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Abstract. We report a dynamic fluorescence lifetime imaging (D-FLIM) system that is based on a pair of
acousto-optic deflectors for the random regions of interest (ROI) study in the sample. The two-dimensional
acousto-optic deflector devices are used to rapidly scan the femtosecond excitation laser beam across the sam-
ple, providing specific random access to the ROI. Our experimental results using standard fluorescent dyes in
live cancer cells demonstrate that the D-FLIM system can dynamically monitor the changing process of the
microenvironment in the ROI in live biological samples. © 2014 Society of Photo-Optical Instrumentation Engineers (SPIE)
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Fluorescence microscopy is routinely used in many fields
including biophysics, biochemistry, and biomedicine. In addi-
tion to the fluorescence intensity, other fluorescence parameters
such as excitation and emission spectra, polarization, and life-
time can be used to better characterize the sample.'™ The par-
ticular advantage of fluorescence lifetime imaging (FLIM) is
that the lifetime measurement does not depend on fluorophore
concentration; therefore, it can reveal information about the
microenvironment of the fluorophore, which is the reason
that FLIM has drawn a lot of attention.>*"'! FLIM in its simplest
form can be used as a contrast enhancing technique to differen-
tiate various fluorescent species or to sense the local fluorophore
environment as interactions with other molecules. Until now, the
vast majority of FLIM applications have been focused in bio-
medicine and life science research fields, as the technique is
nondestructive or minimally invasive and is suitable for moni-
toring living cells and tissues.”” Fluorescence resonance energy
transfer is often detected with FLIM to identify protein-protein
interactions or conformational changes of proteins.'® Moreover,
there are many applications in diverse fields, such as forensic
science, combustion research, luminescence mapping in dia-
mond, microfluidic system, art conservation, and lipid order
problems in physical chemistry.” Efforts are underway to
use FLIM combined with a phasor plot approach for clinical
diagnostics.!!

In the last decades, two-photon excited FLIM has become a
powerful tool in biology and biomedical studies. Most of the
current FLIM imaging systems employ galvo-mirrors to scan
the laser spot across the biological samples, due to their advan-
tages of large scanning angles and no dispersion effect.
However, there are several disadvantages. The moving speed
of galvo-mirrors is relatively slow and they could not provide
flexibility for scanning rate selection. Another disadvantage
is that the mechanical scanners cannot rapidly access a specific
point in the sample, leading to limited imaging speed and flex-
ibility.!>!® Therefore, this method does not allow for fast
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functional event detection in live biological samples. To increase
the imaging speed, other scanning methods have been proposed
in recent years. Lechleiter et al. reported the multiphoton adap-
tation of a confocal microscope that uses an acoustic optical
deflector (AOD) for beam steering.'* Roorda et al. proposed
a video-rate two-photon imaging system based on AOD.!
Kirkby et al. developed a high speed three-dimensional (3-D)
AOD for femtosecond two-photon imaging.'® Among them,
scanning using acousto-optic deflectors has been considered
as the most promising method.'”"” The advantage of using
AOD as scanners is that they have no mechanical moving
parts, which allows for rapidly steering the laser beam to any
point in the field of view (FOV) with high precision and repeat-
ability. However, AOD has some drawbacks. For example, the
dispersion of ultrafast laser light limits its application in multi-
photon microscopy. In order to make full use of the advantages
of AODs as flexible scanning devices with random-addressing
capability, Lv et al.!” proposed a simple dispersion compensa-
tion mechanism using a single prism in a two-photon excitation
fluorescence microscope. In 2008, Iyer et al.'® reported a new
imaging system that utilizes a unique arrangement of AOD to
steer a focused, ultrafast laser beam to arbitrary locations in
3-D space without moving the objective lens. In 2013, we pre-
sented a flexible FLIM microscopy system based on two-dimen-
sional (2-D) AOD to achieve fast beam scanning across the
sample.” The AOD-FLIM system can provide random access
to the regions of interest (ROI). However, the single photon
counting modules (SPCM, which is the FLIM control software,
Becker & Hickl) system of the AOD-FLIM system worked
under the “single imaging” mode; therefore, the imaging area
is limited and the image reconstruction is based on the lifetime
measurement of each pixel, making the experimental process
complicated and time-consuming. Due to these limitations,
the AOD-FLIM system is not suitable for in vivo imaging.

In this paper, we report the implementation of dynamic fluo-
rescence lifetime imaging (D-FLIM) using a pair of AOD and a
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time-correlated single-photon counting (TCSPC) lifetime imag-
ing module for the random ROI study in the sample as well as an
SPCM system that operates in “FIFO imaging” mode. The AOD
devices are used to rapidly scan the femtosecond laser beam
across the sample, providing specific random access to the
ROIL In our experiment, we used the fluorescent dye
Rhodamine-6G to label live HepG2 cells, then we used tumour
necrosis factor-a (TNF-a) to induce apoptosis in HepG2 cells,
and continuously recorded the fluorescence lifetime change of
Rhodamine-6G in the HepG2 cells. It has been demonstrated
that our system can dynamically monitor the changing process
of the ROI in live biological samples. Moreover, the fluorescent
dye Rhodamine-6G is a potential probe for observing the apop-
tosis process of live cells.

Figure 1 is the schematic diagram of the D-FLIM system that
is composed of a femtosecond laser, a prism, 2-D AOD scanner,
a PIN, a PMT, a TCSPC module, a computer, and a microscope.
The femtosecond laser is a mode-locked Ti:Sa femtosecond
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Fig. 1 Schematic diagram of the dynamical fluorescence lifetime im-
aging system. Laser: Spectra-Physics, Mai Tai DeepSee, the wave-
length of the output light is 820 nm; PBS: polarization beam splitter;
AOD: acousto-optic deflector; DM: dichroic mirror; PMT: Hamamatsu
H7422-40; Objective: Olympus UPLO 60 x /NA 1.40 oil immersion
objective.

"~ -
P

T NI ey el el wmp T NI n e e T g,y

laser (Spectral-Physics, Mai Tai DeepSee) with its tunable out-
put light wavelength from 690 to 1000 nm (here we use
820 nm). The repetition rate of the laser is 80 MHz and the out-
put power is 3.0 W. The prism is a SF10 glass prism and the apex
angle is 60 deg. It is used to simultaneously compensate for the
temporal and spatial dispersions. The 2-D AOD scanner (AA
Optoelectronic, DTSXY-400-810, A-A) is used for an ultrafast
and selected area scan, the center frequency of the 2-D AODs
was 75 MHz, and the range of the scan frequency was 60 to
90 MHz. After passing the 2-D AODs, the laser is split into
multiple beams, where the (0, 0) beam is used to produce the
synchronization signal by PIN (PHD-400, Becker & Hickl),
and the (1, 1) beam is expanded with a pair of lenses (one is
a scanning lens f = 100 mm and another is a tube lens
f = 300 mm) before entering the objective lens. The objective
lens is an Olympus UPLO 60 X /NA 1.40 oil immersion lens.
The fluorescence generated from the sample is collected by the
objective lens and detected by a PMT (H7422-40, Hamamatsu),
and the output of PMT is sent to the TCSPC module (SPC-150,
Becker & Hickl) for measuring the fluorescence lifetime with
photon counting.

In order to make full use of the dispersion compensation of
the prism, the prism along with the two mirrors is mounted in a
small optical adjustment bracket and tilted at a constant angle of
45 deg with respect to the x-axis, and the incident angle of light
at the prism is about 47 deg. The distance from the prism to the
AODs (the AODs are fixed on a 3-D adjustment platform.) is
about 35 cm to provide optimal spatial dispersion compensation.
Because the compensation is sensitive to the angle of incidence
at the prism, the prism and the related optics are carefully
locked. The control system for AODs scanning is written in
Labview (National Instruments). The signals for the system con-
trol and synchronization were provided by a multifunction DAQ
card (USB-6353, National Instruments).

To demonstrate the performance of the D-FLIM system, we
performed FLIM experiment using a fluorescein cover slip.
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Fig.2 The images of random areas (letter F). Fluorescence intensity (a) and lifetime (b) image of letter F.
(c) Lifetime histogram of image (b). (d) Fluorescence decay curve.
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Figure 2 shows the experimental result. Figures 2(a) and 2(b)
show the fluorescence intensity and lifetime images of a letter
“F” that was selected using the mouse. The mouse selecting
process generated the coordinates of the pixels on the letter
“F.” Then the control system of AODs deflected the laser
beam on the sample with different frequencies corresponding
to the different positions on the letter “F.” Figure 2(a) is the
image of fluorescence intensity with a CCD camera
(CoolSNAP EZ, Photometric). Figure 2(b) is the lifetime
image of Fig. 2(a). Figures 2(c) and 2(d) are the lifetime histo-
gram and fluorescence decay curve, respectively. Figure 2(c)
shows the lifetime distribution of all the pixels, providing the
average lifetime of the letter “F,” which is 2.245 ns. Here,
we must emphasize that the D-FLIM system is a single beam
scanning method. Although multibeam scanning approaches
also exist, they could not be applied to D-FLIM for random
ROL

10 um

In order to demonstrate the capability of D-FLIM for random
ROI, we used a Convallaria rhizome slide. Figure 3(a) is the
fluorescence intensity image of the Convallaria rhizome slide.
Figure 3(b) is the fluorescence intensity image of the ROI [the
blue square in (a)], and Fig. 3(c) is the FLIM of this area. The
collection time for Fig. 3(c) is 1 s. Figure 3(d) is the fluorescence
decay curve of a selected point in the lifetime image. Figure 3(a)
indicates that the FOV is about 60 ym X 60 um, and the selected
area is about 50 ym X 40 ym. The decay curve in Fig. 3(d) was
analyzed using double exponential fitting.

Finally, we used D-FLIM to continuously monitor live
HepG2 cells treated with TNF-a. In our experiment, we first
used the fluorescent dye Rhodamine-6G to stain liver cancer
HepG2 cells, then we added 100 ng/mL of TNF-a to induce
apoptosis in the HepG2 cells, and applied the D-FLIM system
to dynamically record the fluorescence lifetime of Rhodamine-
6G in the HepG2 cells for a certain period of time. Figure 4
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Fig. 3 (a) Fluorescence intensity image of a Convallaria rhizome slide, (b) fluorescence intensity image
of the selected area (the blue square in (a)), (c) fluorescence lifetime image of the blue square in (a),
(d) the fluorescence decay curve of a point in the selected area in (c).
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Fig. 4 Dynamic fluorescence lifetime images of HepG2 cells treated with 100 ng/mL of TNF-a.
(a) Fluorescence intensity image; (b)—(e) fluorescence lifetime images obtained at 10 s, 5 min,
10 min, and 30 min, respectively, after TNF-a treatment. Also, the average lifetime of (b), (c), (d) and
(e) is 889.03, 939.9, 1677.46, and 2065.83 ps, respectively.
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shows the D-FLIM images of HepG?2 cells treated with TNF-a.
We selected the lower-left HepG2 cells as the representative cell
in FOV of fluorescence intensity image, and marked it with a
blue square (ROI). The upper left images of Figs. 4(b)—4(e)
are fluorescence intensity images at different treatment times
and the upper right images are the corresponding fluorescence
lifetime images of the ROI, respectively. The lower images of
Figs. 4(b)—4(e) are the corresponding histograms of the lifetime
distribution. As shown in Fig. 4, the fluorescence lifetime of
Rhodamine-6G in the HepG2 cell kept increasing during cell
apoptosis, which indicates that our system is able to dynamically
monitor the changing process of the ROl in live cells. In order to
find out the mechanism underlying the lifetime change, we
carried out two sets of additional experiments: one used
Rhodamine-6G to immerse liver cancer HepG2 cells without
TNF-a treatment, the other used Rhodamine-6G in a cell culture
medium with 100 ng/mL of TNF-a but without HepG2 cells.
Then, we applied the D-FLIM system to dynamically record the
fluorescence lifetime. After analysis, we found that the lifetime
in both experiments remained stable during both processes.
According to previous reports,”?°2* FLIM can reveal the
changes of the micro-environment such as pH, viscosity, and
other parameters. We propose that the pH value and the viscosity
of cells are changing during cells apoptosis, which may lead to
the change of the fluorescence lifetime as shown in Fig. 4. From
the experiments, we can also use Rhodamine-6G as a promising
probe for monitoring apoptosis in live cancer cells.

In summary, the D-FLIM system provides an effective way to
monitor the micro environment of specific live cells. When com-
bined with the dye Rhodamine-6G, our D-FLIM system is able
to monitor the apoptosis process in liver cells. In view of the
above advantages, the D-FLIM system has potentially wide
spread applications in biological and biomedical research fields.
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