved. In [65] the number of photons required to resolve a double-exponential decay was
estimated to be N =400,000. A number of photon per pixel this high is, of course, entirely
beyond the limits set by the photostability of a biological sample. [65] is therefore often used
as an argument that double-exponential lifetime imaging isimpossible.

Fortunately, the prospects to separate two lifetime components improve dramatically with the
ratio of the two lifetimes and with the amplitude factor of the short lifetime component. The
lifetime components assumed in [65] were 10 % of 2ns and 90 % of 4 ns. This is an ex-
tremely unfavourable situation which indeed requires an extremely high number of photons.
Fortunately, the decay profiles encountered in FRET and autofluorescence measurements have
a much more favourable composition, see Fig. 4, page 4. Usually the lifetime components are
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separated by a factor of 5 to 10, and the amplitude of the fast component is 50 to 90%. Under
such conditions double or even triple exponential analysis is feasible on no more than a few
1000 photons per pixel, and very satisfactory results are obtained from 10,000 photon per
pixel. Nevertheless, the required photon numbers are difficult to obtain, especialy for image
sizes of 512 x 512 pixels and samples of poor photostability. If the images size cannot be re-
duced the solution is binning of the lifetime data, see ‘Binning’, page 80.

It should be noted here that long acquisition timexas a feature of FLIM in general or
TCSPC FLIM in particular. As shown above, the lifetime accuracy is comparable to the accu-
racy of intensity images. The difference is that typical TCSPC FLIM applications are aiming

at effects not or not fully accessible by steady-state imaging. The lifetime changes caused by
these effects are usually small. Consequently, the accuracy requirements (and the expecta-
tions) to FLIM results are higher than to steady-state images.

Inexperienced FLIM users often stop the acquisition once they see an intensity image of satis-
factory signal-to-noise ratio. The pitfall is, however, that an image with 10 % intensity noise
looks very pleasing, while a lifetime accuracy of 10 % is not sufficient for the majority of
FLIM applications. Therefore the general adviceRsn the FLIM acquisition for a time as

long and at a count rate as high as the photostability of the sample allows you.

Image Size

The acquisition time increases linearly with the number of pixels recorded. This statement
may be considered trivial. Nevertheless, it is often ignored by microscope users. A laser scan-
ning microscope scans the image area with a constant pixel dwell time, regardless whether or
not the pixels contain useful information. Thus, you can decrease the acquisition time by ex-
cluding useless pixels from being recorded. The simplest way of achieving this is to zoom into
the right area of the image, see Fig. 77.

Fig. 77: Image of asingle cell. Left: Without zoom; the image contains only 15 % pixels with useful information.
Right: After zooming into the correct region of interest 75% of the pixels are used. The acquisition time is re-
duced by afactor of 5.

The cell shown in the left image fills only 15% of the total scan area. In other words, only
15% of the acquisition time are spent on recording the image of the cell. 85% of the time are
spent on recording dark pixels. After zooming into the an appropriate region of interest the
cell fills 75% of the scan area, and 75% of the acquisition time are used to image the cell. This
is an improvement of a factor of 5 over the recording shown left. You may object that the
zoomed image of the cell has also 5 times more pixels, and thus contains the same number of
photons per pixels as Fig. 77, left. This is correct. However, with the zoom you may either use
pixel binning during the FLIM acquisition (see ‘Scan Parameters’, page 36) or in the lifetime
analysis (see ‘Binning in the Lifetime Analysis’, page 80). You then obtain an image that
shows the cell with the same number of pixels as Fig. 77, left, but with a higher number of
photons. Binning in the lifetime analysis has the additional benefit that only the lifetimes are
binned, not the intensity information.
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Single-Point Fluor escence Decay and FCS M easur ements

The bh SPC-830, SPC-140 and SPC-150 TCSPC modules can be used for combined fluores-

cence decay and fluorescence correlation (FCS) measurement in selected points of a sample

[19, 22, 23, 49]. The measurement is performed in the ‘FIFO’ mode. The FIFO mode records

the time in the laser pulse sequence, the time from the start of the experiment, and, in case of a
multi-detector setup, the detector channel number for each individual photon. Because the
photons are recorded with their detection times, the FIFO mode is often called ‘time tag’
mode.

System parameters suggested for combined decay and FCS measurement are shown in Fig. 78,
the recommended main panel configuration in Fig. 79.

]
Ao i o |

5.004E-8

|| E I S

,.
. |§ Select & configure histograms =
Decay, FCS Decay . 1I
ISSSSGHEER - | 5| —
. FCS orrelation
E None ackeon : = u Time [ms] g 10.000
ST Algorithm
o e e | s Rk R
Interyal
FID& _I Tiime: [ms] g 10
Interyal
acro Time Clock LB —I Tiime [rms] g .00
W Tiime per
MCS ] poitit [rs] g [}

Fig. 78: System parameters for combined decay and FCS measurement
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Fig. 79: Main panel configuration for combined decay and FCS measurement

For cross-FCS with two detectors, suppression of Raman scattering by gated FCS, FCS with
continuous lasers, and other details please see [22].

For FCS measurements it is important that the beam be parked in the spot of interest and that
the detection volume is confined to less than a few femtoliters. The pinhole must therefore be
set to a diameter of approximately 1 airy unit. Moreover, FCS requires that the number of
molecules in the detection volume be small. Best results are obtained with less than
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10 molecules. The typical concentration is then on the order of 10° mol/l. The fluorophore
concentration in cells is often much higher. Although this has no direct influence on the corre-
lation time the correlation coefficient in cells can be much lower than in Fig. 79 [23].

FCS measurements in solution are usually done in the setup shown in Fig. 80, left. A cover
dlip is placed directly on top of the microscope lens of an inverted microscope. A droplet of a
diluted dye solution is placed on the cover dlip. The same setup is often used for FCS test
measurements.

Water with dye dissolved

Focus .
at nmol concentration

Focus Sample Slide

Cover slip
1 placed
directly on lens Cover slip

Immersion fluid . .
Immersion fluid

Objective lens Objective lens

Fig. 80: FCS measurement of a dye solution. Left: Cover slip placed directly on microscope lens, sample solution
placed on cover dlip. A large part of the beam path is in the sample. Right: Correct optical configuration, the
beam path isin the immersion fluid.

The setup is simple and easy to use. It does, however, pose a serious pitfall to inexperienced

users. The microscope lens is corrected for a beam path that has a space (the ‘working dis-
tance’) between the lens and the cover slip, see Fig. 80, right. This gap is filled with the im-
mersion fluid. In the commonly used setup of Fig. 80, left, however, the working distance is
above the cover slip, i.e. in the dye solution. The dye is normally dissolved in water, or a sol-
vent of similar index of refraction. The setup of Fig. 80, left, therefore works only for a water
immersion lens. For an oil immersion lens the mismatch of the refractive index is so severe
that a reasonably small focal volume is not obtained. Consequently, a TCSPC FIFO measure-
ment shows a fluorescence decay curve, but no fluorescence correlation.

If you want to run an FCS test measurement with an oil immersion lens you may use the setup
shown in Fig. 80, right. However, because of the low fluorescence intensity of a highly diluted
dye solution it is difficult to find the right focal plane. It is therefore easier to use the setup
shown in Fig. 80, left, and fill the working distance with cover slips (use immersion oil be-
tween them). This reduces the index mismatch and will enable you to recorded at least some
correlation function. Or you may use immersion oil as a test solution. Low fluorescence grade
immersion oil usually contains enough fluorescent contamination the fluorescence decay and
FCS functions of which can be recorded.
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Data Analysis

| ntroduction

A measurement in the FLIM mode of the SPC-830 delivers the photon distribution over the
coordinates of the scan, the time within the fluorescence decay, and, if several detector in dif-
ferent spectral channels are used, the wavelength, see Fig. 6, page 7. The data can be consid-
ered an array of pixels, each containing a large number of time channels spread over the fluo-
rescence decay. In other words, the FLIM measurement delivers images with a decay curvein
each pixel, see Fig. 81, left. Severa such arrays may exist if several detectors are used.

To obtain fluorescence lifetimes the decay curves in the individual pixels must be fitted with

an appropriate model. However, the time resolution of the measurement system is finite.
Therefore the fitting routine has to take the ‘instrument response function (IRF) into account.
The IRF is the pulse shape the FLIM system records for an infinitely short fluorescence life-
time. The fitting procedure convolutes the model decay function with the IRF and compares
the result with the photon numbers in the subsequent time channels of the current pixel. Then
it varies the model parameters until the best fit between the convoluted model function and the
measured decay data is obtained.

Typical models are single exponentials or a sum of exponential terms. The models are nor-
mally characterised by several parameters, e.g. the fluorescence lifetimes of the exponential
terms and their amplitudes. The fitting procedure delivers these parameters for all pixels of the
scan (Fig. 81, middle). The pixels of the resulting lifetime data array contain the results of the
fitting procedure (Fig. 81, right).

Fit Procedure

Pixels Pixels
. — I
. Model, fitted to data
T1, T2

L Results:
' |
i b
.

Fig. 81: Analysis of FLIM data. Left: Raw data, pixels contain decay curves. Middle: Fit procedure, delivers
lifetimes and amplitudes for individua pixels. Right: Lifetime data: Pixels contain results of fit procedure
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In the simplest case, the decay curves of the individual pixels can be characterised by a single-
exponential model. The result of the fitting procedure is then a single fluorescence lifetime.
Lifetime images created from such data use the number of photons per pixel (the intensity) as
brightness and the fluorescence lifetime as colour, see Fig. 82.
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Intensity Lifetime Intensity + Lifetime

Fig. 82: Combination of the intensity and the lifetime information. Left: Intensity image, brightness represents
total number of photons per pixel. Middle: Pure lifetime image, colour represents fluorescence lifetime. Right:
Combined image, brightness represents number of photons, colour represents fluorescence lifetime. Mouse kid-
ney sample stained with Alexa Fluor 488 wheat germ agglutinin and Alexa Fluor 568 phalloidin. Two-photon
excitation at 860 nm.

Fluorescence decay curves of biologica samples often contain fluorescence components of
several fluorescing species. The decay curves are then multi-exponentia (see Fig. 4, page 4).
The fitting procedure delivers lifetimes and amplitude coefficients for the individual exponen-
tial components. For example, a double exponential decay function is described by

Nt)=a &/ +a @t/ (g+ay=1) (2)

Fitting the decay curves with this model delivers the lifetimes, r; and 7, , and the amplitudes,
a or ap. It is, of course, impossible to display three independent decay parameters and the
fluorescence intensity simultaneously in one image. The analysis software therefore provides a

number of options for the display of the parameters. You may assign either 1; ,7,, a; or a; to
the colour of the display, or you may use ratios, such as 11 / 1, or, a; / a,. An exampleis given
in Fig. 83. It shows the same cell as Fig. 82, but analysed by a double-exponential model.

Fig. 83: Double-exponential decay analysis. Left to right: Images showing the decay time of the fast lifetime
component, t1, the decay time of the slow lifetime component, t2, and the ratio of the intensity coefficients,
al/a2, of the lifetime components. Mouse kidney sample stained with Alexa Fluor 488 wheat germ agglutinin and
Alexa Fluor 568 phalloidin. Two-photon excitation at 860 nm.

Frequently used functions of the ‘SPCImage’ FLIM data analysis software are described in the

following paragraphs. A comprehensive description is given in [8].
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Analysing Fluorescence Lifetime I mages

The main panel of the SPCImage data analysis software is shown in Fig. 84. The panel shows
an intensity image (upper left), a lifetime image (upper middle), a lifetime distribution over a
region of interest (upper right), and the fluorescence decay curve in a selected spot of the im-

age.
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Fig. 84: Main panel of SPClmage

Loading of FLIM Data

There are two ways to load FLIM data into SPClmage, see Fig. 85. Y ou can open SPClimage,

and click on ‘File’, ‘Import’. The import routine of SPCImage loads the .sdt files saved by the
SPCM data analysis software. The second way to load data is by using the ‘Send data to
SPCImage’ function of the SPCM software. The function automatically opens SPCimage and
transfers the data. If several detectors are used SPCM sends the data within the ‘Routing Win-
dow’ of the active display window. If you use this option, please do not forget to save the raw

data into an sdt file.

h‘ - jzdapi.img
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About
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Fig. 85: Loading of FLIM data. Left: Import of an .sdt file via ‘File’, ‘Import’. Right: Sending data directly from
the SPCM data acquisition software
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Loading the FLIM data via the ‘Import’ function of SPCimage opens an information and data
selection panel, see Fig. 87. For FLIM data recorded by a single detector in a single memory
page of the SPCM software there is nothing you can select. Just click on ‘OK’ and load the
data. For FLIM data recorded by several detectors or within several memory pages of the
SPCM software you can select a window of routing channels and page numbers. FLIM data
may also be recorded in a multi-module TCSPC system. In this case you can select the
TCSPC module or a range of modules.
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Fig. 86: Information and data selection panel of the SPClmage import function

Hot Spot and Region of Interest Selection

After the FLIM data have been imported SPCIimage displays an intensity image of the loaded
FLIM data, see Fig. 87.

Intensity Image |:> ?egion (.);jnterest:)
upper right corner’

- ,.Hot spot™
Defines a pixel from
which the current

Region of Interest: .
decay trace is shown

(lower left corner)

Fig. 87: Intensity image after import of FLIM data

After loading the data the software chooses the brightest pixel of the image as a ‘Hot spot'.
The location is indicated by the blue crosshair. It is also given as a numerical position (x,y) in
the decay window (see Fig. 89). The Hot Spot is used to calculate an IRF for the fitting proce-
dure (see below, ‘Instrument Response Function’). The same spot is used to display a fluores-
cence decay curve (see Fig. 89). If necessary, the pixel selection can be changed by moving
the blue crosshair.

Two white crosshairs are located in the upper right and lower left corner of the image. They
define a region of interest (ROI) which will be used during the data analysis. They can be
changed by clicking on the white dots and moving them to a different location. Defining ROIs
may save computation time since only the area within the crosshairs is processed.
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I nstrument Response Function

Measuring the IRF requires to record the laser pulses through the normal optical path of the
detection system. In a microscope this is difficult because the same beam path is used for the
excitation and emission light. The laser light is scattered at a number of optical surfacesinside
the microscope so that a clean reflection from the sample plane is usually not obtained. In
multi-photon microscopes second harmonic generation or Hyper-Raman scattering can be
used [54], but even then IRF recording is not easy.

The SPCimage data analysis software therefore estimates an IRF from the recorded data. The
instrument response function can either be calculated automatically of on command. The deci-

sion is made under ‘Options’, ‘Preferences’, see Fig. 88. Calculation on command is started
by clicking into ‘Calculation’, System Response’.

Decay ‘wfindom Calculate Mask  Conditions
Decay katix F2
[T Calculate Instrumental Response automatically Improve Matrix—— F3
. System Responze FB
¥ Dizplay Instrumental Fesponze Lack
Unlock

Fig. 88: Definition of the calculation and the display of the IRF (left) and calculation of the IRF on command
(right)
Unless you tend to forget to start the IRF calculation we recommarid use the automatic
calculation. This gives you the chance to select the best location in the image and the best bin-
ning factor. In any case, you should switch on ‘Display Instrumental Response’ to make sure
that your data analysis is based on a reasonable IRF.

Fit Selection Parameters

The decay curve in the ‘Hot Spot’ of the image is displayed beneath the intensity image, see
Fig. 89. It shows the photon decay data in the subsequent time channels of the selected pixel
(blue dots), the convolution of the model function and the IRF fitted to the decay data
(red curve) and the instrument response function (green curve). The deviations between the
photon data and the fit-trace are shown at the bottom. The values shown are weighted residu-
als.
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Fig. 89: Decay curve window
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The time interval in which the fitting is done is selected by two vertical cursor lines. The cur-
sor positions, T1 and T2, are shown numericaly in the status line above the decay curve win-
dow. The setting of the cursors have considerable influence on the fit quality. The left cursor
should be set at the beginning of the rise of the fluorescence curve or afew time channels left
of it. A few time channels should remain left of the left cursor. These channels are used to
calculate the baseline offset. The right cursor should be set at the last reasonable time channel
of the fluorescence decay curve. There may be a few time channels at the right end of the
curve that drop visibly below the expected level of the curve. The drop results from the ADC
error correction technique used in the SPC-830 module [21, 22]; the channels should be ex-
cluded from thefitting.

Parameters frequently used to control the fit procedure are displayed above the decay curve
window:

- Tl and T2 are the positions of the cursors in the decay curve window. Only the data points
between the cursors are used for the fit.

- TMaxisthetime channel in which the fluorescenceis at maximum.

- Binning defines an area around the current pixel the photon data of which are combined
for lifetime analysis. The binning factor is adjusted according the number of photonsin the
raw data, the spatial oversampling factor used when the image was recorded, and the com-
plexity of the decay model used. Please see below, ‘Binning in the Lifetime Analysis’.

- Threshold defines a minimum number of photons in the peak of a fluorescence curve. Pix-
els with lower photon numbers are not analysed by the fitting procedure. ‘Threshold’ is
used to suppress dark pixels. This not only accelerates the calculation process but also im-
proves the quality of the lifetime parameter histogram (see ‘Lifetime Parameter Histo-
gram’, page 86).

- Pos. X andY shows the position of the blue crosshair in the intensity and the lifetime im-
age.

- The field far right shows the fluorescence lifetime in the ‘*hot spot’ or in the pixel selected
by the blue crosshair. Default is the mean lifetimg defined by

N N
Iy = ;airi/;ai (3)

For a single exponential decayis identical with the fluorescence lifetime,Please note
that 1, of a multi-exponential fit is not identical with the lifetime obtained from a single-
exponential fit of the same data.

Binning in the Lifetime Analysis

When an image is taken by a scanning microscope the point-spread function of the micro-
scope lens is usually ‘oversampled’ to obtain best spatial resolution. As a rule of thumb, the
diameter of the central part of the Airy disc should be samplegbyi&els, see Fig. 90, left.

In practice even higher oversampling factors are often used unintentionally. Under these con-
ditions lifetime data should be calculated from several binned pixels. When the binning func-
tion of SPCimage is used the lifetime images are built up from the unbinned intensity pixels
and the binned lifetime pixels. This yields substantially improved lifetime accuracy without
noticeable loss in spatial resolution. Sampling artefacts are largely avoided by overlapping
binning, see Fig. 90, right.
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G

Intensity Pixels Lifetime Pixels

Oversampled Point-spread function Binning of lifetime data

Fig. 90: Left: Oversampling of the Airy disc in the intensity image and binned pixels for lifetime calculation.
Right: Overlapping binning of pixels for lifetime calculation.

The binning is controlled by the ‘Bin’ parameter above the decay curve window. The function

of the parameter is shown in Fig. 91. ‘Bin’ defines the number of pixels around the current
pixel position. Please note that the number of pixels of the lifetime image is not reduced. Only
the lifetimes are calculated from the combined pixels, the intensities remain unbinned.

Binning
(2n+1)x(2n+1)

area n

w N B O

Fig. 91: Function of the binning parameter

Fig. 92 shows lifetime images obtained from 25866 pixel raw data. The binning factor

used was 0, 1, and 2 (left to right). It can be seen from these images that there is very little loss
in lifetime detail due to the binning. However, the noise in the lifetime is considerably re-
duced. Even larger binning is often acceptable. Fig. 93, left to right shows lifetime images
obtained with binning = 4, 8, and 10. Even with these large binning factors the general struc-
tures in the lifetime remain unchanged.

Fig. 92: Lifetime images obtained from 256 x 256 pixel data. Left to right: Binning 0, 1, and 2
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Fig. 93: Lifetime images obtained from 256 x 256 pixel data. Left to right: Binning 4, 8, and 10

Model Selection
The model parameters are selected in a pand right of the decay
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More model parameters are available under ‘Options’, ‘Model'.
The corresponding panel is shown in Fig. 95
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Fig. 95: Model parameter options

- Multi-exponential decay: The model is a sum of exponential terms.
- Incomplete multi-exponentials: The model is a sum of exponential terms. It takes into ac-
count that the fluorescence does not fully decay within a singe laser pulse period. Based on
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‘Repetition Time’ the fluorescence left over from all previous excitation pulses is included
in the model.

- Repetition Time: Time between the laser pulse for ‘iIncomplete multi-exponentials’.

- Parameter constraints: Minimum lifetime, maximum lifetime, and minimum ratio of the
lifetimes of two exponential terms used to fit the data.

- Algorithmic Settings: Maximum number of iterations and minimum difference irxthe
between subsequent iterations. Negative amplitudes of lifetime components may or may
not be allowed for. Negative amplitudes may occur in the fluorescence decay of the accep-
tor of a FRET system, in the fluorescence of excimers, and in fluorescence depolarisation
measurements.

Which Model isthe Right One?

It is often not clear which model, in particular which number of exponential components,
should be used to fit the data. If there is no a priori knowledge about the shape of the fluores-
cence decay the model can only be found by try and error.

It is normally not difficult to find the appropriate number of exponential components. Select a
characteristic spot of the sample. Increase the binning factor until you see a clear fluorescence
decay function. Then change the number of components and check the digplapedthe

curve of the residuals. A good fit is characterised g7 elose to one, and residuals showing

no noticeable systematic variations. Often you see a poor fit already by comparing the fitted
curve (red) with the photon data (blue) in the decay window.

In most cases your decay curves will be fitted adequately by a single- or double-exponential
model. If you define more exponential components than needed to fit the data you normally
obtain two components of almost identical lifetime, or an extremely long lifetime component
of very low amplitude. An example is given in Fig. 96.
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Fig. 96: To bottom. Fitting a decay profile with one, two, and three exponential components
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Fitting the data with only one component (Fig. 96, top) delivers a large X* and clearly visible
systematic variation in the residuas. With some experience, you may also spot systematic
deviations between the decay data and the red curve calculated by the fitting procedure.

Fitting the data with two components delivers a perfect x? and removes any systematic devia-
tions in the residuals. This is an indication that the fit cannot be improved by adding more
exponential components.

A attempt to fit the data with three components (Fig. 96, bottom) indeed does not deliver any
improvement. Instead, it delivers a third lifetime component almost identical with the second
one. Thisisaclear indication that the double-exponential model is the right one.

Deriving an ‘Apparent’ Lifetime from a Multi-Exponential Decay

Sometimes the fluorescence decay functions are clearly multi-exponential, but only the life-
time of a single-exponential approximation is needed. A typica example is FRET measure-
ments and pH measurements. The FRET donor decay functions normally show the decay
components of interacting and non-interacting donor molecules. For calculating distances
these components must be resolved. However, if the task is only to determine where FRET
occurs in a cell single-exponential analysis is sufficient. In pH measurements often the life-
times of a protonated and a deprotonated form of the fluorophore are discernible, but the pH
can better be determined from a single-exponential approximation. In these cases, do not hesi-
tate to use a single-exponential fit, even if it delivers alarge x°. Because the number of model
parameters is smaller (see below) the variance of the lifetime will usually be smaller than for
an average or mean lifetime calculated from a double-exponentia fit.

Which Model Parameters are Best?

In general, the accuracy of afit procedure is the better the lower the number of model parame-
tersis. In particular, the fitting routine has a hard time to determine parameters which have an
almost identical influence on the modelled curves. These are in particular

- the shift parameter and an extremely short lifetime component
- the scatter and an extremely short lifetime component

- the offset and a slow lifetime component

- two components with lifetimes close together

Therefore most of the parameters can be set to fixed values. They remain then unchanged dur-
ing the fitting process. Especially the shift and the scatter can often be fixed, either to zero or
to values close to zero. To find the best values, do some tries with large binning in different
spots of the image. If you find that the scatter and the shift remain constant, fix them to the
indicated values. Fixing the offset is not recommended. The offset contains a signal-dependent
component caused by the detector afterpulsing. Thus, the offset can only be fixed for detectors
of low afterpulsing (MCP-PMTs) and for samples with small relative variation in the pixel
intensities.

Y ou may also fix one of the lifetime components. A typical example is the donor fluorescence
in FRET experiments. Theoretically, the slow lifetime component comes from non-interacting
donor molecules. In first approximation, it should therefore be constant throughout the image.
Y ou should, however, be very careful when you use such a priori information. For all lifetime
components there are usually subtle lifetime variations, induced by variation in the local envi-
ronment or the refractive index [23, 101]. If the lifetime you fixed is not really constant the
fitting procedure attempts to compensate for the variations by changing the lifetimes of other
components. This can result in large systematic errors.
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Calculation of the Lifetime Image

The calculation of the lifetime data is started by clicking into ‘Calculate’, ‘Decay matrix’, see
Fig. 97.
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Fig. 97: Calculation of the lifetime image

Especially for double and triple exponential decay models, large pixel numbers, and for large
binning factors the calculation can take several minutes. If the calculation is extraordinarily
slow we recommend:

- Check the ‘Sleep Policy’ of the SPCM software. (Click into Main, Sleep Policy). The set-
ting should be ‘Never be put to sleep during measurement’ and ‘Be put to sleep for a
longer period outside measurement’.

- Check whether your image contains large dark areas. Set the ‘threshold’ appropriately to
exclude these areas from calculation

- You may also set a ‘Region of Interest’ to calculate lifetime data only in the area where
you really need them.

Display of Lifetime I mages

The display of the lifetime image is controlled by the parameters in the ‘Colour’ and ‘Inten-
sity’ panel. The panels are shown in Fig. 98.
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Fig. 98: Control of the lifetime image display. Left ‘Colour’ panel, right ‘Intensity’ panel

Please note that the colour and intensity parameters influence only the display of the data ob-
tained in the previous lifetime analysis. Thus, you can change the parameters without re-
analysing the FLIM data.

- Mode: ‘Continuous’ defines a continuous colour scale over the specified parameter range.
‘Discrete’ allows you to assign red, green and blue colour to specified ranges of the pa-
rameter displayed.

- Range: Parameter range of ‘continuous’ colour scale. The colours are assigned to the pa-
rameter selected under ‘Coding of’.

- Direction: The direction of the colour scale can be red-green-blue or blue-green-red.

- Coding of: The colours of the image can be assigned to any of the decay parameters ob-
tained in a single, double, or triple-exponential fit. Moreover, arithmetic expressions of
two parameters can be defined.
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- Brightness and Contrast: The dliders change the brightness and contrast of the intensity
image and the lifetime image.

- Scaling: Assigns the brightness scale to the photon number defined in the ‘photons per
pixel field. ‘Autoscaling’ sets the scale automatically.

- Reverse X scale, Reverse Y scale: The parameters reverse the images in X and Y.

- Interpolate pixels: For images of small pixel numbers the colour and brightness is interpo-
lated between the individual pixels. We recommend to switch ‘Interpolate’ on to avoid
aliasing of the scan pixels with the pixels of the screen.

- Time gating: Normally the intensity is taken from all time channels of the FLIM data.
With ‘Time Gating’ switched on the intensity is taken from the range defined by the cur-
sors in the decay window. Time gating can be useful to exaggerate image details emitting
a fast lifetime component on a background of a slow component, or vice versa.

Lifetime Parameter Histogram

SPCImage shows a histogram of the displayed decay parameter calculated over the whole im-
age or over a region of interest, see Fig. 99, left. The parameter may be the lifetime of a fluo-
rescence component, an amplitude factor, or another parameter obtained in the fitting proce-
dure. Depending on the settings in ‘Preferences’ the histogram either displays the pure pixel
frequency or the pixel frequency weighted with the pixel intensities, see Fig. 99, left. The his-
togram window has two (black) cursors that can be used to select a lifetime interval. The se-
lected interval automatically changes the parameter range of the lifetime image, and vice
versa.
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Fig. 99: Lifetime distribution window (left) and definitions in ‘Preferences’ (right)
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Special Commands

For more detailed analysis some additional commands were added to the menu which are
available by clicking on theicons in the task-bar.

Cadculate — Lock

The Calculate>Lock command should be used if individual data points are analysed
[ﬁ] after the calculation of the decay matrix. In the “locked” mode no recalculation is per-
formed if the user moves the blue crosshair to different pixels of the image. This
guarantees that the colour coding from the last calculation of the decay matrix is consistent
with the fitting parameters given for the selected pixel.
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Caculate — Unlock

After changing any parameter which may effect the result of the fitting process the
matrix have to be recalculated. If the calculation was “locked” by a previous action
please use the ‘unlock’ command in order to take the changes into effect.

Polygon definition
The function allows you to define a polygon in which the parameter distribution is

i_'_': calculated. Switch on ‘Show Mask Polygon’ in ‘Preferences’ when you use the func-
tion.
IRF definition

Defines the curve currently displayed in the decay window as an IRF.
Conditions- Store

After the selection of the fit-model, the time-range for the fitting procedure, the region
@ of interest in the image etc. it is possible to backup all these settings by using the Con-
ditions>Store command. This is especially useful if two images or traces ( i.e. acquired
in different routing channels ) have to be analysed with exactly the same settings.

Conditions— Load

g Loads all settings which were saved with the Conditions-Store command.
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Applications

M easur ement of Local Environment Parameters

Microscopic pH imaging can be achieved by staining tissue with a pH-sensitive fluorescent
probe [59]. These probes usually have a protonated and a deprotonated form. There is an equi-
librium between both forms that depends on the pH of the local environment. If both forms
have different fluorescence lifetimes the average lifetime is a direct indicator of the pH [75,
96]. A typical representative of the pH-sensitive dyes is 2',7-bis-(2-carboxyethyl)-5-(and-6)-
carboxyfluorescein (BCECF) [59]. In agueous solution the lifetimes of the protonated form
and the deprotonated form have been found 2.75 ns and 3.90 ns, respectively [58]. In the pH
range from 4.5 to 8.5 both forms exist, and the fluorescence decay function is a mixture of
both decay components. Thus, the lifetime of a single-exponential fit can be used as an indica-
tor of the pH.

The measurement of the concentration of intracellular Cl™ in neurones by TCSPC FLIM was
described in [62]. MQAE was used as a fluorescent probe. MQAE is quenched by CI™, and the
concentration can be calculated from the lifetime change via the Stern-Volmer relation. Be-
cause 2-photon excitation does not cause photobleaching and photodamage outside the focal
plane the authors were able to obtain z-stacks of the CI” concentration in dendrites over depth
intervals up to 150 um.

Fluor escence Resonance Energy Transfer (FRET)

FRET is an interaction of two fluorophore molecules with the emission band of one dye over-
lapping the absorption band of the other, see ‘FRET’, page 3. In this case the energy from the
first dye, the donor, can be transferred immediately to the second one, the acceptor. The en-
ergy transfer itself does not involve any light emission and absorption [50, 75]. Forster reso-
nance energy transfer, or resonance energy transfer (RET), are synonyms of the same effect.
The energy transfer rate from the donor to the acceptor decreases with the sixth power of the
distance. Therefore it is noticeable only at distances shorter than 10 nm [75]. FRET results in
an extremely efficient quenching of the donor fluorescence and, consequently, decrease of the
donor lifetime.

Because of its dependence on the distance FRET has become an important tool of cell biology
[86]. Different proteins are labelled with the donor and the acceptor; FRET is then used to
verify whether the proteins are physically linked and to determine distances on the nm scale.

The problem of steady-state FRET techniques is that the concentration of the donor and the
acceptor changes throughout the sample, and that the ‘donor bleedthrough’ into the acceptor
fluorescence cannot be suppressed spectrally. Steady-state FRET techniques therefore require
careful calibration, including measurements of samples containing only the donor or the ac-
ceptor. The calibration problems can partially be solved by the acceptor photobleaching tech-
nique. An image of the donor is taken, then the acceptor is destroyed by photobleaching, and
another donor image is taken. The increase of the donor intensity is an indicator of FRET. The
drawback is that this technique is destructive, and that it is difficult to use in living cells.

The use of FLIM for FRET has the obvious benefit that the FRET intensity is obtained from a
single lifetime image of the donor. No reference images or calibration measurements are nec-
essary. Fig. 100 shows a single-exponential lifetime image of a cultured BHK (baby hamster
kidney) cell that has different proteins labelled with GFP and CY3. The specimen was excited
by a BDL-473-SMC laser (473 nm). The detector was an R3809U-52 MCP PMT.
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Fig. 100: FRET between GFP (donor) and CY 3 (acceptor). Single-exponential lifetime image of the donor fluo-
rescence, lifetime range 1.4 nsto 1.9 ns. Data courtesy of Dr. Harald Neumann, Life and Brain, Kéln, Germany.

Single-exponential lifetime images as the one shown in Fig. 100 are very useful to locate the
areas in a cell where the labelled proteins interact. They do, however, not solve the general
problem of the FRET techniques that the total decrease of the donor fluorescence intensity or
fluorescence lifetime depends both on the distance of donor and acceptor and the fraction of
interacting donor molecules. In the simplest case, a fraction of the donor molecules may not
be linked to their targets, or not al of the acceptor targets may be labelled with an acceptor.
This can happen especially in specimens with conventional antibody labelling [73]. But even
if the labelling is complete by far not al of the labelled proteins in a cell are interacting, and
the fraction of interacting protein pairs varies throughout the cell.

TCSPC FLIM solves this problem by double-exponential lifetime analysis. The resulting do-
nor decay functions can be approximated by a double exponential model, with aslow lifetime
component from the non-interacting (unquenched) and a fast component from the interacting
(quenched) donor molecules. If the labelling is complete, as it can be expected if the cell is
expressing fusion proteins of the GFPs, the decay components directly represent the fractions
of interacting and non-interacting proteins. The composition of the donor decay function is
illustrated in Fig. 101.
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Fig. 101: Fluorescence decay components in FRET systems

Double exponential decay analysis delivers the lifetimes, 1o and 7, and the intensity factors,
aand b, of the two decay components. From these parameters can be derived the true FRET
efficiency, Esqe , the ratio of the distance and the Forster radiug, and the ratio of the num-
ber of interacting and non-interacting donor molecu¥gs,/ No:
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Fig. 102 shows the fluorescence decay curves in a selected spot (array of 7 adjacent pixels,
selected by the blue crosshair) of Fig. 100.
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Fig. 102: Fluorescence decay curve in a selected spot of Fig. 100. The decay profileis clearly double-
exponential.

The fluorescence decay is indeed double-exponential, with a fast lifetime component, e, Of
712 ps, and aslow lifetime component, 7o, of 1.84 ns.

Fig. 103 shows the result of a double-exponential analysis of the data. The left image shows
the ratio of the lifetimes of the non-interacting and interacting donor fractions, 1o/ T« (repre-
sented by t2 and t2 in the lifetime images). The coulour of the image is thus directly related to
the distance of the donor and acceptor molecules. An image of the ratio of interacting and
non-interacting donor molecules N«/No (represented by a/a in the lifetime images), is
shown right. The distributions of 7o/ 7« and Nie/No Over the area of the cell are shown in Fig.
104.

The results show clearly that the variation in the fraction of interacting donor is much larger
than the variation in the distance. Consequently, the variation in the single-exponentia life-
time (Fig. 100) is aimost entirely caused by a variation in the fraction of interacting proteins,
not by a change in distance. In other words, interpreting variations in the single-exponential
lifetime as distance variations leads to wrong results.

Fig. 103: FRET results obtained by double exponential lifetime analysis. Left: 1o/ 7, Right: Ni/No. Please note
that the relative parameter range is the same for both images. Data courtesy of Dr. Harald Neumann, Life and
Brain, Kéln, Germany.
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Fig. 104: Distribution of 7o/ 77, (I€ft, parameter range from 1 to 6) and Ny,/No (right, parameter range from 0.2 to
1.2) over the area of the cell.

Similar double exponential decay behaviour is commonly found in FRET experiments based
on multi-dimensional TCSPC [2, 11, 15, 16, 32, 38, 46, 87]. Double-exponential decay pro-
files have also been confirmed by streak-camera measurements [30, 31].

A genera characterisation of TCSPC-FLIM FRET for monitoring protein interactionsis given

in [32, 40, 41, 87, 97]. Applications to protein interaction related to Alzheimer’s disease are
described in [2, 3, 24, 25, 26]. Interactions between the PCK amBNignalling pathways

have been investigated in [80]. FRET between GFP and RFP and FRET cascades from GFP
via Cy3 into Cy5 are demonstrated in [1] and [88]. The agglutination of red blood cells by
monoclonal antibodies was studied using FRET between Alexa 488 and Dil [93]. Interaction
of the neuronal PDZ protein PSD-95 with the potassium channels and SHP-1-target interac-
tion were studied in [30, 32]. It has also been shown that FRET can be used to monitor con-
formational changes of proteins in cells by FLIM-FRET [38, 76].

A detailed description of a TCSPC-FLIM-FRET system is given in [46]. The system is used
for FRET between ECPF-EYFP and FM1-43 - FM4-64 in cultured neurones.

FRET between ECFP and EYFP in plant cells was demonstrated in [34]. FRET measurements
in plant cells are difficult because of the strong autofluorescence of the plant tissue. The au-
thors show that two-photon excitation can be used to keep the autofluorescence signal at a
tolerable level.

It has been attempted to obtain additional FRET information from the acceptor emission
measured simultaneously with the donor emission in a dual-detector TCSPC system [61]. An
a/b image of the acceptor decay should display the ratio of the acceptor emission excited via
FRET and excited directly. The integral intensity of FRET-excited acceptor emission could
then be used as a second way to obtain the net energy transfer rate. Unfortunately, in typical
FRET systems (especially CFP-YFP), the acceptor decay cannot be observed directly because
of the strong overlap of the donor fluorescence with the acceptor fluorescence spectrum. An
attempt was made in [17] to subtract the donor bleedthrough from the acceptor decay and to
build up ana/b image. In any case, using the acceptor fluorescence requires simultaneous de-
tection of both the donor and acceptor images to reject photobleaching artefacts from the re-
sults.

A promising approach to the exploitation of the acceptor fluorescence is multi-wavelength
FLIM. Reference spectra of the donor and the acceptor are recorded, and the FRET fluores-
cence is fit by a model containing these spectra and the unknown intensity coefficients and
lifetimes of the donor and the acceptor. Thus, multi-wavelength FLIM may lead to a combina-
tion of FLIM-based and sensitised-emission FRET techniques. A demonstration of the tech-
nique has been given in [33].
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Autofluorescence Microscopy of Tissue

Biological tissue contains a wide variety of endogenous fluorophores [71, 92]. However, the
fluorescence spectra of endogenous chromophores are often broad, variable, and poorly de-
fined. Moreover, absorbers present in the tissue may change the apparent fluorescence spectra.
It is therefore difficult to disentangle the fluorescence components by their emission spectra
alone. Autofluorescence lifetime detection not only adds an additional separation parameter
but also yields direct information about the metabolic state and the microenvironment of the
fluorophores [74, 75, 84]. Moreover, autofluorescence imaging has benefits in cases when the
reaction of tissue to optical radiation is to be investigated, such as tumor induction by UV
irradiation. Such experiments forbid the use of exogenous fluorophores because energy or
electron transfer from the fluorophores to the proteins could induce additional photodamage.

The fluorescence decay profiles of tissue autofluorescence are multi-exponential, with decay
components from about 100 ps to several ns. The deviations from single-exponential decay
are substantial, see Fig. 105. Extracting meaningful decay parameters from the data therefore
requires at least double-exponential analysis.
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Fig. 105: Typical decay curve of the autofluorescence of the stratum corneum of human skin, two-photon excita-
tion at 800 nm.

The samples used for tissue imaging are considerably thicker than samples containing single
cells. Often tissue imaging is even performed on living animals. Therefore optical sectioning
and a large penetration depth is required. The method of choice is therefore two-photon exci-
tation with non-descanned detection. Two-photon autofluorescence lifetime image obtained
with the bh FLIM technique are shown in [19, 23, 71, 90]. Two-photon multi-spectral auto-
fluorescence FLIM of mouse kidney tissue was demonstrated in [20].

Obtaining useful autofluorescence images from deep tissue by diode laser excitation is diffi-
cult. The problem is not lack of excitation power or sensitivity but loss of contrast and spatial
resolution due to scattering in the tissue. Reasonable autofluorescence images can, however,
be obtained from cells or thin tissue sections. An example is shown in Fig. 106. A
BDL-405-SMC (405 nm) laser was used for excitation; the detector was an R3809U-52 MCP
PMT. A double-exponential model was used for analysis; the colour of the image shows the
amplitude-weighted mean lifetime, t,. The fluorescence decay curve at the cursor position is
shown right.
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Fig. 106: Autofluorescence lifetime image of aBHK cell. Excitation at 405 nm, detector R3809U-52.
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