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 ABSTRACT

The Lambert Instruments Fluorescence Lifetime Attachment LIFA enables easy to use and affordable Fluorescence
Lifetime Imaging Microscopy (FLIM). The system implements the homodyne detection scheme for measuring the
fluorescence lifetime in each pixel of the image. The microscopy system features an ultra bright LED illuminator, the
LI-µCam intensified CCD camera and a high frequency signal generator. The LED illuminator replaces the excitation light
source of a standard fluorescence microscope, while the LI-µCAM intensified CCD camera is attached to the photo-port.
Both the illuminator and the intensifier are modulated at a frequency up to 100 MHz while a series of images is recorded
each at a different phase difference between illuminator and intensifier. The lifetime image is calculated from this series of
images on a personal computer.
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1. INTRODUCTION

Quantitative fluorescence microscopy uses the intensity of the fluorescence to extract information about the local
concentrations of molecules that are labeled with fluorescent probes. This technique suffers from the fact that the
fluorescence of the probe is permanently destructed by light-induced conversion of the probe material to a non-fluorescent
compound. This photochemical process is called "bleaching" and makes it necessary to regulate the excitation dose in an
economical way. Another physical property of fluorescent molecules is the fluorescence lifetime. The fluorescence lifetime
is the decay time of the emission after the excitation has been stopped. The fluorescence lifetime depends on the local
concentrations of certain molecules or ions. Changes in fluorescence efficiency as caused by bleaching are not accompanied
by changes in fluorescence lifetime. Fluorescence lifetime imaging microscopy (FLIM) merges the information of the
spatial distribution of the probe with the lifetime to enhance the reliability of the concentration measurements.

Additionally, FLIM enables the discrimination of fluorescence coming from different dyes, including autofluorescent
materials, that exhibit similar absorption and emission properties but showing a difference in fluorescence lifetime.

More recently FLIM is used in combination with FRET (Fluorescence Resonance Energy Transfer) using GFP labeling
techniques to study macro molecular interactions.

In this article the time domain and the frequency domain method for lifetime imaging are explained; for a more detailed
background about FLIM methods, experiments and results is referred to the literature1.

2. FLIM

Upon excitation fluorescent molecules exhibit delayed emission. The integrated emission of a large number of molecules
shows an exponential time-coarse (see Figure 1). In FLIM, the time constants in each pixel of the image are determined
from the decay of the emission. Two approaches have been described to implement FLIM: the pulse method and the
frequency method2,3.

                                                          
*KStoop@Lambert-Instruments.com; **LKvGeest@Lambert-Instruments.com; ***C.J.R.van.der.Oord@Coord.nl;
Lambert Instruments, Turfweg 4, 9313 TH LEUTINGEWOLDE, The Netherlands; telephone: + 31 (50) 501 84 61; fax:
+ 31 (50) 501 00 34.



2

Fluorescence decay after pulsed excitation
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Figure 1: Upon excitation with a short light pulse (black line) of fluorescence molecules the time-coarse of the emission intensity shows
an exponential decay. The blue and red lines describe the simulated mono-exponential emission of dyes with a decay constant (lifetime)

of respectively 0.2 and 1.0 ns.

With the pulse method (see Figure 2) the specimen is excited with a short pulse and the emitted fluorescence is integrated in
two or more time-windows. The relative intensity capture in the time-windows is used to calculate the decay characteristics.
The determination of prompt fluorescence with lifetime in the range of 0.1 to 100 ns requires elaborate fast excitation pulses
and fast gated detection circuits. Currently, rather expensive pulsed laser systems and scanning imaging systems are used to
meet these requirements2,7,8,9.

Fluorescence lifetime measured in the time domain
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Figure 2: With the pulse method the sample is excited with a short pulse and the emitted fluorescence is integrated in two or more time-
windows (hatched areas). The decay characteristics can be calculated from the integrated signals captured in each time-window.

As an alternative to the time domain method, the LIFA fluorescence lifetime imaging system as described here, uses the
frequency domain method to measure the lifetime. This method uses a homodyne detection scheme and requires a
modulated light source and a modulated detector. The excitation light is modulated in a sinusoidal fashion. The fluorescence
intensity shows a delay or phase-shift with respect to the excitation and a smaller modulation-depth (see Figure 3). The
phase-shift and modulation-depth depend on the decay constants of the fluorescent material and the modulation frequency.
It can be shown that the lifetime of a fluorescent material can be determined from the phase-shift by the following relation:

( )ϑ= tan
ω
1τϑ

where ωωωω is the angular frequency of the modulation and ϑϑϑϑ is the phase-shift.
Equally the lifetime can be determined from the modulation depth m which is the relative modulation depth of the emission
signal as compared to the excitation, by:

11
ω
1

2
τ −=

m
m

In case of a mono-exponential material, the lifetime derived from the phase should be equal to the lifetime derived from the
modulation depth.
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To measure fluorescence decay times in the range of 20 ns down to 0.5 ns, modulation frequencies of 5 to 100 MHz
respectively will be used.

sine excitated fluorescence
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Figure 3: With the frequency method the excitation intensity is modulated. The fluorescence intensity shows a modulation with the same
frequency but a shifted phase and a smaller relative modulation. The red and blue lines describe the simulated emission of dyes with a

mono-exponential decay constant (lifetime) of respectively 0.5 and 2.0 ns. The decay characteristics can be calculated from the phase shift
and relative modulation.

To extract the phase-shift and the modulation-depth of the fluorescence light an intensified detector is used. The sensitivity
of the intensifier is modulated with the same frequency as the excitation modulation (see Figure 4), but with an adjustable
phase-shift. The detector signal level depends on the phase-shift of the fluorescence signal relative to the modulated
sensitivity of the detector. A series of measurements is made at a number values for the phase-shift. The detector signal
height is plotted as a function of the measure phase (ϕϕϕϕ) and a sine is fitted through the series of data-points. The modulation-
depth (m) and phase-shift (ϑϑϑϑ) of the sine as shown in Figure 4E, are used to extract the decay constants that are present in
the fluorescence emission1. In the case of a mono-exponential material, the lifetime is extracted according to the formulas
for τϑ or τm as given above. To create the complete fluorescence lifetime image, a series of images is captured each taken at
a different intensifier phase-shift. For each pixel a sine is fitted through the data-points and from the modulation-depth and
phase-shift the lifetime is calculated.
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Figure 4: (A): The modulated fluorescence signal (red) is detected by a camera with a modulated sensitivity (blue). The resulting detector
signal (green) is demodulated and averaged in the time to obtain the pixel intensity (single headed arrow). (B,C,D): The modulated
detector sensitivity is phase-shifted relative to the phase of the excitation modulation to obtain a series of measurements of the pixel
intensity. (E): The series of measurements is plotted as a function of the measure phase (ϕ) and a sine is fitted through  the data points.
The fluorescence decay constants can be calculated from the phase-shift (ϑ) and the modulation depth (m) of this sine.
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3. SYSTEM COMPONENTS
The FLIM system uses a standard fluorescence microscope. In order to make it suitable for FLIM, a special light source and
camera have to be installed. The complete setup of the Lambert Instruments FLIM system and microscope is shown in
Figure 5.

Figure 5: FLIM system setup: Wide field fluorescence microscope and LIFA attachment for FLIM.

A modified lamphouse with an LED light source is attached to the excitation port of the microscope. An intensified CCD
camera is attached to the camera port. A signal generator delivers modulation signals to the LED and to the image
intensifier. Both the camera and the signal generator are computer controlled. The images from the camera are captured by a
frame grabber installed in the computer. Remote operation enables the computer to set all important parameters. By using
custom made software (Lambert Instruments) a sequence of images at an increasing phase difference is acquired. With this
sequence made of the sample and a similar sequence made of a reference object the software calculates a lifetime image.
The lifetime image is then available for further processing or storage on the computer.

3.1. Light source
In many experimental FLIM systems described in the literature a laser in combination with an external modulator is used to
excite the fluorescent molecules in a modulated fashion. For example an Ar/Kr gas laser with acousto-optic modulator
(AOM)  is used by Gadella1. In order to develop an affordable and easy-to-use FLIM system we have looked at low cost
light sources that can be directly RF modulated. As an alternative to the Ar/Kr laser, ultra bright LEDs with different
wavelengths have been tested successfully. These LEDs are already used for cuvette based lifetime measurements4.  LEDs
are easy to modulate and thanks to their non-coherency do not cause unwanted interference patterns. An acousto-optic
modulator therefore is not required. The LED can also be connected to the light port of the microscope easily. As an
alternative solid state laserdiodes can be used as described by Boddeke5.

3.2. Camera/Detector
The modulated fluorescence coming from the sample and containing the lifetime information of each pixel has to be
detected in order to retrieve the spatial and lifetime information. This is achieved by imaging the sample with the
microscope on the input of an image intensifier that demodulates and intensifies the image. The demodulated image then is
projected on the CCD image sensor, part of a complete CCD camera. This is done by either using relay lenses or via a
tapered fiber-optical image guide, matching the image size to the format of the CCD.

A Lambert Instruments LI-µCAM digital intensified CCD camera is used in the LIFA system. It contains an image
intensifier as an integral part of the camera. This camera can be equipped with several types of image intensifiers. For the
FLIM application a gain-modulated second generation (Gen II) image intensifier is selected. The intensifier is fiberoptically
coupled to the CCD, ensuring a minimum of signal loss. The LI-µCAM camera offers many modes including Long Time
(on-chip) Integration, which gives the system excellent sensitivity. The camera is fully controlled by software via its GPIB
interface. The image data are transferred to the computer via a framegrabber.

The LI-µCAM used for the FLIM system is equipped with a proximity focused Gen II image intensifier coupled to the CCD
via a tapered fiber optic as shown in Figure 6.
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Figure 6: Proximity focused Gen II image intensifier with tapered fiber optic and CCD.

The Gen II proximity focused intensifier is selected for the FLIM application for the following reasons:
- the gain of the intensifier can be modulated relatively easy by either cathode or MCP voltage modulation.
- photocathodes can be selected with optimised spectral response to the fluorescence to be detected.

Demodulation of the fluorescent image is done by modulation of the image intensifier gain at the same frequency
(1-100 MHz) as the excitation of the object is modulated with. This is done by varying the voltage between cathode and
MCP.

3.3. Signal generator
The signal generator uses Direct Digital Synthesis (Analog Devices, AD9850). It produces two sine waves at frequencies
from 1 to 100 MHz with increments of 0.1 MHz. The maximum frequency error is 100 ppm. The phase difference is
selectable from 0° to 359° with increments of 1°. The phase error between the two signals is negligible. One output signal is
coupled to the LED. The second output signal is amplified and coupled to the ICCD camera. The signal generator is remote
controlled via a serial line protocol (RS-232). The control software is integrated in the FLIM software.

4. CALIBRATION
In the lifetime image acquisition procedure, a number of images is acquired at different measure-phase settings. From these
images, the phase and modulation depth images are estimated. To relate this relative phase image and absolute modulation
depth image to an actual lifetime image a reference is necessary. The reference for the phase compensates for path length
differences, frequency dependent phase-shifts in the electronics (amplifier, intensifier driver, LED driver) and the phase lag
towards the center of the photocathode. The reference for the modulation compensates for the modulation depth of the LED
and the image sensor and for the decreasing modulation depth towards the center of the photocathode. The references are
frequency dependent and vary over the image (spatial low-pass filtering of the photocathode). The references for the phase
and modulation depth are acquired with the normal lifetime image acquisition procedure while the microscope is focused on
a �reference� object with a fixed known lifetime. As a reference object a piece of  fluorescent plastic is used.

Figure 7 shows the reference object of which 12 images are recorded at 12 different phases at a modulation frequency of 35
MHz. The images are presented in an image stack and as tiles.

Figure 7: Image stack and tiled presentation of 12 phases of the reference image
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In Figure 8 the intensity of a single pixel is plotted as a function of phase and a sine curve has been fitted.
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Figure 8: Sine fit in one pixel; Reference

From the curve it can be seen that the maximum signal does not quite correspond with phase 0.

5. SAMPLE IMAGES
After the reference image has been recorded, the microscope is focused onto the sample and a fluorescence image of the
sample is recorded. Figure 9 shows the fluorescence intensity image of the sample.

Figure 9: Fluorescence image of sample

The sample shows convalaria (image taken with the Lambert Instruments system at the laboratory of Dr. T. Jovin, Max
Planck Institute in Göttingen, Germany) with different lifetimes in the center, middle and outer range. In the same way as
for the reference image a series of 12 images is recorded at 12 different phases at the same modulation frequency. These
images are shown in the image stack and tiled presentation in Figure 10.

Figure 10: 12 phases of sample in image and tiled presentation
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Figure 11 shows the value of a single pixel plotted as a function of the phase and the sine that has been fitted. This is done
for the same pixel as presented for the reference. Both plots, reference and sample, are presented in Figure 11 and can be
compared. It can be discerned that the sample plot is shifted approximately 1 phase-step equal to 30º as compared to the
reference.
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Figure 11: Sine fit in one pixel; Sample and Reference

6. LIFETIME MEASUREMENTS
From the reference and sample data as described in the previous paragraphs, the lifetime image is automatically calculated
and presented in a way as shown in Figure 12. By using the colored presentation, lifetimes are easily read from the color
scale.

Figure 12: Lifetime image

Other examples of biological samples that have been imaged with the LIFA FLIM system are Hela cells with GFP and
human bone cells with the protein SP100. The lifetime image of those objects showed a time resolution between 0,1 and
0,2 ns measured by the standard deviation of the lifetime over an area of 1024 pixels.

7. SOFTWARE
Methods and algorithms that are used to retrieve lifetime information from the acquired images following the frequency
domain method are described in Boddeke�s thesis5, being the basis of the system described in this paper. Further reference is
given to the publications of Gadella6 et al. treating the subject extensively.
The system is easy to use and  contains enough intelligence to acquire automatically a series of sample images and reference
images at different phase shifts between excitation modulation and detector modulation at the optimal frequency to compute
and present the lifetime images. Both the LI-µCAM computer control with image transfer and  computer control of the
signal generator are integrated in the FLIM software to fully automate the measurement and calculation sequence, making
the system very user friendly. The developed lifetime software routines and hardware control software is integrated in
existing image processing and presentation software. The lifetime software has been tested by using a simulation program10.
The software has been designed in such a way that operation of the whole system is not complicated and easy for the user.
Within one window the settings can be made and image acquisition can be started after selection of either Reference or
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Sample. When �Sample� is selected, images of the sample are collected and calculation of the lifetime image is
automatically done by using sample and reference data. The ease of use of the system is demonstrated in the dialog windows
shown in Figure 13.

Figure13: The FLIM dialogs used to capture and analyze lifetime images. The frequency and number of phases must be entered manually.
After mounting a suitable reference sample, the Reference Record button is pressed to acquire and calculate all reference images. After

the specimen is mounted, the Measurement Record button is pressed to acquire and calculate the lifetime image.

The camera settings, like intensifier and video gain, black level, integration time etc. are also controlled via the software.
Figure 14 shows some of the control windows.

Figure14: The camera control dialogs used to adjust the camera settings. The video gain, intensifier gain and integration times are set to
get the appropriate sensitivity for the sample to be imaged. The cathode voltage is set to a value where in combination with the

modulation signal strength the optimal modulation depth is obtained.
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Appendix 1

INTRODUCTION
The quality of Fluorescence lifetime Imaging can be greatly improved by combining the intensity information from the
monochrome fluorescence image and the calculated lifetime image. Structures that are visible in the intensity image but are
masked in the lifetime image will remain visible in the combined image. The images that recently have been made with the
LIFA system at the Max Planck institute in Göttingen and at EMBL in Heidelberg are post processed to show the combined
lifetime and intensity image. Image series 2 clearly shows FRET on the membranes of the cells.

IMAGES
Series 1 (Convalaria) (Max Planck Institute)

Intensity        Lifetime                Lifetime + Intensity

Series 2 (MCF7 cells with ErbB.1-GFP as donor and Py72/Cy3 as acceptor) (EMBL)

Intensity        Lifetime                      Lifetime + Intensity

Series 3 (tubulin alexia + golgi Cy3) (EMBL)

Intensity        Lifetime                Lifetime + Intensity


