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Abstract: ~ We report a fast non-iterative lifetime data analysis method
for the Fourier multiplexed frequency-sweeping confocal FLIM (Fm-
FLIM) system [Opt. Express 22, 10221 (2014)]. The new method, named
R-method, allows fast multi-channel lifetime image analysis in the sys-
tem’s FPGA data processing board. Experimental tests proved that the
performance of the R-method is equivalent to that of single-exponential
iterative fitting, and its sensitivity is well suited for time-lapse FLIM-FRET
imaging of live cells, for example cyclic adenosine monophosphate (cAMP)
level imaging with GFP-Epac-mCherry sensors. With the R-method and its
FPGA implementation, multi-channel lifetime images can now be generated
in real time on the multi-channel frequency-sweeping FLIM system, and
live readout of FRET sensors can be performed during time-lapse imaging.

© 2014 Optical Society of America

OCIS codes: (170.2520) Fluorescence microscopy; (300.6500) Spectroscopy, time-resolved.

References and links

1.

2.
3.

4.

K. Suhling, P. M. W. French, and D. Phillips, “Time-resolved fluorescence microscopy,” Photochem. Photobiol.
Sci. 4, 13-22 (2004).

A. Periasamy and R. M. Clegg, FLIM Microscopy in Biology and Medicine (Chapman and Hall, 2009).

7. Bajzer, T. M. Therneau, J. C. Sharp, and F. G. Prendergast, “Maximum-likelihood method for the analysis of
time-resolved fluorescence decay curves,” Eur. Biophys. J. Biophys. 20, 247-262 (1991).

S. Kumar, D. Alibhai, A. Margineanu, R. Laine, G. Kennedy, J. McGinty, S. Warren, D. Kelly, Y. Alexandrov,
and I. Munro, “FLIM FRET technology for drug discovery: automated multiwell-plate high-content analysis,
multiplexed readouts and application in situ,” ChemPhysChem 12, 609-626 (2011).

D. M. Grant, J. McGinty, E. J. McGhee, T. D. Bunney, D. M. Owen, C. B. Talbot, W. Zhang, S. Kumar, I. Munro,
P. M. P. Lanigan, G. T. Kennedy, C. Dunsby, A. I. Magee, P. Courtney, M. Katan, M. A. A. Neil, and P. M. W.
French, “High speed optically sectioned fluorescence lifetime imaging permits study of live cell signaling events,”
Opt. Express 15, 15656-15673 (2007).

W. Becker, A. Bergmann, M. A. Hink, K. K. Konig, K. Benndorf, and C. Biskup, “Fluorescence lifetime imaging
by time-correlated single-photon counting,” Microsc. Res. Tech. 63, 58—-66 (2004).

A. V. Agronskaia, L. Tertoolen, and H. C. Gerritsen, “High frame rate fluorescence lifetime imaging,” J. Phys.
D: Appl. Phys. 36, 1655-1662 (2003).

S. E. D. Webb, Y. Gu, S. Leveque-Fort, J. Siegel, M. J. Cole, K. Dowling, R. Jones, P. M. W. French, M. A. A.
Neil, R. Juskaitis, L. O. D. Sucharov, T. Wilson, and M. J. Lever, “A wide-field time-domain fluorescence lifetime
imaging microscope with optical sectioning,” Rev. Sci. Instrum. 73, 1898-1907 (2002).

D.D. U. Li, J. Arlt, D. Tyndall, R. Walker, J. Richardson, D. Stoppa, E. Charbon, and R. K. Henderson, “Video-
rate fluorescence lifetime imaging camera with CMOS single-photon avalanche diode arrays and high-speed
imaging algorithm,” J. Biomed. Opt. 16, 096012 (2011).

A.H. A. A.Clayton, Q. S. Q. Hanley, and P. J. P. Verveer, “Graphical representation and multicomponent analysis
of single-frequency fluorescence lifetime imaging microscopy data,” J. Microsc. 213, 1-5 (2004).

#215288 - $15.00 USD Received 8 Jul 2014; revised 26 Aug 2014; accepted 27 Aug 2014; published 15 Sep 2014
(C) 2014 OSA 22 September 2014 | Vol. 22, No. 19 | DOI:10.1364/0E.22.023073 | OPTICS EXPRESS 23073



11. M. A. Digman, V. R. Caiolfa, M. Zamai, and E. Gratton, “The phasor approach to fluorescence lifetime imaging
analysis,” Biophys. J. 94, L14-L16 (2008).

12. D.-U.Li, B. Rae, R. Andrews, J. Arlt, and R. Henderson, “Hardware implementation algorithm and error analysis
of high-speed fluorescence lifetime sensing systems using center-of-mass method,” J. Biomed. Opt. 15, 017006
(2010).

13. M. Zhao, Y. Li, and L. Peng, “Parallel excitation-emission multiplexed fluorescence lifetime confocal microscopy
for live cell imaging,” Opt. Express 22, 10221-10232 (2014).

14. S. E. Kim, H. Huang, M. Zhao, X. Zhang, A. Zhang, M. V. Semonov, B. T. MacDonald, X. Zhang, J. G. Abreu,
L. Peng, and X. He, “Wnt stabilization of beta-Catenin reveals principles for morphogen receptor-scaffold as-
semblies,” Science 340, 867-870 (2013).

15. H. Szmacinski, J. R. Lakowicz, and M. L. Johnson, “Fluorescence lifetime imaging microscopy: Homodyne
technique using high-speed gated image intensifier,” Meth. Enzymol. 240, 723-748 (1994).

16. A. A. Squire and P. I. P. Bastiaens, “Three dimensional image restoration in fluorescence lifetime imaging mi-
croscopy,” J. Microsc. 193, 36-49 (1999).

17. A. A. Squire, P. J. P. Verveer, and P. I. P. Bastiaens, “Multiple frequency fluorescence lifetime imaging mi-
croscopy,” J. Microsc. 197, 136-149 (2000).

18. H. Chen and E. Gratton, “A practical implementation of multifrequency widefield frequency-domain fluores-
cence lifetime imaging microscopy,” Microsc. Res. Tech. 76, 282-289 (2013).

19. S. Schlachter, A. D. Elder, A. Esposito, G. S. Kaminski, J. H. Frank, L. K. van Geest, and C. F. Kaminski,
“mhFLIM: resolution of heterogeneous fluorescence decays in widefield lifetime microscopy,” Opt. Express 17,
1557-1570 (2009).

20. M. Zhao and L. Peng, “Multiplexed fluorescence lifetime measurements by frequency-sweeping Fourier spec-
troscopy,” Opt. Lett. 35, 2910-2912 (2010).

21. E. Gratton and M. Limkeman, “A continuously variable frequency cross-correlation phase fluorometer with
picosecond resolution,” Biophys. J. 44, 315-324 (1983).

22. J.R. Lakowicz, ed., Principles of Fluorescence Spectroscopy, 3rd ed. (Springer, 2006).

23. L. F. Hoyt, “New table of the refractive index of pure glycerol at 20 degrees C.” Ind. Eng. Chem. 26, 329-332
(1934).

24. C. Tregidgo, J. A. Levitt, and K. Suhling, “Effect of refractive index on the fluorescence lifetime of green fluo-
rescent protein,” J. Biomed. Opt. 13, 031218 (2008).

25. G.N. M. van der Krogt, J. Ogink, B. Ponsioen, and K. Jalink, “A comparison of donor-acceptor pairs for geneti-
cally encoded FRET sensors: application to the Epac cAMP sensor as an example,” Plos One 3, E1916 (2008).

26. A. Elder, S. Schlachter, and C. F. Kaminski, “Theoretical investigation of the photon efficiency in frequency-
domain fluorescence lifetime imaging microscopy,” J Opt. Soc. Am. A 25, 452462 (2008).

27. J. Philip and K. Carlsson, “Theoretical investigation of the signal-to-noise ratio in fluorescence lifetime imaging,”
J Opt. Soc. Am. A 20, 368-379 (2003).

28. S.J. Srickler and R. A. Berg, “Relationship between absorption intensity and fluorescence lifetime of molecules,”
J. Chem. Phys. 37, 814 (1962).

29. M. Zhao, R. Huang, and L. Peng, “Quantitative multi-color FRET measurements by Fourier lifetime excitation-
emission matrix spectroscopy,” Opt. Express 20, 26806-26827 (2012).

30. S. Borner, F. Schwede, A. Schlipp, F. Berisha, D. Calebiro, M. J. Lohse, and V. O. Nikolaev, “FRET measure-
ments of intracellular cAMP concentrations and cAMP analog permeability in intact cells,” Nat. Protoc. 6, 427—
438 (2011).

1. Introduction

Fluorescence lifetime imaging (FLIM) measures the excited state decay lifetimes of fluorescent
molecules with microscopic spatial resolution [1]. Because the lifetime of a fluorophore is
an intrinsic property that is invariant to fluorophore concentration but sensitive to the local
environment, FLIM can provide robust functional imaging of micro-environment of tumors,
sense cellular physiological states, and investigate biochemical reaction in living systems [2].
FLIM requires sophisticated time-sensitive optical system. In the past two decades, signif-
icant advances have been made in hardware of FLIM instrument, and commercial FLIM sys-
tems are now widely available for various biological and clinical applications. Beside hardware,
FLIM also requires proper data analysis to extract decay lifetime information, which is used to
interpret biological activities of the sample. Traditionally, FLIM data is analyzed through it-
erative regression algorithms based on nonlinear least-square fitting or maximum likely-hood
analysis [3]. Despite rapid advances in computing technology, pixel-by-pixel iterative decay
analysis of FLIM images is still a formidable computational task. Considering that today’s
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FLIM instruments are capable of performing fast live imaging [4-8], there is a great interest to
develop decay lifetime analysis methods that do not require iterative computing. Furthermore,
non-iterative decay analysis methods could be implement in Field Programmable Gate Array
(FPGA), so that lifetime images can be generated in real time during image scans [9].Vari-
ous non-iterative decay analysis methods have been developed previously. Single-frequency
FLIM routinely estimates lifetimes directly from phase and modulation data. Phasor analysis
of frequency-domain or time-domain FLIM data can present a global and graphic view of FLIM
data [10, 11]. Center of mass method has been widely used in time-domain lifetime image anal-
ysis, and has been successfully implemented in FPGA for real-time calculation [9, 12].

We recently developed a novel confocal FLIM system that can perform Fourier multiplexed
lifetime imaging (FmFLIM) via frequency-sweeping lifetime measurements [13]. The system
acquires lifetime images at multiple excitation-emission spectral channels in a truly parallel
fashion, i.e., multiple CW lasers are used to excite the sample at the same time and all channels
are acquired simultaneously without switching or time-sharing. The FmFLIM system is capable
of performing lifetime imaging of up to 4-by-4 Ex-Em channels in parallel at a pixel rate of
44,000 pixels/s, and had been successfully applied to live cell imaging [14].

The FmFLIM system makes it possible to acquire 400-by-400 pixels multi-channel FLIM
images in 4 seconds. However, the speed of analyzing such multi-channel FLIM data signif-
icantly lags behind the speed of acquisition. In the FmFLIM system, decay information of
each channel is measured by the frequency domain lifetime principle, which quantifies life-
time based on phase and modulation responses of fluorescence emission under a modulated
excitation source. In traditional frequency domain FLIM methods, the excitation source was
modulated at a single [15, 16] or only a few harmonic frequencies [17-19]. The FmFLIM sys-
tem is different from other frequency domain FLIM methods in that it generates excitation
modulation over a continuous frequency span from close to 0 to approximately 150 MHz [20].
Emission responses are measured at tens of frequency points. Previously, such wide and con-
tinuous frequency coverage was only possible with multi-frequency lifetime fluorometers that
analyze homogeneous sample [21]. Data from these fluorometers were typically analyzed with
single or multi-exponential decay models through iterative fitting [22]. Similarly, we previously
used iterative non-linear least-square fitting to analyze multi-channel FLIM data [13]. However,
such analyzing strategy for FmFLIM data is extremely computational intensive and time con-
suming, since at each confocal pixel, multiple channels of multi-frequency lifetime data have
to be iteratively fitted.

This paper reports a simple non-iterative lifetime analysis method for the FmFLIM system.
The method uses simple arithmetic computations and can be carried out in the built-in FPGA
of the system’s data acquisition board, which significantly speeds up the lifetime analysis of
multi-channel FLIM data. With the FPGA-based lifetime analysis, multi-channel FLIM images
are generated in real time, and live readout of FRET (Foster Resonant Energy Transfer) sensors
are performed during time-lapse imaging.

2. Material and methods

2.1. Lifetime standards
2.1.1. GFP in media of different refractive indices

Media with different refractive indices were prepared by mixing glycerol (Roche Diagnostics)
with phosphate buffered saline (PBS, 10 mM pH 7.4) at 0% to 80% glycerol weight ratio.
Enhanced GFP (BioVision) was prepared at 1 mg/mL in PBS, and diluted to 20 pg/mL (0.61
UM) in prepared mixtures of PBS and glycerol. Refractive indices of the resulting media change
from 1.33 (0% glycerol) to 1.44(80% glycerol) [23]. The fluorescence lifetime of GFP changes
with the refractive index of the medium following the rule of 7 Vo n2 [24].
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2.1.2. Multi-exponential decay lifetime standards

Standard samples were prepared by mixing fluorescein-labeled ssDNA strands with Cy3-
labeled and/or unlabeled complementary ssDNA strands (IDT). Concentrations of fluorescein-
labeled ssDNA and complementary Cy3-labeled ssDNA were both fixed at 0.5 uM. Concen-
trations of unlabeled complementary strands were increased from 0 to 5 uM. The mixtures are
then heated to 90°C and slowly cooled to room temperature, allowing ssDNA to hybridize and
form dsDNA. In the resulting mixtures, the fraction of dsSDNA that exhibit FRET changes from
100% to 10%.

2.2.  cAMP timelapse imaging of HeLa cells expressing GFP-Epac-mCherry FRET sensor
2.2.1. Live cell sample preparation

HeLa cells were cultured in Dulbecco’s modified Eagle’s medium containing 10% fetal calf
serum and 2 mM glutamine at 37°C in a 5% CO; incubator. Cells were split every 2-3 days. To
prepare live cells samples for microscopy imaging experiments, approximately 100,000 HeLa
cells were seeded into 35 mm poly-d-lysine coated glass bottom dishes (MatTek P35GC-1.0-14-
C). Cells were transfected with 0.8 pg of GFP-Epac-mCherry [25] vector using XtremeGENE
HP transfection reagent (Roche Applied Science) according to instructions from the manu-
facturer. After 7 to 8.5 hours, cells were then changes into fresh full growth medium without
phenol red. Microscopy experiments were carried out 24 hours after transfection.

2.2.2. Live cell FLIM imaging of cAMP level

HeLa cells expressing the GFP-Epac-mCherry sensor were washed once with PBS and changed
into 1 ml of live cell imaging solution (life technologies, A14291DJ) supplemented with 2
g/L D-glucose. The cells were allowed to recover at 37°C in a 5% CO; incubator for 20 to
30 minutes. Cells were kept at 37°C during timelapse imaging. After taking FLIM images
of resting cells, 100 uM of IBMX (Sigma-Aldrich, 17018-250MG) and 25 uM of forskolin
(Sigma-Aldrich, F3917-10MG) were added to the imaging solution [25]. Time-lapse images
were then acquired every minute for 20 minutes.

2.3.  FmFLIM multi-channel confocal microscope

Details of the FmFLIM multi-channel confocal microscope was reported previously [13]. Fig-
ure 1 is a schematic plot of the FmFLIM setup. Multiple CW lasers are combined and directed
into a Michelson interferometer. According to principle of interference, the laser intensity out-
put from an interferometer is

2nAd )
A

I(1) = cos(A¢) = cos( (1)

Here A¢ is the phase difference between two arms of an interferometer, Ad is the optical path
difference between two arms, and A is the wavelength of the light. The rotation of the polygon
mirror within the interferometer produces continuous optical path-length change, resulting in
intensity modulation of the excitation laser. Since all laser lines experience the same amount of
optical path difference at a given time, different lasers are modulated at distinct instantaneous
frequencies, providing the physical basis to separate fluorescent signals originated from dif-
ferent excitation source by modulation frequency while all laser are continuously active at the
same time [20]. The optical path scan speed varies linearly from -47m/s to 47m/s within 22 us.
On a 561 nm, the resulting modulation sweeps from approximately 170 MHz to 0 and back to
170 MHz. Due to the band limit of RF electronics, the usable frequency range is 10-150 MHz
in the current system. The frequency sweeping range can be lowered to as far as 0-28 MHz
by setting the polygon mirror scanner to a lower speed and using DC-passing electronics. Low
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Fig. 1. Schematic plot of FmFLIM system setup. Rotation of the polygon mirror (Lincoln
Laser, spinning speed 10,000-55,000 rpm) introduces sweeping optical path difference, re-
sulting in fast intensity modulation of the excitation lasers. As all laser lines experience the
same amount of optical path difference at a given time, different lasers are modulated at
distinct instantaneous frequencies. Fluorescence emission collected by PMTs is demodu-
lated in reference to a specific excitation laser modulation. After mixing and filtering, only
emission signal generated by the specific excitation laser remains. In the case of the accep-
tor within a FRET pair, fluorescent emission due to FRET process is obtained by mixing
donor laser modulation with acceptor PMT signal; while emission from direct acceptor
laser excitation is isolated by mixing acceptor laser modulation with acceptor PMT signal.
BS =beam spliter, DM = dichroic mirror, F = filter, L = lens, M = mirror, PD = photodiode,
PMT = photo multiplier tube.

frequency operation of the system could be potentially useful for imaging phosphorescence
decays.

The data acquisition is based on radio frequency (RF) signal processing. Fluorescence emis-
sion, modulated at RF frequencies, are collected by PMTs and demodulated to a low carrier
frequency by mixing with frequency sweeping laser excitation, followed by low pass filtering.
After the demodulation, only emission signal generated by the specific excitation laser remains.
For example, in a GFP-mCherry FRET experiment with two lasers (488 nm and 561 nm) and
two PMTs (green and red), red emission detected by the red PMT can generated two Ex-Em
channels: (1) mCherry emission due to the FRET process (also call sensitized emission) and
GFP emission bleedthrough to the red channel both are excited by the 488 nm laser, and their
decay measurements are obtained by mixing 488 nm laser modulation with the red PMT signal;
(2) Emission from direct acceptor excitation is modulated at the same frequency as the 561 nm
laser and is isolated by mixing 561 laser modulation with the red PMT signal.

The FmFLIM system is equipped with up to 4 laser lines and 4 PMTs. It outputs an array of
analog signals. Each analog signal is the heterodyne mixing product of a fluorescence emission
signal and a reference excitation modulation signal. The heterodyne mixing procedure demod-
ulates RF frequencies to a low frequency of 200-250 kHz [13], while preserves information
about modulations and phases of a particular Ex-Em channel

IETE™ () = AijBijmij (@0) sin [Qijt + 9ij(@;) + €3] 2)

where i is the index of the excitation laser line, j is the index of emission spectral channel, j; is
the modulation frequency on the i’ excitation laser, Q; ;s a fixed carrier frequency of the analog
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signal of the i Ex-Em channel (typically set at 200-250 kHz [13]), and m;; (;) and ¢;;(e)
are modulation and phase responses of the sample pixel at a given excitation modulation fre-
quency. A;;, phase €;; and Q;; are RF response characteristics of the electric circuit assigned to
the i/ Ex-Em channel, which can be pre-calibrated as a correction function through measuring
a lifetime standard

H |:Il:s;.,ex em (wl)}
m* (;) exp [i¢*" ()]

Cij (@) = Ayjexp (ig;)) = 3)
where H refers to the Hilbert transform, m* (@;) and ¢* (®;) are modulation and phase re-

sponses of the lifetime standard calculated from its known lifetime. Correcting the RF response
from the analog signal yields the intensity-weighted complex phasor

H |16 (a)]
= W = PBijmij (i) exp [ig;; ()] “)
where f3;; is linear to the steady-state brightness of the pixel at the particular Ex-Em channel,
and the rest of Eq. (4) is the complex phasor [11].

The modulation of the excitation source varies from low frequency to approximately 170
MHz within a 22 us round trip frequency-sweep, during which typically 44 frequency points
per channel per pixel are recorded. Due to the 10-150 MHz passing band limit of RF electron-
ics, frequencies points outside the passing band are cut off by the electronics. Approximately
36 frequency points within the 10-150 MHz band are used for lifetime analysis. Previously,
the multi-frequency complex phasor was fitted with the frequency domain exponential-decay
model through iterative non-linear regression. Multi-channel lifetime images were only avail-
able after insensitive offline processing. In this work, we report a non-iterative analysis method
to obtain the average lifetime without iterative fitting.

3. Non-iterative analysis of frequency-sweeping lifetime Data

3.1. R-ratio

R=Area/Area

1

Fig. 2. The phasor representation of multi-frequency lifetime measurement results from
FmFLIM. The dashed half circle is the phasor trajectory of single exponential decay. All
phasor trajectories, regradless decay models, should fall within the grey area surrounded
by the dashed half circle. Red areas are imaginary projection areas of the trajectory over a
given frequency sweeping span. Green areas are real projection areas.
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The raw results from FmFLIM are measurements of the complex multi-frequency phasor.
Figure 2 illustrated the phasor representation of FmFLIM data. The phasor moves along a
trajectory when the modulation frequency increases. The actual shape of the trajectory is model
dependent. However, regardless what decay model the fluorescent sample follows, the trajectory
must fall on or below the trajectory for single exponential decay, which is a half circle between
two points: 1+0i and 04 0i [11].

To quantify the location and movement of the phasor during a frequency sweeping, we define
a quantity R as the ratio between the imaginary projection area (red areas in Fig. 2) and the real
projection area (green areas in Fig. 2)

3 faa):;'g;' igor ((D,) d(l),‘
R,‘j:

R 17 (@) day

®)

At the same modulation frequency, phasor of slow decays are located at the left side of
the trajectory, and phasor of fast decays are located at the right side of the trajectory. Thus,
slower decays have larger R-ratios and faster decays have smaller R-ratios. For example, when
the decay of a fluorophore follows the single-exponential decay model, the complex phasor is
given by

7 B
I =— 6
(@) = TTier ©
where 7 is the decay lifetime. Integrating Eq. (6) over a continuous frequency span yields
*WOmin . ﬁ 1 1 ‘
[(w)do = < [tan™" (OaxT) — tan™" (Opin7)]
—g [In (0pe,7° +1) —In (@, 7> +1)] (7)
The R-ratio is
In (w2, 7> +1) —In (@, 7 +1
R(T) — n( max ) n( min ) (8)

2[tan™! (@paxT) — tan! (@pin )]

The function in Eq. (8) monotonically increases with the decay lifetime (Fig. 3(a)).
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Fig. 3. (a) Theoretical R-ratio of frequency-sweeping lifetime data, assuming single expo-
nential decay. The curve is calculated with ®,;;,= 15 MHz and @,,,,= 150 MHz. @, is
limited by the low-pass band limit of RF electronics, and @, is limited by the maximal
scan speed of the optical delay line as @Wyx = ZVM"X in FmFLIM [20].

(b) F-number of the iterative lifetime fitting method vs. the non-iterative R-method, calcu-
lated by Monte Carlo simulation [26,27]. The F-number is defined as % %, where N is

the detected photon number.
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3.2.  R-method: lifetime recovery from the R-ratio

Equation (8) and Fig. 3 define a look-up table between the experimentally measured R-ratio and
a decay lifetime.The above lifetime recover method, named the R-method, requires minimal
computation. In the case of single exponential decay, the average lifetime obtained through
the R-method, should match the real decay constant. Its lifetime accuracy, quantified by the
F-Number [26,27], is similar to that of iterative single-exponential decay fitting under identical
fluorescent brightness (Fig. 3(b)).

35—

13 — Therotical R-ratio R —= by fitting
o, 2 —1 by R-ratio
B 1.2 QE’ 3
a 11 =
3 1 525
©09 g
208 T, =3.47ns g5 7, =3.47ns
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0.7 T,= 1.6ns @) < 2 (b)
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oUl
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Foractlon oP T, lifetime component lgacnon oP T, lifetime component
Fig. 4. (a) R-ratio calculated from simulated data of a double-exponential decay sample,
whose 7; = 3.47ns and 7p = 1.6ns.The fraction of 7 component increases from 0 to 100%
(x-axis). (b) Average lifetimes obtained by single-exponential model fitting (blue) of sim-
ulated data or the R-method (red)

In the case of multi-exponential decay, the lifetime obtained by the R-method represents an
averaged lifetime of all components. We tested the R-method with simulated multi-exponential
decay data. Figure 4 plots R-ratios of simulated FmFLIM data from mixtures of two lifetime
components, and average lifetime results obtained by applying single-exponential fitting or
the R-method on simulated data. Both methods can detect the increasing average lifetime when
the fraction of long lifetime component increases. Differences in the average lifetime values be-
tween two methods are minimal. However, the R-method, been a non-iterative method, requires
only simple arithmetic calculations, and can therefore be implemented in FPGA hardware for
real-time determination of average fluorescence lifetimes at multiple Ex-Em spectral channels.

It worth noting that regardless of the decay model, the R-ratio always increases as the overall
decay rate decreases. The ratio is the weighted average value of tan[¢ (®)] over a frequency span
®, using mcos|[¢ (®)] as the weighting function. At any given modulation frequency, slower de-
cays always have a larger phase lag ¢ than fast decays, thus the R-ratio will always increase
when the decay constant increases in a single exponential decay, or the fraction of a long life-
time component increases in a multi-exponential decay. Practically, the R-ratio can be used as
a quantitative indicator of the decay speed without assuming a particular decay model.

3.3. FPGA implementation of the R-method

The hardware implementation of the R-method is based on a LabView-programmable FPGA
board (NI PXIe 7962, equipped with Xilinx Vertex-5 FPGA board). The available resources on
the FPGA board are sufficient for parallel analysis of multiple Ex-Em channels. In the current
implementation, approximately 70% of the FPGA’s logical resources are used to perform 8-
channel real-time lifetime analysis with the R-method.

The FPGA process is divided into two main modules: data acquisition and data analysis, as
sketched in Fig. 5 for a single Ex-Em channel. At each channel, the demodulated low frequency
analog signal, which contains time-resolved fluorescence responses [13], is digitized at 50 MHz
by a 16-bit multi-channel digitizer (NI 5752), and streamed into the acquisition module on the

#215288 - $15.00 USD Received 8 Jul 2014; revised 26 Aug 2014; accepted 27 Aug 2014; published 15 Sep 2014
(C) 2014 OSA 22 September 2014 | Vol. 22, No. 19 | DOI:10.1364/0E.22.023073 | OPTICS EXPRESS 23080



Acquisition module

Clk 50 MHz

1
1
i
o5 H
'gé £ S&MNI-!Z Down- :I— Raw data |
£8 Channel [ 1] *| sampling 8 channel !
g2 ADC to 2 MHz FIFO 2MHz 16bit |
os |
1
I
1
|

Analysis module
Abs

@@

Loop through pixel

EO0—@

L, Loop through pixel . R ratio 1 > . 4
O e -Register 8 channel
44 kHz 32bit

Clk 40 MHz Loop through pixel

Pixel intensity
8 channel
44 kHz 32 bit

Host
computer

Complex
frequency =H
calibration

Imag

Fig. 5. Diagram of FPGA-based lifetime image processing in the FmFLIM microscope.
ADC: Analog-Digital Convertor. Clk: Clock. FIFO: First-in-first-ou buffer.

FPGA board, which is running at 50 MHz in sync with the digitizer. A trigger signal, which
is synchronized with frequency sweeping and pixel scanning of the optical system, is also
digitalized and sent to the acquisition module.

The FPGA acquisition module performs two functions: triggered acquisition and averaging
down sample. For each pixel, the digitalized trigger signal is used to start 22-us-long data
acquisitions. The raw data stream is at 50 MHz per channel, set by the fixed sampling frequency
of the digitizer. The 50-MHz sampling rate is unnecessarily high for detecting 200-250 kHz
analog signals. Thus the raw data stream is down sampled to 2 MHz through averaging in the
acquisition module. The final data stream consists of 44 frequency points per pixel per channel.
The down-sampled data is streamed to the host computer and stored, so that iterative fitting
could be performed offline if needed. In the meantime, the down-sampled data is also sent
to the FPGA data analysis module through an internal FIFO for real-time lifetime imaging
calculation.

The FPGA data analysis module is implemented in a parallel thread running at 40 MHz
clock rate. The data analysis module performs two functions: calculating the signal intensity of
the pixel, and calculating the R-ratio. The pixel intensity is calculated by summing the absolute
value of the signal over all frequency points within the pixel. The R-ratio is calculated according
to the procedure described in Section 3.1. For each spectral channel, the complex RF response
of the channel is pre-calibrated with fluorescence lifetime standard solutions; the correction
data are then pre-loaded into the FPGA block RAM from the host computer as an array during
initialization. The real and imaginary parts of the correction data are stored as separate constant
arrays. The 44-frequency-point data array within a pixel is divided by the corresponding real
and imaginary part of the RF correction array. The real and imaginary multiplication results
are then summed respectively to obtain the real and imaginary integrals in Eq. (5). At last, the
imaginary integral is divided by the real integral to obtain the R-ratio.

Finally, the intensity and the R-ratio data are streamed to the host computer, where the flu-
orescence lifetime of the pixel is recovered from the R-ratio using the look-up table plotted in
Fig. 3. Intensity and R-ratio images can be shown in real time on the FmFLIM confocal micro-
scope’s imaging control program. The data acquisition and analysis for all 8 spectral channels
run in parallel on the FPGA broad. Lifetime images of up to 8 Ex-Em channels can be displayed
in real time.
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4. Results: R-method vs. iterative fitting

4.1. Single exponential decay: GFP lifetimes in different refractive indices

The R-method was first tested on samples with single-exponential decay. GFP was dissolved
in PBS that contains 0% to 80% glycerol, whose refractive indices changes from 1.33 to 1.44.
Figure 6 plots lifetimes calculated by single-exponential fitting and by the R-method. Both re-
sults follows the 7! oc n? rule [24] predicted by the Strickler-Berg formula [28]. Statistical
lifetime errors between each 22-us measurements are similar between two methods. Measure-
ment errors, i.e., lifetime accuracies, of both methods are also similar, as the F-number analysis
has predicted. The result proves that the R-method is equally effective as the iterative fitting
method in quantifying the decay constant of single exponential decays.
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Fig. 6. GFP lifetime changes due to refractive index changes of media. Lifetimes are cal-
culated by single-exponential fitting (blue) and the R-method (red). Error bars represent
STDs of lifetimes from 40,000 repeating measurements, each acquired with a total acqui-
sition time of 132 us.

4.2.  Multi-exponential decay lifetime standards

Practically, most FLIM samples contain multiple exponential decay components. Thus the R-
method was then tested with standard samples of known multi-exponential decay constants
[25]. These standards were double stranded DNA (dsDNA) oligonucleotides with single or dou-
ble internal fluorescent labels. dSDNA were formed by hybridizing two single stranded DNA
(ssDNA) oligonucleotides with complimentary sequences. When one of the ssDNA is labeled
with fluorescein and the other is unlabeled, in the resulting dsDNA, the decay of fluorescein is
a single exponential decay at T = 3.47ns. When two ssDNA were internally labeled with either
fluorescein or Cy3 respectively, in the resulting dsDNA, fluorescein and Cy3 are separated by
15 base pairs (sequences and labeling sites are shown in Fig. 7(a)). Because of the short dis-
tance between fluorescein and Cy3, strong FRET occurs and quenches the fluorescence lifetime
of the donor (fluorescein) from 3.47 ns (in ssDNA) to 1.6 ns (in dsDNA) [29].

Lifetime standards with multi-exponential decay were prepared by mixing fluorescein-Cy3-
labeled and fluorescein-labeled dsDNA at various ratios. Average lifetimes of fluorescein in
these mixtures, obtained by iterative fitting with the single-exponential decay model, vary from
1.60 ns to 3.47 ns.

Figure 7(b) compares average fluorescein lifetimes of standards obtained by the R-method
with those obtained by single-exponential iterative fitting. When the fluorescein emission is
purely from fluorescein-Cy3-labeled dsDNA and the decay is single exponential, both the R-
method and the iterative fitting method yield a lifetime of 1.6 ns. When the fluorescein emission
is from a mixture of fluorescein-Cy3-labeled and fluorescein-labeled dsDNA, the decay is dou-
ble exponential, and results from both methods are still close within measurement errors.
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Fig. 7. (a) The structure of dsDNA formed by complementary internally fluorescein-labeled
30-mer ssDNA and Cy3 labeled 66-mer ssDNA. The lifetime of fluorescein is 3.47 ns in
ssDNA, and 1.60 ns in dsDNA due to FRET. (b) Average lifetimes obtained by iterative
fitting (x-axis) vs. by the R-method (y-axis) from mixtures of ssDNA and dsDNA. The
dashed diagonal line indicates that R-method results are identical to results of iterative
fitting. Error bars represent STDs of lifetimes from 40,000 repeating measurements, each
acquired with a total acquisition time of 132 us.

4.3.  Timelapse imaging of cCAMP FRET sensor
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Fig. 8. Average GFP lifetime traces of HeLa cells (N=4) expressing the GFP-Epac-mCherry
cAMP sensor, in comparison to HeLa cells (N=4) expressing free GFP. The treatment
was applied at 5 minutes after imaging started. The cAMP level increased after the treat-
ment, and GFP lifetimes of GFP-Epac-mCherry sensors increased accordingly. The lifetime
of control cells expressing free GFP remained the same. Left y-axis: Average lifetimes.
Right y-axis: Experimental R-ratio. Average lifetimes obtained by single-exponential fit-
ting (blue) and by the R-method (red) match well.

To demonstrate that the R-method has sufficient sensitivity for monitoring lifetime changes
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in live cells, we performed time-lapse cAMP imaging in HeLa cells expressing GFP-Epac-
mCherry FRET sensor [25]. The FRET efficiency of the sensor is expected to decrease upon
binding with cAMP. A drug treatment that increases cAMP (100 uM IBMX and 25 uM
forskolin [25,30]) was applied to cells during imaging.

Figure 8 plots the average lifetime timelapse traces of HeLa cells (N=4) expressing the cAMP
sensor, in comparison to control HeLa cells (N=4) expressing free GFP. Average lifetimes ob-
tained by single-exponential fitting and by the R-method match well. Both methods detected
the GFP lifetime increase in the cAMP cells after treatment, whereas GFP lifetimes in the con-
trol cells remained constant. The result shows clearly the R-method is a reliable way to detect
lifetime changes due to FRET in live cells.
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Fig. 9. Time-lapse cAMP level imaging of HeLa cells expressing GFP-Epac-mCherry sen-
sor. FLIM confocal images were taken at the donor (GFP) channel (Ex: 488 nm, Em:
525420 nm) and the acceptor (mCherry) channel (Ex: 561, Em: 5934+20nm) simultane-
ously. Lifetime images were calculated with the R-method.

(a) Multi-channel FLIM images before treatment. al: false color image of donor (GFP,
green) and acceptor (mCherry, red) brightness. a2: Lifetime image of the donor channel.
a3: Lifetime image of the acceptor channel.

(b) Multi-channel FLIM images after treating with IBMX and forsklin, which increased
cellular cAMP level. bl: false color image of donor (GFP, green) and acceptor (mCherry,
red) brightness. b2: Lifetime image of the donor channel, showing the donor lifetime in-
creased . b3: Lifetime image of the acceptor channel, showing unchanged acceptor channel
lifetime. The acceptor channel is unrelated to the FRET process, and lifetimes in this chan-
nel is unaffected by the treatment.

(c) Pixel histogram of the donor before and after the treatment. Increased donor lifetime
indicates a higher cAMP level after the treatment.

(b) Pixel histogram of the acceptor channel before and after the treatment. The acceptor
channel lifetime is undisturbed as expected.

The FmFLIM system is capable of performing lifetime imaging on multiple Ex-Em channels
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in a truly parallel fashion. With the R-method, multi-channel lifetime images can be calculated
in real time. Figure 9 shows two-channel lifetime images of HeLa cells expressing the cAMP
sensor, which were acquired with two CW lasers (488 nm and 561 nm) at the same time. One
channel (Ex: 488 nm, Em: 525+20 nm) measured the lifetime of GFP, which was expected
to increase when cAMP level increases, and the acceptor channel (Ex: 561, Em: 593+20nm),
which detected the self-excitation-emission of mCherry and was not expected to change be-
cause fluorescent signals in this channel are unrelated to the FRET process. Experimental re-
sults calculated by the R-method matched expectations. Lifetime images clearly demonstrated
that the donor lifetime increased due to the treatment. In the meantime, the acceptor lifetime was
undisturbed because the acceptor self excitaiton-emission is independent of the FRET process.
These results verified that lifetime calculated by the R-method is highly reliable and sensitive,
and the R-method is capable of capturing dynamic lifetime changes in live cells.

5. Summary

The purpose of developing a non-iterative lifetime analysis methods is to speed up lifetime
computing of FLIM data, and to enable hardware-based lifetime image analysis. The latter is
extremely important for the Fourier multiplexed FLIM (FmFLIM) technique, which is capable
of acquiring fast time lapse FLIM image on multiple channels. In the past, applications of
this novel parallel multiplexed FLIM technique was hampered by the large computation load
coming from iterative fitting of multi-channel lifetime images. This paper establishes the R-
method for frequency-sweeping FmFLIM. Experimental tests proved that the performance of
the R-method is equivalent to that of single-exponential iterative fitting, and the sensitivity and
reliability of the R-method are well suited for time-lapse FLIM-FRET imaging of live cells.
With the R-method and its FPGA implementation, multi-channel lifetime images can now be
generated in real time on the frequency-sweeping FmFLIM system. The advance will greatly
facilitate the application of FmFLIM in biomedical research.
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