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F UL L ART I C L E
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Widefield frequency-domain fluores-
cence lifetime imaging microscopy
(FD-FLIM) measures the fluorescence
lifetime of entire images in a fast and
efficient manner. We report a wide-
field FD-FLIM system based on a
complementary metal-oxide semicon-
ductor camera equipped with two-tap
true correlated double sampling lock-
in pixels and lateral electric field
charge modulators. Owing to the fast
intrinsic response and modulation of
the camera, our system allows parallel
multifrequency FLIM in one measure-
ment via fast Fourier transform. We demonstrate that at a fundamental frequency
of 20 MHz, 31-harmonics can be measured with 64 phase images per laser repeti-
tion period. As a proof of principle, we analyzed cells transfected with Cerulean
and with a construct of Cerulean-Venus that shows Förster Resonance Energy
Transfer at different modulation frequencies. We also tracked the temperature
change of living cells via the fluorescence lifetime of Rhodamine B at different fre-
quencies. These results indicate that our widefield multifrequency FD-FLIM sys-
tem is a valuable tool in the biomedical field.
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1 | INTRODUCTION

Fluorescence lifetime imaging microscopy (FLIM) is
becoming increasingly attractive in bioimaging and poten-
tially in medical diagnostics. It offers an imaging contrast
based on fluorescence lifetime due to differences at the
molecular level of microenvironments and interaction
between molecules. It is an important addition and

complementary to the traditional fluorescence intensity and
spectrum measurements [1–3]. Most FLIM systems use laser
scanning–based microscopes, that is, confocal [4, 5] and
multiphoton [1, 6, 7] with single-channel detectors, such as
photomultiplier tube or avalanche photodiode. Meanwhile,
widefield type FLIM systems could provide higher imaging
speed than scanning systems [8–10], which is particularly
useful for studies with critical requirements in speed.
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Frequency domain technique is commonly used in wide-
field FLIM experiments. It measures the fluorescence
response of repetitively excited samples using high-repeti-
tion-rate lasers. The fluorescence emission at each pixel can
be analyzed to determine the phase delay and the demodula-
tion of the fluorescence emission with respect to the excita-
tion. Using a proper sample which has a known lifetime as
the reference, the fluorescence lifetime of an unknown sam-
ple at each pixel can be determined accurately and rapidly.
Traditionally, such a time-resolved widefield system for
frequency-domain FLIM involves an image intensifier and a
camera with appropriate control, as we reported in detail ear-
lier in [11]. In short, it requires independent control of pho-
tocathode voltage and multichannel plate voltage. To
modulate the photocathode at desired frequency and phase,
an extra frequency synthesizer also is needed and to be pro-
grammed or configured carefully. The resolutions (both tem-
poral and spatial) are also limited by the image intensifier
performance, for example, gating speed, defocusing effect
and operation method. These difficulties can be overcome
by the complementary metal-oxide semiconductor (CMOS)
sensor reported here. All the frequency-domain operations
are integrated into the camera firmware, and it does not have
defocusing effect. Furthermore, it has a faster gating speed,
and the very high harmonic content can be obtained even
when a fundamental frequency of 20 MHz is used. There-
fore, it is ideal for frequency-domain fluorescence lifetime
imaging microscopy (FD-FLIM) measurement.

Multifrequency FLIM is useful and flexible when the
sample has complex decays, for example, more than one
molecular species, or when a specific modulation frequency
is needed for better temporal resolution [12–14]. Using
waveforms other than sine, such as square or pulse, for exci-
tation and emission modulation allows multiple harmonic
frequencies in parallel with one run of data acquisition
[15–20]. Mathematically, the waveform can be decomposed
into sinusoidal components by Fourier analysis, which pro-
vides separate Fourier components, that is, the fundamental
frequency and harmonics. These components can be deter-
mined independently [12, 21]. At each Fourier component,
multiple fluorescent molecules contribute linearly to the
intensity. Thus, multiple molecular species contributing to
each of these Fourier components can be extracted and dis-
played by the phasor approach [22]. This technique requires
certain hardware support in modulation and phase control,
but it results in very high time resolution based on the har-
monic content over entire images.

In recent years, high frequency-modulated image sensors
have been reported for FLIM. Esposito et al. reported a sim-
ple charge-coupled device (CCD)/CMOS lock-in imager for
fluorescence lifetime detection [23]. This imager sensor was
originally designed for 3D vision, and it was commercially
available. We tested the world first commercialized FLIM
CMOS camera with two taps by PCO AG (Kelheim,

Germany) [24, 25]. Jan et al. and Zhao et al. developed modu-
lated electron-multiplied (MEM)-FLIM, a CCD imager with
electron-multiplication register [26, 27]. This electron multi-
plying CCD-based sensor can be modulated up to 80 MHz
and has been used for single-image fluorescence lifetime imag-
ing microscopy [28]. Single-photon avalanche diode arrays are
also common time-resolved imagers but with less pixels [29].

Here, we report a CMOS image sensor using lateral
electric field charge modulation (LEFM) and two-stage
charge transfer techniques [30]. This sensor has an
extremely high frequency response and low noise due to
LEFM. So it is suitable for widefield multifrequency FD-
FLIM. We coupled this camera to a fluorescence micro-
scope which uses a 20 MHz supercontinuum laser as the
excitation source. This picosecond laser pulse is inherently
composed of a large number of harmonics at integer multi-
ples of the pulse repetition frequency. The intrinsic
response of the camera is increased by the LEFM, and the
overall measured sensor response is from 180 ps (cutoff
frequency ~800 MHz at −3 dB, half power point point) at
374 nm and 350 ps (cutoff frequency ~450 MHz at −3 dB,
half power point point) at 851 nm [30]. These values are
full width half maximum (FWHM) of the sensor responses
to direct laser illumination in the time domain. Different
response times are mainly due to the penetration depth and
scattering of different wavelengths into the sensor region.
These properties ensure that the frequency components that
can be utilized are up to 400~800 MHz, depending on the
wavelength. We evaluated the multifrequency components
via direct measurement of the laser illumination, that is, the
instrument response function (IRF) of the system. Thirty-
one harmonics were obtained with 64 phase steps and
20 MHz fundamental frequency. The highest frequency is
620 MHz at the 31st harmonic component. As examples of
FLIM imaging, we analyzed NIH-3T3 cells transfected
with Cerulean and Cerulean-Venus constructs, respectively,
for Förster resonance energy transfer (FRET) imaging at
different modulation frequencies. Furthermore, the tempera-
ture measurement in live HeLa cells was performed using
the fluorescence lifetime information of Rhodamine B
(RhB) at multiple harmonic frequencies. Our results dem-
onstrate that FLIM can be done in the widefield and multi-
frequency configuration, which can be easily combined
with any widefield type fluorescence microscope, including
total internal reflection fluorescence (TIRF) and single
plane illumination microscope (SPIM).

2 | MATERIALS AND METHODS

2.1 | Widefield frequency-domain fluorescence lifetime
microscope

One advantage of FLIM systems based on CMOS sensors is
the easy configuration with existing widefield microscopes.
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Figure 1 shows the diagram of our microscope. The FLIM
CMOS camera was attached to an Olympus TIRF micro-
scope (Olympus Americas, Center Valley, Pennsylvania).
The excitation source (Figure 1A) was a 20 MHz unpolar-
ized supercontinuum laser (SC390, Fianium Inc, Portland,
Oregon). A filter-wheel with eight interference bandpass fil-
ters was used to select desired excitation wavelengths. The
excitation beam was then coupled to the TIRF arm via an
optical fiber (Figure 1B). After entering the microscope
(Figure 1C), the beam was sent to the sample by a dichroic
mirror and a 20× (numerical aperture (NA) = 0.75) objec-
tive for wide field imaging or a 60× (NA = 1.45) objective
for TIRF imaging. The fluorescence signal was collected by
the same objective. The bottom prism redirected the signal
to the FLIM CMOS camera (Figure 1D), which was syn-
chronized with a 20 MHz frequency output from the laser.
Phase images were then acquired via the Framelink PCIe
card (VCE-CLPCIe01, Imperx, Boca Raton, Florida). The
camera pixel size is 11.2 μm × 5.6 μm. Sensitivity is
137ke−/lux�sec. Quantum efficiency (QE) is 5%. Temporal
random noise is 1.75 e−RMS. Time resolution is 10 ps. More
specifications can be found in [30].

The number of phase images is decided according to har-
monic contents and imaging speed. Harmonics are limited
theoretically by the number of phase steps in each cycle
(Nyquist theorem). For example, in order to get 31st
(620 MHz) harmonic with 20 MHz base frequency, 64 phase
images are needed during one period. The onboard field-
programmable gate array (FPGA) scans 64 phases in one
period and camera runs 64 exposures accordingly. Because
two taps (complementary in phase) were collected simulta-
neously during one phase, two sets of 64 phase images were
actually acquired in one scan of a fluorescence lifetime
period. These two set images were than rearranged based on
the phase order and averaged at each phase. The output was

one set of phase images for phasor analysis. This process
was used throughout this paper. All the image operations were
done by the SimFCS software (www.lfd.uci.edu Irvine, Cali-
fornia). The phasor information at different harmonic was
extracted via fast Fourier transform in both phase and modula-
tion. All data were then graphically analyzed by the phasor
method, which allows fit-free fluorescence lifetime analysis.

Because FPGA performs all the necessary frequency-
domain operations, for example, phase sweeping and modula-
tion control, the complexity for the general users is greatly
reduced. In a further simplified configuration, modulated laser
diodes can be used as the excitation source to reduce the cost.
In this case, the FPGA chip can send a desired frequency, for
example, 20 MHz, to modulate the laser diode directly.

2.2 | Sample preparation

For FRET measurement in NIH-3T3 cells, two dishes of
NIH-3T3 cells were transiently transfected with Cerulean
and Cerulean-Venus constructs, respectively. These cells
were then fixed and stored at 4�C before imaging. For FLIM
measurement of RhB labeled HeLa cells at different temper-
atures, HeLa cells were first incubated with 10 μM RhB at
37�C and 5% CO2 for 1 hour. Cells were then washed three
times and transferred to a Tokai Hit stage incubator (5%
CO2 at room temperature) for imaging.

3 | RESULTS AND DISCUSSION

3.1 | Contributions from high-harmonic components

A picosecond excitation laser and the picosecond response
of the sensor allow parallel multifrequency FD-FLIM acqui-
sition. To validate the harmonic contents, we directly mea-
sured the 20 MHz laser illumination with 64 phase steps in

FIGURE 1 Schematic of complementary metal-oxide semiconductor (CMOS)-based widefield frequency-domain fluorescence lifetime imaging microscopy (FD-
FLIM) system. A, A 10 ps, 20 MHz supercontinuum laser (SC390, Fianium Inc). Bandpass filters were used to select desired excitation wavelengths. B, the
excitation beam was coupled into an Olympus TIRF microscope. C, experiments were done with a 20× (NA = 0.75) objective or a 60× (NA = 1.45) objective. D,
the bottom prism reflected fluorescence signal to the FLIM CMOS camera. The FLIM camera was controlled by a computer for modulation and data acquisition
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the visible (VIS) region (510/84 nm) and near-infrared
(NIR) region (880/50 nm), since the camera has different
cutoff frequencies in different wavelength regions, for exam-
ple, 720 MHz at 472 nm and 450 MHz at 851 nm [30].
Figure 2A,B is the intensity images of the direct laser illumi-
nation with a 510/84 nm bandpass filter and an 880/50 nm
bandpass filter, respectively. The speckle pattern with
880/60 nm filter was due to the fiber delivery and scattering
from multiple surfaces in the optical path, which is opti-
mized for VIS region but not for NIR region. Figure 2C
shows the power spectra of 64 phase images and 31 har-
monics have been plotted. This figure represents the actual
frequency response of the sensor in both VIS and NIR
regions. It demonstrates that the sensor has the multifre-
quency capability and is able to respond up to 620 MHz
with 64 phase steps. However, the contribution of harmonic
components in NIR region is less than it in VIS region. We
also found that the odd and even numbers of harmonics
show different behaviors which are likely due to the imper-
fection of the sensor. The phasor plots in VIS region at the
fundamental frequency (20 MHz) and at the 31st harmonic
(620 MHz) are shown in Figure 2D. For easy visualization,
phasors are displayed at 2 ns, whereas the lifetime of the
excitation laser is supposed to be 0 ns. Insets are phasor
selection maps. The red regions in the inset are correspond-
ing to the phasors inside the red circles in the phasor plots.
Figure 2F is the phasor plots in NIR region at the

fundamental frequency (20 MHz) and 31st harmonic
(620 MHz). These results imply that our system allows
FLIM measurements with multiharmonics (31 harmonics
with 64 phase images) in one acquisition. It offers the capa-
bility and flexibility in using FLIM at different frequencies,
for example, separating multicomponent fluorescence decays
and selecting the suitable frequency for target fluorescence
molecules.

In general, more phase steps sampled per period allow
greater harmonic content and also result in a better discrimi-
nation of closed phasors. But, the imaging speed is slower
due to the increased number of phase images. Therefore, a
balance between the harmonic content and imaging speed
needs to be achieved. Typical fluorescence probes ranging
from 1 ns to 10 ns have the best corresponding modulation
frequency from 10 to 100 MHz.

As a demonstration, we used 32 phase images (15 har-
monics) per cycle to measure Rhodamine 110 solution (fluo-
rescence lifetime 4 ns) as the reference and the Coumarin
6 solution (fluorescence lifetime 2.5 ns) as the sample. The
exposure time was 100 ms, and the total imaging time was
~3.2 seconds per fluorescence lifetime image with 32 phase
images. First, we calculated the power spectra of the two
solutions and showed them in Figure 3A. Second, we ana-
lyzed four harmonics based on the power spectra:
20, 60 (3rd), 100 (5th) and 300 MHz (15th), whereas har-
monic contents at 40, 80 MHz and so on are impaired due to

FIGURE 2 Multifrequency fluorescence lifetime imaging microscopy (FLIM) measurements a 20 MHz laser illumination with 31 harmonic contents in
visible (VIS) and near-infrared (NIR) regions. The maximum frequency is 620 MHz (31st). A, laser spot in visible region (510/84 nm). B, laser illumination
in NIR region (880/50 nm). C, power spectra of 64 phase images and 31 harmonics. D, The phasor plots of A at 20 and 620 MHz (the phasors are moved to
2 ns in phasor plot for easy visualization, whereas the lifetime of the excitation laser is supposed to be 0 ns). The inset is the corresponding phasor mapped
image. The red region in the inset is corresponding to the phasors inside the red circle in the phasor plot. E, the phasor plot of B at 20 and 620 MHz
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the imperfection of the sensor. Phasors at 20 (Figure 3B),
60 (Figure 3C) and 100 MHz (Figure 3D) all show similar
results. The distances between Coumarin-6 phasor spots and
Rhodamine-110 phasor spots at 20, 60 and 100 MHz were
calculated based on their g and s coordinates to be 0.161,
0.220 and 0.159, respectively. This result shows that
60 MHz gives the best separations of two dyes among these
frequencies. However, at 300 MHz (Figure 3E), both fluo-
rescence dyes cannot respond well, and we could not obtain
valid measurements. Therefore, eight phase images (three
harmonics) are sufficient for this sample and the total image
acquisition can be decreased to 0.8 second.

3.2 | Measurement of FRET in NIH-3T3 cells

FRET is a mechanism due to energy transfer between two
chromophores. It is extremely sensitive to small changes in
distance. Measurements of FRET can be used to study the
molecular interactions. Here, we measured NIH-3T3 cells
transiently transfected with Cerulean (donor only,
Figure 4A) and Cerulean-Venus (FRET, Figure 4B) con-
structs, respectively. Meanwhile, Figure 4C,D is correspond-
ing phasor selection maps at 20 MHz. The measurement
was done with 32 phase steps per cycle and the exposure
time was 50 ms. The excitation filter was 438/24 nm, and
the emission filter was 475/35 nm. By measuring the fluo-
rescence lifetime change of the donor in both donor-only
cells and FRET-pair cells, the FRET efficiency can be
estimated.

Figure 4C shows power spectra of the donor-only cell
(Cerulean) and the FRET-pair cell (Cerulean-Venus). Based
on the power spectra, we extracted the phasor information at
20, 60, 100 and 140 MHz (Figure 4D-G). The FRET of
SimFCS was used to estimate the FRET efficiency graphi-
cally at these frequencies in the FRET-pair cell (Figure 4B),
based on the unquenched donor measured using the donor-
only cell (Figure 4A). FRET efficiencies from these four
phasor plots (Figure 4D-G) are independent to each other
and allow the statistics of the calculation with only one mea-
surement. Thus, the average FRET efficiency was 0.40 and
the SD was 0.01.

It is interesting to investigate which frequency is best to
use among available harmonics in this analysis. The separa-
tion of phasors depends on the modulation frequency and
the fluorescence lifetime of sample. The distribution of pha-
sors depends on the number of photon collected. These two
facts are independent to each other. The best frequency
should give the largest separation with distinguishable pha-
sor distribution. By plotting the line profiles across the pha-
sor distributions in Figure 4D-G, we are able to evaluate the
separation of donor and FRET phasors. Figure 4H shows
such profiles at 20, 60, 100 and 140 MHz. The profile at
20 MHz shows the narrowest FWHM, but the distance
between two peaks is the smallest. The profile at 100 MHz
has the largest distance between two peaks, but the FWHM
is much broader than it at 20 and 60 MHz. The worst case is
140 MHz, which is due to the broadest FWHM and the

FIGURE 3 Measurement of fluorescence dyes at different harmonic frequencies with 32 phase images (100 ms exposure time). A, power spectra of
Coumarin 6 and Rhodamine 110 solutions. B, phasor plot of Coumarin 6 and Rhodamine 110 at 20 MHz. C, phasor plot of Coumarin 6 and Rhodamine
110 at 60 MHz. D, phasor plot of Coumarin 6 and Rhodamine 110 at 100 MHz. E, phasor plot of Coumarin 6 and Rhodamine 110 at 300 MHz
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distance between two peaks is smaller than at 100 MHz.
Therefore, 60 MHz is a tradeoff for this measurement with
certain number of photons. It offers larger separation
between two peaks than at 20 MHz and more distinguish-
able phasor profiles when compared with 100 and 140 MHz.
To narrow down the phasor distribution, the common way is
to collect more photons, which will lead to longer exposure
time, but hence 100 MHz can be the best frequency. The
other alternate way is using the median filter which can
decrease the uncertainty of the phasor location effectively
[31]. With three times 3 × 3 median filter, the separation of
donor and FRET is improved as shown in Figure 4I.

3.3 | Measurement of localized temperature in cells via
FLIM of RhB

In biomedical research, measuring the localized temperature
change within a complex biological sample is difficult but
important, for example, in photothermal therapy. Various
techniques have been designed to measure temperature at
the microscopic scale [32]. Among them, fluorescence
probes which respond to temperature changes are cheap and
convenient to use. RhB is one of such sensors based either
on the fluorescence intensity or the lifetime [33–35]. The
fluorescence lifetime is more robust because it is not affected
by the local concentration and the excitation power.

FIGURE 4 Measurement of Förster Resonance Energy Transfer (FRET) in NIH-3T3 cells. A, cell transiently transfected with Cerulean (donor) only. Scale
bar = 20 μm. B, cell transiently transfected with Cerulean-Venus construct (FRET pair). C, power spectra of the cells in A and B. D to G, phasor plots at
20, 60, 100 and 140 MHz. Insets are the calculations of FRET efficiencies at corresponding frequencies. H, line profiles across phasors (in D-G) at different
frequencies. I, line profiles across phasors (in D-G) at different frequencies with 3× median filter applied
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Although the fluorescence lifetime of RhB in water is well
described by a monoexponential decay, the representation of
such fluorescence decay in real biological samples is chal-
lenging due to the complexity at microscopic scale. There-
fore, it is difficult to describe the temperature change inside
biological structures via the fluorescence lifetime fitting
method. Instead, the fit-free 2D graphical phasor approach is
an ideal method for mapping and tracing the temperature at
pixel level in biological samples.

We acquired fluorescence lifetime images of RhB-labeled
HeLa cells at different temperatures varying from 22�C to
44�C. The real-time temperature was monitored by a ther-
mometer with its probe inside the cell culture medium. The
temperature control remained off until the medium tempera-
ture was at the room temperature (~22�C) and then the tem-
perature was ramped up. The destination temperature was set
to 50�C. The excitation filter was 542/27 nm, and the emis-
sion filter was 580 nm longpass. The exposure time was
100 ms, and 16 phase images were acquired. The total time
for one FLIM image was ~2 seconds. We acquired FLIM
data of the same field of view with a 20× objective at 22�C,
29�C, 32�C, 35�C, 37�C, 40�C, 42�C and 44�C in sequence.

Figure 5A shows the fluorescence intensity images of
cells at eight different temperatures. Based on the power
spectra (not shown), we extracted and analyzed the phasor
information at 20, 60 and 100 MHz (Figure 5B). The center
phasor plot shows the drifts of the phasor position (g and s,
represents the average phasor coordinates) as a function of
temperature from 22�C to 44�C at 20 (green), 60 (brown)
and 100 MHz (blue). The shifts of phasors toward (1, 0) g-s
coordinate demonstrate that the fluorescence lifetime of RhB
in living cells becomes shorter at higher temperature. The
trajectory of phasors from 22�C to 44�C at 100 MHz is the
longest among all three trajectories in Figure 5B, indicating
the best separation of temperatures. However, due to lower
contributions of photons at this high frequency, the phasor
distribution is broadened (inset 2), which lowers the temper-
ature resolution. In contrast, the trajectory at 20 MHz is the
shortest and the phasor distribution is narrowest. By display-
ing the g-s coordinate vs temperature, respectively, at
Figure 5C, we found that (a) at 20 MHz, g was changed
from 0.917 to 0.938 (1.04�C resolution) and s was changed
from 0.255 to 0.203 (0.42�C resolution), (b) at 60 MHz, g
was changed from 0.619 to 0.765 (0.15�C resolution) and s
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FIGURE 5 Temperature measurements in HeLa cells via fluorescence lifetime of Rhodamine B at different harmonic frequencies. A, fluorescence intensity
images of same HeLa cells at eight different temperatures: 22�C, 29�C, 32�C, 35�C, 37�C, 40�C, 42�C and 44�C. B, phasor plots of fluorescence lifetime of
Rhodamine B in living cells. B1-B3 show detailed phasor distributions at 60, 20 and 100 MHz with median filter applied, respectively. C, g-s coordinates vs
temperature at 20, 60 and 100 MHz. D, color-coded fluorescence lifetime images of cells at 60 MHz. Scale bar = 50 μm
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was changed from 0.424 to 0.336 (0.25�C resolution) and
(c) at 100 MHz, g was changed from 0.401 to 0.586 (0.12�C
resolution) and s was changed from 0.453 to 0.283 (0.13�C
resolution). The resolution is an estimation based on the lin-
ear interpolation between points, that is, the total change of
temperature divided by the total change of g or s, which can
be determined with 0.001 accuracy. Phasors at 60 MHz pro-
vides similar resolutions as phasors at 100 MHz, but with a
narrower phasor distribution. Therefore, we show the corre-
sponding FLIM images at 60 MHz in Figure 5D. The color
bar (Figure 5B) from red to white indicates the increase of
the temperature. Interestingly, the temperature appears to be
higher at cell periphery area than the middle region, which
could suggest the route of heat transport. It is not caused by
different intensities across cells since fluorescence lifetime is
not dependent on the concentration. The first image of
Figure 5A (intensity) and 5D (lifetime), which was taken at
the room temperature (22�C), shows the same lifetimes with
different intensities across cells. The difference of lifetime in
cells only occurred when the temperature increased as shown
in the rest images. Furthermore, the phasor plot also shows
that there is (quasi) a linear combination of lifetimes that
exclude the background or autofluorescence as a source of
contamination. And, if background or autofluorescence is
involved, the phasors with weak intensities should be moved
toward longer lifetime (toward [0,0], lower temperature).
However, the phasors with weak intensities are actually at
shorter lifetime side (toward [0,1], higher temperature).

Our results suggest that the temperature changes can be
tracked at pixel resolution via fluorescence lifetime of RhB
in live cells. The parallel multifrequency measurement in
one shot allows postanalysis to be done at any allowed har-
monic frequency. Furthermore, we can reduce the phase
steps from 16 to 8 to increase the speed to ~1 second.

4 | CONCLUSION

We describe testing and applications of a modulated CMOS
sensor in widefield FD-FLIM. The flexible coupling and
easy setup make it an ideal choice for FLIM applications
with any widefield fluorescence microscope, for example,
TIRF and SPIM. The pulsed supercontinuum laser and the
phasor analysis method further simplified the system
construction and data analysis with capability of parallel
multifrequency detection. The fast intrinsic response and
modulation of this sensor and the 20 MHz picoseconds laser
allow a larger number of harmonics to be measured in
parallel, that is, from 20 to 620 MHz, which covers most
commonly used modulation frequencies in FD-FLIM mea-
surements. In comparison with traditional intensified CCD-
based widefield FD-FLIM, this system dramatically reduced
complexity of the operation because all the frequency
domain operations are embedded in the FPGA of the sensor.
Even more, it offers the multifrequency capability with

frequency up to 620 MHz, which could not be achieved
before. With this system, we analyzed FRET efficiency in
cells transfected with a construct of Cerulean-Venus at dif-
ferent frequencies. We were also able to measure the local-
ized temperature change at pixel resolution in HeLa cells via
fluorescence lifetime of RhB dye from 22�C to 44�C. In the
future, we are expecting to improve the QE of the camera in
order to improve the signal level and further improve the
imaging speed and reduce laser power, especially in biomed-
ical diagnosis.
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