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ABSTRACT

Time-correlated single photon counting (TCSPC) fluorescence lifetime imaging in laser scanning microscopes can
be combined with a multi-detector technique that alows to record time-resolved images in several wavelength
channels simultaneously. The technique is based on a multi-dimensional histogramming process that records the
photon density versus the time within the fluorescence decay function, the x-y coordinates of the scanning area and
the detector channel number. It avoids any time gating or wavelength switching and therefore yields a near-ideal
counting efficiency. We show an instrument that records dual wavelength lifetime images with up to 512 x 512
pixels, and single wavelength lifetime images with up to 1024 x 1024 pixels. It resolves the components of double-
exponential decay functions down to 30 ps, and works at the full scanning speed of a two-photon laser scanning
microscope. The performance of the instrument is demonstrated for simultaneous lifetime imaging of the donor and
acceptor fluorescence in CFP/ Y FP FRET systems and for tissue samples stained with several fluorophores.

1. INTRODUCTION

In the last years fluorescence lifetime imaging (FLIM) has become an established technique to investigate energy
transfer processes in cells. FLIM has been used to exploit the environment-dependent lifetime of fluorophores as a
marker function, to measure the pH value, the oxygen concentration or concentrations of physiologically relevant
ions [1-4]. In FRET experiments the lifetimes are directly related to the energy transfer from the donor to the
acceptor [5,6]. FLIM can aso be used to distinguish between different fluorophores [7,17,18]. In particular, the
fluorescence lifetime helps to distinguish between different natural fluorophores with their often overlapping and
poorly defined fluorescence spectra [8,9].

Simultaneously, confocal (CLSM) and two-photon laser scanning microscopes (TPLSM) caused arevolution in cell
imaging [10-15]. The capability of high contrast fluorescence imaging, depth resolution, and deep tissue imaging
make these instruments superior to conventional microscopes.

All lifetime imaging technigques - the single detector modulation technique [16-18], modulated image intensifiers
[19-21], gated image intensifiers [22,23], multi-gate photon counting [24,25], and time-correlated single photon
counting (TCSPC) [5,26-28] have been used in combination with laser scanning microscopes. However, only the
single-detector modulation technique, multi-gate photon counting and TCSPC can exploit the capability of CLSMs
and TPLSMsto deliver clear images of deep tissue layers.

Unfortunately the fluorescence decay functions in practical FLIM applications are usually not single exponential.
Natural fluorophores often have several decay components by themselves, and the variable local environment may
change the lifetime of different molecules in a different way. In FRET experiments the FRET intensity depends on
the random distance and orientation of the donor and acceptor molecules, which makes the donor lifetime clearly
multi-exponential [5]. Deriving the FRET efficiency or intermolecular distances from a single exponential decay
approximation may lead to wrong results.

Another basic problem of all FLIM techniques in microscopy is to get a sufficiently large number of photons from
a small sample volume. Although acceptable steady state images can be obtained with less than 100 photons per
pixel, even rough single exponential decay analysis requires several 100 photons. High accuracy single exponential
analysis requires several 1000 photons, and double exponential decay analysis some 10.000 to 100.000 photons per
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pixel [29]. Unfortunately the number of photons that can be obtained from a sample is limited by photobleaching.
The problem is particularly severe for two-photon excitation where photobleaching is highly nonlinear [30].
Therefore, a FLIM technique for multi-exponential decay analysis does not only need a sufficiently high intrinsic
time resolution and accuracy but also a high counting efficiency. Although al FLIM techniques are more or less
capable to resolve multi-exponential decays only TCSPC can be considered a standard technique for multi-
exponential decay analysisin scanning microscopes.

We will show that the TCSPC imaging technique has a superior counting efficiency, resolves lifetimes down to a
few 10 ps, alows for multi-exponential decay analysis, and is compatible with the fast scan rates of modern
CLSMs and TPLSMs. Moreover, TCSPC imaging is able to record images in different wavelength intervals
simultaneously. Multi-wavelength operation increases the efficiency of TCSPC imaging even beyond the widely
accepted theoretical limit givenin [34].

2. MULTI-WAVELENGTH TCSPC IMAGING

Traditional time-correlated single photon counting is based on the excitation of the sample with a high-repetition
rate pulsed light source, the detection of single fluorescence photons, and the build-up of a histogram of the photon
detection times. The result is the distribution of the photon density versus time, i.e. the fluorescence decay curve.
Compared to traditional TCSPC setups [26,27,31] the maximum photon count rate has been increased dramatically
by using high repetition rate Titanium-Sapphire lasers and a new analog-to-digital conversion technique [32]. For
use in laser scanning microscopes the technique has been extended to the build-up of a three-dimensional photon
density pattern versus the time in the decay curve and the coordinates of the scanning area [28].

The TCSPC imaging technique can be used with several detectors
working in different wavelength intervals. The technique works
both with a multichannel PMT [33] and with severa individual
PMTs or MCP-PMTs [32]. It makes use of the fact that the
detection of several photons in different detector channels in one
laser period is unlikely. Therefore, the single photon pulses from
all detector channels can be combined into a common photon
pulse line and sent through the normal time measurement
procedure of the TCSPC module.

The principle of the used detector electronics is shown in fig. 1.
The output of each PMT channel is connected to a discriminator. R3809U
When the PMT detects a photon the corresponding discriminator
triggers and sends a pulse to the subsequent encoding logic. The Summing Amplifier
encoder delivers the number of the PMT channel that detected the
photon. The channel number is used as an additional dimension Fig. 1: Principle of detector electronics for TCSPC

in the multi-dimensional histogramming process of the TCSPC multi-detector operation

imaging technique. In the unlikely case that several detectors

deliver output pulses in the same laser period the encoder delivers a ‘don’t count’ signal that suppresses the
recording of the event in the TCSPC module. The technique can reasonably be used for up to four individual ultra-
fast MCP-PMTs or one 16 channel or 32 channel multi-anode PMT.

The principle of the multi-detector TCSPC imaging technique is shown in fig. 2. The recording electronics consists
of a time measurement channel, a scanning interface, a detector channel register, and a large histogram memory.
The time measurement channel contains the usual TCSPC building blocks (CFDs, TAC, ADC) in the ‘reversed
start-stop’ configuration. For each photon, it determines the detection time (t) with respect to the next laser pulse.
The scanning interface is a system of counters which receive the scan control signals (frame sync, line sync and
pixel clock) from the microscope. It determines the current location (x and y) of the laser spot in the scanning area.
Synchronously with the detection of a photon, the detector channel number (n) for the current photon is read into
the detector channel register. If the light is split into different wavelength intervals in front of the detectors n
represents the wavelength of the detected photon.

The obtained values for t, x, y and n are used to address the histogram memory in which the distribution of the
photons over time, wavelength, and the image coordinates builds up. The result is a four dimensional data structure
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that contains separate blocks for the different wavelength intervals. Each block can be regarded as an image
containing afull fluorescence decay curve in each pixel.

The data acquisition runs at any desired scanning speed of the microscope. The data acquisition can be repeated as
often as necessary to collect enough photons. Due to the synchronisation via the scan clock pulses, the regular
zoom and image rotation functions of the microscope act automatically on the TCSPC recording and can be applied
in the usual way.
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Fig. 2: Multi-detector TCSPC imaging

It should be pointed out that the histogramming process does not use any time gating or wavelength scanning.

Therefore, the method yields a near perfect counting efficiency and a maximum signal to noise ratio for a given
fluorescence intensity and acquisition time. Due to the short dead time of the TCSPC imaging electronics (125 ns)
thereisvirtually no loss of photons for count rates up to afew 10°/s as they are typical for cell imaging.

To characterise the efficiency of a recording technique both the ‘counting efficiency’ and the ‘figure of merit’ [34]
can be used. The counting efficiency, E, is the ratio of the number of recorded photons to the number of detected
photons. The figure of merit, F, is the ratio of the signal-to-noise ratios of an ideal technique recording all detected
photons and the technique under consideration.

N recorded SN I%deal 1

Fig. 3 shows the counting efficiency and the figure of merit as a function of the detector count rate for commonly
used FLIM techniques. The values for the modulation techniques and the gated image intensifier are according to
[35], the values for the multi-gate photon counting technique were taken from [36]. The TCSPC values were
calculated for a dead time of 125 ns. The efficiency of TCSPC is almost independent of the fluorescence lifetime
down to the full width at half maximum (FWHM) of the instrument response function (IRF). However, it decreases
at high count rates because some of the detected photons are lost in the system dead time. Nevertheless, TCSPC
beats all the other techniques for efficiency up to detector count rates of 4 MHz. This count rate is higher than the
maximum count rate that can be obtained from an R3809U MCP without exceeding the maximum permitted output
current. The counting efficiency of dual-detector TCSPC imaging is even better than the theoretical limit of [34].
This result is explained by the fact that the reference for the counting efficiency and the figure of merit is an ideal
single channel recording device. The two channels of a dual-detector TCSPC device ideally record twice as much
photons so that the efficiency is correspondingly better.
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Fig. 3: Counting efficiency and figure of merit F of TCSPC imaging compared to other techniques
F istheratio of theoretical SNR to obtained SNR, F=1 meansidea SNR

3. MICROSCOPE SETUP

The general setup of the FLIM microscope is shown in fig. 4. For the measurements presented below we used a

Zeiss LSM 510 NLO two-photon laser scanning microscope in the Axiovert 200 version. An excitation wavelength

of 860 nm was used for all experiments described in this paper. The non-descanned fluorescence signal from the

sample was fed out of the rear port of the Axiovert. A dual detector assembly with a dichroic beamsplitter and two
Hamamatsu R3809U M CPs was attached to this port. BG39 laser blocking filters and bandpass filters were inserted

directly in front of the detectors. For al measurements presented below we used a 510 nm dichroic (FT510, Zeiss)

and bandpass filters with 480 £ 15 nm and 535 + 13 nm transmission wavelength from Omega Optical, Brattleboro.

The filters were selected to detect the fluorescence of the CFP and the Y FP, respectively.

Photon counting detectors, particularly MCP-PMTSs, can easily be damaged or destroyed by overload. Even when

an MCP or PMT is switched off the cathode performance is impaired temporarily if the cathode is exposed to a

high light intensity [37]. In all microscopes the microscope lamp is a potential source of detector damage. Thus, a

simple operator error can destroy one or several FLIM detectors. Even daylight leaking through the sample into the

detection path can cause severe detector overload. The problem is particularly severe in two-photon microscopes

with non-descanned detection because the detection optics collects the light from a large area of the sample. In

these instruments the light from the lamp can be so strong that the detector is jeopardised even when its operating

voltage is switched off. Therefore, aFLIM system has to include suitable overload protection for the detectors.

We used a shutter in front of the detector assembly. The shutter is closed when the maximum detector output

current - 100 nA for the R3809U MCP - is exceeded or when a photodiode in front of the shutter detects a
dangerous intensity level. Thus, the shutter closes when overload occurs and cannot be opened as long as a

potential overload situation persists. The detector / shutter assembly is shown in fig. 5. A similar setup with two

shutters can be used for LSM 510 microscopes with the Zeiss NDD switch box installed (fig. 6).

The single photon pulses from the two R3809U detectors are fed into the HRT-41 router [38]. For each detected

photon, the router delivers a timing pulse and a ‘routing’ bit that indicates in which PMT the photon was detected.
These signals are connected to the SPC-830 TCSPC imaging module [39]. The reference signal for the time
measurement is obtained from the reference photodiode of the Titanium-Sapphire laser. The imaging process in the
SPC-830 module is synchronised with the scanning process via the frame sync, line sync and pixel sync signals
from the microscope control box.
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Fig. 4: Setup of the dual-wavelength lifetime microscope (components not to scale)

Fig. 5: Dua R3809U assembly for general application. Fig. 6: Dua R3809U assembly for Zeiss LSM 510 NDD box

4. RESULTS

The detection system was tested for electronic time resolution and channel separation by sending an attenuated
laser beam directly to the detectors. The instrument response
function (IRF) at 3kV MCP operating voltage is shown in fig. == i
7. The IRF width is 28 ps. The electronic channel separation f
remains better than 1:10° up to a count rate of 1.5-10°s® = ==

The optical channel separation of different fluorophores = ==

- particularly CFP and YFP - must be expected much lower Z==-

due to the overlap of the fluorescence spectra. - [i
Fig. 8 shows a cell transfected with CFP only. The cell was = P
excited by two-photon absorption at 860 nm. The two images | .« P
were obtained in the 480 nm channel and the 535 nm channe, NI \_
respectively. Due to the long wavelength tail of the CFP = = ===
fluorescence spectrum [6] a considerable amount of CFP
fluorescence is detected in the 535 nm channel. This known
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Fig. 7: Instrument response function, 3 kV MCP voltage
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problems has significant implications to quantitative FRET measurements that use intensity ratios of the CFP and
Y FP fluorescence. The single exponential lifetimes averaged over the whole images are 2.28 ns and 2.13 ns, in
reasonable agreement with [7]. The decay functions of a 3x3 pixel region around the indicated location are shown
right. The decay functions in both wavelength channels are double exponential with two components of 1.2 to
1.3 ns and 2.8 to 2.9 ns. The deviation from a single exponential decay is very small and not discernible in data
obtained from single pixels. Although the non-ideal CFP decay does not have severe implications to FRET
measurements it should be noted that detailed investigation of the fluorescence decay of the GFP mutants and its
dependence on local environment parameters appears i ndicated.

Fig. 9 shows similar results for a cell transfected with YFP only. Because the YFP is not excited efficiently at
860 nm the brightness scale was stretched by a factor of 22.5 compared to the CFP images. No Y FP fluorescence
was detected in the 480 nm channel, and the decay curve is single-exponential within the accuracy of the photon
statistics.
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Fig. 8: HEK cdll transfected with CFP. Left: 480 nm channel, centre: 535 nm channel. Theindicated lifetime is averaged over
the whole cell. Right: Decay curvesin the selected spot of 3x3 pixels.
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Fig. 9: HEK cdll transfected with Y FP. Left: 480 nm channel, Centre: 535 nm channel. Theindicated lifetimeis averaged over
the whole cell. Right: Decay curvesin the selected spot of 3x3 pixels. Brightnessis increased by afactor of 22.5 compared to
CFP images

Fig. 10 shows FLIM results for an HEK cell expressing two interacting proteins, which are labeled with CFP and
YFP, respectively. FRET is expected in the regions where the proteins are co-localised. The fluorescence was
excited by two-photon absorption at 860 nm. The TCSPC images were recorded with 128 x 128 pixels, i.e. with a
4 x 4 binning of the pixels of the regular 512 x 512 LSM 510 scan. The 480 nm (CFP) channel is shown left, the
535 nm (YFP) channel right. Both figures contain a lifetime image with the single-exponentia lifetime
approximation used as colour, the distribution of the lifetimes in a region of interest, and the fluorescence decay
functionsin a selected 3x3 pixel area.

The YFP intensity is highest in the regions where the CFP lifetime is shortest. Thisis a strong indication that FRET
occurs between CFP and Y FP. A double exponential analysis shows a fast lifetime component of t; = 663 ps and a

Proc. SPIE 4963 (2003) 6



dow one of t,=2.298 ns. The intensity coefficients are & = 0.479 and & = 0.521, respectively. It appears
reasonable to relate these components to the quenched and unquenched donor molecules.

Due to the energy transfer from the CFP the Y FP fluorescence should actually show an excimer-like decay, i.e. a
fast decay component, t;, with a lifetime that corresponds to the fast CFP component, and a negative intensity
coefficient, a;. Although this behaviour can often be observed in cells that have all the CFP and Y FP molecules
linked directly by alipid chain [33] no such decay component was found in the cells investigated here. The decay is
amost single exponential. The lifetimeis 2.7 ns with an 4.5 % contribution of 600 ps. The reason is most likely the
overlap of the long wavelength tail of the CFP spectrum into the 535 nm (YFP) channel. Therefore the 535 nm
channel contains a considerable fraction of CFP fluorescence, and the positive fast CFP component over-
compensates the negative fast Y FP component.

Pt Conder B (e e P Cobier M ottt
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Fig. 10: HEK cell expressing two interacting proteins labeled with CFP and Y FP. Left: 480 nm channel. Right: 535 nm channel.
Single exponential lifetime images, lifetime distributions in a region of interest, decay functions a in selected pixel, and double
exponential fit for selected spot of 3x3 pixels.

Fig 11 shows images which were calculated by fitting a biexponential decay function to the data obtained in the
480 nm (CFP) channel. The images show the lifetime of the fast decay component (left), the lifetime of the slow
component (middle), and the ratio of the intensity coefficients &g / ayow (fight) as colour.

Fig. 11: HEK cell expressing two interacting proteins labeled with CFP and YFP. Left: Lifetime image of the fast decay
component, Middle: Lifetime image of the ow decay component, Right: Image of the ratio of coefficients &y / agow - The
parameters are shown as colour. Colour scale of lifetime is from 500 ps (blue) to 2500 ps (red), colour scale of aay / agow 1S
from 0.2 (blue) to 1.0 (red).
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The lifetimes of the decay components do not change significantly throughout the image. However, a strong effect

is seen in the relative intensity coefficients of the two lifetime components. Although the same genera effects are

seen in the single exponential lifetimes image of fig. 10 double exponential analysis has the benefit that the relative
coefficients represent the relative number of quenched and unquenched molecules, whereas the lifetime of the fast
component is related to the average coupling efficiency of the FRET pairs.

For the images shown above 4 x 4 pixels of the regular 512 x 512 pixel scan of the LSM 510 were binned to get

enough time bins and enough photons per pixel to run a double-exponential decay analysis. However, the SPC-830

module is able to record single wavelength lifetime images with 1024 x 1024 pixels and dual, triple or quadruple
wavelength lifetime images with 512 x 512 pixels. An example is shown in fig. 12. It shows a 16 um cryostat
section of a mouse kidney (Molecular Probes, F-24630) stained with Alexa Fluor 488 WGA, Alexa Fluor 568
phalloidin, and DAPI. The sample was excited by two-photon excitation at 860 nm. Fig. 12 (left) shows a
1024 x 1024 pixel image containing the photons of both wavelength channels. Although the fluorophores are not
excited efficiently at 860 nm the image clearly shows different lifetimes.

Fig: 12: Mouse kidney sample stained with Alexa Fluor 488 WGA, Alexa Fluor 568 phalloidin, and DAPI. Colour represents
lifetime, blue to red = 750 to 2250 ps. Left: 1024 x 1024 pixel image containing the photons of both wavelength channels,
Middle: 512 x 512 image of 488 nm channel, Right: 512 x 512 image of 535 nm channel

Fig. 12, middle and right, show two 512 x 512 pixel images obtained in the 488 nm and in the 535 nm channel. The
488 nm image shows mainly the Alexa Fluor 488 fluorescence originating from labeled elements of the glomeruli
and convoluted tubes. Therefore the lifetime is almost constant. In the 535 nm channel all three fluorophores are
detected. Alexa Fluor phalloidin stained the filamentous actin prevalent in the glomeruli and the brush border. The
signals overlap in this channel but can be separated by their lifetime.

5. CONCLUSIONS

TCSPC imaging delivers high resolution lifetime images simultaneously in several wavelength intervals. Compared
to consecutive single wavelength imaging the counting efficiency is multiplied by the number of detection
channels. The technique can be used to image the donor and the acceptor fluorescence in FRET systems
simultaneously and to resolve the multi-exponential decay of the donor fluorescence. Other possible applications
are autofluorescence lifetime imaging of tissue and lifetime imaging of cells or tissue containing several
fluorophores with environment-dependent lifetimes.
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