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ABSTRACT

We propose and demonstrate a novel multiphoton frequency-domain fluorescence lifetime imaging microscopy
(MPM-FD-FLIM) system that is able to generate 3D lifetime images in deep scattering tissues. The imaging
speed of FD-FLIM is improved using phase multiplexing, where the fluorescence signal is split and mixed with
the reference signal from the laser in a multiplexing manner. The system allows for easy generation of phasor
plots, which not only address multi-exponential decay problems but also clearly represent the dynamics of the
fluorophores being investigated. Lastly, a sensorless adaptive optics setup is used for FLIM imaging in deep
scattering tissues. The capability of the system is demonstrated in fixed and living animal models, including
mice and zebrafish.

Keywords: Fluorescence lifetime imaging microscopy, frequency-domain, multiphoton microscopy, adaptive
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1. INTRODUCTION

Fluorescence lifetime imaging microscopy (FLIM) is a useful tool for biomedical research because it provides ad-
ditional information other than fluorescence intensity, such as ion concentration, dissolved oxygen concentration,
pH, and refractive index by measuring the fluorescence decay lifetime of excited fluorophores.! > FLIM becomes
especially powerful when combined with multiphoton microscopy (MPM)*® which provides 3D resolution, deep
penetration, and minimal phototoxicity.” 1 FLIM can be implemented in time-domain (TD)'?'3 or frequency-
domain (FD).'*'® FD-FLIM techniques are attractive for their rapid acquisition speed, easy implementation,
and reduced system bandwidth requirements compared to TD-FLIM.! However, both TD- and FD-FLIM tech-
niques are slow compared to a conventional confocal or multiphoton microscopy due to the extra data acquisition
and processing steps required to acquire fluorescence lifetime information. Moreover, FLIM images often suffer
from their low signal-to-noise ratio (SNR) because the photon efficiency in measuring fluorescence lifetimes is low
compared to conventional intensity measurements;'® this problem is more prominent in deep tissue imaging,
where useful ballistic photons are scarce and FLIM imaging is particularly challenging. The slow speed and low
SNR are thus the main factors that limit FLIM from being widely used in biomedical research.

In this work, we propose and demonstrate a novel multiphoton FD-FLIM (MPM-FD-FLIM) system that is
able to generate three-dimensional (3D) lifetime images in deep scattering tissues. The imaging speed of FD-
FLIM is improved using a radio frequency (RF) analog signal processing technique termed phase multiplexing,
where the multiphoton excitation fluorescence signal is split to multiple ways, phase shifted, and mixed with the
80 MHz reference signal from a Ti:sapphire laser in a multiplexing manner. This technique is fundamentally a
homodyne detection method aiming to extract the fundamental harmonic of the 80 MHz pulses, but no external
modulation is used and therefore the photon efficiency is high. Moreover, due to the multiplexing and analog
signal processing, 3D fluorescence lifetime and intensity images can be acquired simultaneously, with no additional
time required for FD-FLIM measurements. We also show that this system allows for easy generation of phasor
plots with no Fourier transform involved, which not only address multi-exponential fluorescence decay problems
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Figure 1. Schematic of a PM-FLIM system.

but also clearly represent the dynamics of the fluorophores being investigated. A custom-written program allows
one to interact with fluorophore dynamics by selecting a certain area of phasor plots and observing the image
pixels related to it. Lastly, a sensorless adaptive optics setup with a deformable mirror is used in the system to
correct wavefront distortions introduced by the imaging system and sample and allows for FLIM imaging in deep
scattering tissues. The capability of the system is demonstrated in fixed and living animal models, including
mice and zebrafish.

2. METHODS

The phase multiplexing (PM) FLIM system is an upgrade of the generalized stepwise optical saturation (GSOS)
microscope we developed to acquire super-resolution FD-FLIM images.'” In Ref. 17, we used analog RF mixing
to extract the fundamental harmonic component, g;, by measuring the voltage at the intermediate frequency
(IF) port of the RF mixer (Mini-Circuits ZAD-3H+, 0.05-200 MHz) four times, each time with a different
phase shift introduced by a phase shifter (Mini-Circuits JSPHS-150+, 100-150 MHz). After acquiring these four
measurements, Vig(0), Vir(0.57), Vip(7), Vip(1.57), we can calculate the phase of the harmonic ¢; from

Vir(m) — Vir(0)
‘/11:‘(0.577) — ‘/IF(l.E)ﬂ') ’

(1)

/q, = arctan

and the fluorescence lifetime 7 can be calculated as

1 Vie(0) — Vir(m)
w Vir(0.57) — Vip(1.57)"

1
— —
T an(Zq1)

(2)

The four measurements also allow for easy generation of phasor plots'® 20 with no Fourier transform involved,
Vir(0) — Vip(m) o S, (3)
Vir(0.57) — Vip(1.57m) x G, (4)

where S and G are imaginary and real coordinates of a point in a phasor plot. The phasor plots not only address
multi-exponential fluorescence decay problems but also clearly represent the dynamics of the fluorophores being
investigated.

In this work, we upgraded the GSOS design by introducing two power splitters (Mini-Circuits ZSC-4-3+,
0.25-250 MHz) as well as three additional phase shifters, RF mixers, and low-pass filters into the experimental
setup, as shown in Fig. 1. The two power splitters are able to split the signals from the mode-locked Ti:sapphire
laser (Spectra Physics Mai Tai BB, 710-990 nm, 100 fs, 80 MHz) and the PMT (Hamamatsu H7422PA-40) to
four paths. The four paths are independent and each one of them can be seen as a replica of the analog RF
mixing configuration in Ref. 17. The analog RF mixing can be operated simultaneously by introducing four
different phases, 0, 0.57, m, 1.57, to the phase shifter at each path; therefore one no longer needs to repeat
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Figure 2. In PM-FLIM, the four measurements (with different phase shifts) required to calculate the fluorescence lifetime
image can be acquired simultaneously. With the intensity image measured at the same speed, a composite lifetime image
can be generated, where the intensity and lifetime are mapped to each pixel’s brightness and hue, respectively. Shown
here are images from fixed bovine pulmonary artery endothelial (BPAE) cells (Invitrogen FluoCells F36924) labeled with
MitoTracker Red CMXRos (mitochondria), Alexa Fluor 488 phalloidin (F-actin), and DAPI (nuclei).

the measurement four times as we did in Ref. 17. Instead, all the four measurements required to acquire the
fluorescence lifetime 7 can be performed simultaneously, in a multiplexing manner; hence we call this technique
phase multiplexing FLIM. The PM-FLIM technique not only makes FLIM imaging four times faster than our
previous setup, it also generates lifetime images and phasor plots at the same speed with a conventional confocal
or multiphoton microscope. Therefore, with PM-FLIM, the low speed is no longer a limiting factor of FLIM.
The principle of PM-FLIM can be seen from an example in Fig. 2.

With the capability to generate fluorescence lifetime images and phasor plots at the same speed with conven-
tional confocal or multiphoton intensity images, PM-FLIM enables the opportunities to get 3D lifetime images
and phasor plots in deep scattering tissues. We utilized a piezoelectric deformable mirror (Thorlabs DMP40)
to compensate for the optical aberration of the beam when imaging deep. We used a sensorless adaptive optics
(AO) technique similar to the one in Ref. 21 to compensate for wavefront distortions. With the combination
of PM-FLIM and AO, we achieved 3D in vivo fluorescence lifetime imaging in live mouse brain and zebrafish
embryo. All animal studies in this work were approved by the University of Notre Dame Institutional Animal
Care and Use Committee.

3. RESULTS

We performed a series of imaging experiments with our PM-FLIM setup. For each experiment, G and S images
were calculated from the four multiplexing measurements, Vir(0), Vir(0.57), Vip(7), Vir(1.57), based on Egs. 3
and 4. Intensity images were obtained in a conventional manner, i.e., by recording the DC component of the
fluorescence signal detected by the PMT; in practice, we measured the DC port of the bias tee to acquire intensity
information. Lifetime images were obtained with Eq. 2. Composite lifetime images were generated by mapping
the intensity and lifetime images to the pixels’ brightness and hue, respectively. Phasor plots were in principle
two-dimensional histograms of G and S images. By drawing region-of-interests (ROIs) on phasor plots using our
custom-written program, the pixels related to the ROIs could be labeled; consequently, a phasor labeling image
could be generated, where the pixels corresponding to the aforementioned ROIs were painted with the same color
as their related ROIs. With the new phasor labeling image, a composite phasor image with brightness mapped
to intensity and hue mapped to phasor labels could also be generated. Lastly, we applied a 3 x 3 median filter to
G and S images to improve the SNR performance of the phasor plot.?° After filtering, the phasor plots became
more congregated and the accuracy of phasor labeling was increased.
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Figure 3. Images of fixed BPAE cells acquired with a PM-FLIM microscope.
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Figure 4. Images of live mouse brain (Cx3crl-GFP/+) acquired with a PM-FLIM microscope.

Figure 3 shows the ex vivo PM-FLIM images of fixed BPAE cells. Here, in addition to intensity, composite
lifetime, and phasor-related images, G, S, and lifetime images of gray scale are shown to illustrate the procedures
of PM-FLIM. One can see the clear separation of cell mitocondria, F-actin, and nuclei by lifetime differences
and phasor labeling. We also demonstrated in vivo fluorescence lifetime and phasor imaging on live mouse brain
[Fig. 4] and live zebrafish embryo [Fig. 5]. In Fig. 4, the differences in microenvironments in the mouse brain,
specifically, microglia, can be recognized by different lifetime values and phasor labels. In Fig. 5, different lifetime
values and phasor labels represent different microenvironments surrounding the zebrafish spinal cord. Finally,
3D fluorescence lifetime and phasor labeling images of a live zebrafish embryo are shown in Fig. 6. Regardless of
the samples or whether the images are acquired in 2D or 3D, the fluorescence lifetime and phasor labeling images
can assist differentiating various cell or tissue structures that can not be separated by conventional intensity
images. In particular, phasor plots and labeling, due to their versatility, are especially useful to separate the
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Figure 5. PM-FLIM images of live EGFP labeled Tg(sox10:megfp) zebrafish at 2 days post fertilization.

structures that can not be separated even by fluorescence lifetime images.

4. CONCLUSION

We have proposed and demonstrated PM-FLIM, a novel MPM-FD-FLIM system capable of generating 3D
fluorescence lifetime images in deep scattering tissues. The imaging speed of FLIM was improved using a
RF analog signal processing technique termed phase multiplexing. Due to the multiplexing and analog signal
processing, 3D fluorescence lifetime, phasor plots, and intensity images can be acquired simultaneously, with no
additional time required for FLIM measurements. We have shown that this system allows for easy generation of
phasor plots that can address multi-exponential fluorescence decay problems as well as exhibit the dynamics of
the fluorophores being investigated. Finally, using a sensorless adaptive optics setup with a deformable mirror,
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Figure 6. 3D fluorescence intensity, lifetime, and phasor labeled volumes of live zebrafish embryo acquired with a PM-
FLIM microscope. Three different viewing angles are presented to help visualize the 3D structures. The difference in
lifetime and phasor labels can be clearly observed in the 3D volumes.

we have demonstrated 3D lifetime images and phasor plots in vivo in deep scattering animal models, including
live mouse brain and zebrafish embryo.
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