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ABSTRACT

Multiplexed fluorescence detection has become an indispensable tool in modern biosensing and imaging.
Although a variety of excitation/detection optics designs and unmixing schemes have been proposed to
achieve multiplexed detection, successful differentiation and quantification of multiple fluorophores at each
imaging pixel is still challenging. Recently, fluorescence lifetime imaging microscopy (FLIM) in
combination with the phasor plot analysis has shown many advantages over other multiplexed detection
methods. Being an intrinsic property of a fluorescent molecule, fluorescence lifetime measured by FLIM is
not biased by excitation power or probe abundance and can reveal information on the probe’s
microenvironment (ions, pH, oxygen content, electrical signals, index of refractions, etc.). In addition, FLIM
is one of the most robust ways of quantifying FRET for studying protein-protein interactions. Moreover, by
combining lifetime information with a spectral reading at each pixel, spectral FLIM adds two more
dimensions to the spatiotemporal information collected by a conventional confocal setup, resulting in a 6-
dimenional (X, y, z, A, T, t) data set. The major challenges to the spectral FLIM methods lie in the data
acquisition speed and the complexity in post processing and analysis. Here, we present a new time-resolved
spectral detector with parallel 16-channel digital frequency domain FLIM (FastFLIM) readouts, for fast
spectral FLIM data acquisition. The 16-channel FastFLIM can produce unbiased spectral FLIM data for
phasor analysis that unambiguously discriminate and quantitate fluorescent species with unique spectral and
lifetime features at each image pixel. Our spectral FastFLIM method offers new opportunities for monitoring
multiple dynamic signaling events in live specimens, providing insights into complex biological systems.

1. INTRODUCTION

Fluorescence is one of the many different luminescence processes. The fluorescence processes following light
absorption and emission are usually illustrated by the Jablonski diagram [1], and the energy of the emission
photon is typically less than that of the absorption photon. Thus, the fluorescence emission of a fluorophore is
usually red shifted (longer wavelength) compared to its excitation — a phenomena called the Stokes shift [1].
Measuring fluorescence provides the high degree of specificity amidst non-fluorescing material and the
exquisite sensitivity for detecting individual fluorescent molecules. Fluorescence microscopy has been an
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important tool in biological sciences, because it provides excellent sensitivity for quantifying fluorescent
molecules in a large dynamic range from high concentrations down to single molecules in live or fixed
specimens, over broad spatial and temporal dimensions. Fluorescence microscopy is often employed to image
a number of fluorescent probes tagging different sub-cellular components in cells or tissues for studying their
colocalization and interactions. This is called multiplexed fluorescence microscopy imaging, which requires
precise separation of the fluorescent molecules based on their spectroscopic properties.

It is most common that images of multiple fluorescent probes with different excitation / emission
spectral profiles are acquired in different detection channels for multiplexing. The spectral crosstalk between
different colored dyes can be minimized by using the dyes with very distinct spectral profiles or completely
removed by utilizing some special techniques, such as sequential imaging or spectral linear unmixing. The
most advantageous approach for intensity-based multiplexing is spectral imaging microscopy [2-8], which
produces A-stacks consisting of x-, y- (spatial) and A- (spectral) dimensions, measuring the emission signals in
a series of spectral intervals equally sampled over a spectral range, at each pixel location. The emission
signals of all spectral windows of the A-stack can be acquired in parallel by using an array of detectors to
dramatically increase the imaging acquisition speed. Linear unmixing of the A-stack images based on the
reference (fingerprint) spectra of pure fluorescent species can be applied to quantitatively separate those
components mixed at the same pixel [2-5]. In theory, the number of fluorescent species which can be
resolved by spectral imaging and linear unmixing is limited by (no more than) the number of the spectral
detection windows [5]. However, the linear unmixing process is computationally challenging and its accuracy
and robustness highly depend upon the signal-to-noise (SNR) ratio at each pixel. These limitations could lead
to problematic results in many biological applications for using a low excitation dose to minimize
phototoxicity at a fast imaging speed (e.g. time-lapse imaging of live specimens). On the other hand, the
phasor approach which has been effectively used for processing and analyzing the fluorescence lifetime data
[9-16] was applied to the spectral imaging data analysis [6]. It has been demonstrated that the spectral phasor
method is an efficient and powerful tool for quantitatively unmixing and analyzing the spectral imaging data
and is much faster and more robust for resolving weak hyperspectral signals than the traditional linear
unmixing routine [6-8].

Besides the absorption and emission spectra, the fluorophore has other important photophysical
properties, such as the extinction coefficient (ability of absorbing photons), the quantum yield (ability of
emitting photons) and the fluorescence lifetime — it is the average time the fluorescent molecule spends in the
excited state before returning to the ground state. The natural fluorescence lifetime of a fluorophore (in the
absence of non-radiative processes) is an intrinsic property of the fluorophore. For most of the fluorescence
microscopy methods, the fluorescent signal is quantified by integrating the emitted photons over a period of
time which is usually much longer than the fluorescence lifetime - referred to as steady-state (or intensity-
based) imaging. In contrast, fluorescence lifetime imaging microscopy (FLIM) measures the fluorescent
signal at a very high temporal resolution (down to picoseconds) and is able to resolve the fluorescence
lifetime. FLIM provides a totally new dimension to quantitate the fluorescent probe in addition to its steady-
state intensity and spectral profiles and opens new opportunities for multiplex imaging. It should be noted that
the fluorescence lifetime carries information about the local microenvironment of the fluorescent molecule
and can be very sensitive to certain environmental changes. Therefore, with peculiar selectivity of probes,
FLIM can provide quantitative information of the probe microenvironment, such as ions, pH, oxygen content,
electrical signals, index of refractions, etc [17]. FLIM is widely used to measure Forster resonance energy
transfer (FRET) for studying protein-protein interactions [17-19]. It does not require the corrections for
spectral bleedthrough that are necessary for intensity-based measurements of sensitized emission from the
acceptor. Also, quantifying FRET by FLIM is much less affected by photobleaching and scatter / ambience
noise compared to the intensity-based FRET imaging. All these factors make FLIM to be among the most
accurate methods of measuring FRET. FLIM has also been employed to investigate a number of human
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diseases using endogenous autofluorescent molecules such as FAD, NADH in human cells and tissues and
shows great promise in several clinical applications [20-24].

Numerous FLIM methodologies have evolved for various biological and clinical applications [17]. In
the last two decades turn-key commercial FLIM systems have become available from several companies
including ISS (www.iss.com), making the technique easily accessible. However, FLIM techniques can still be
challenging for many biologists because of the complexity in analyzing and interpreting FLIM data. The
traditional approach for the determination of the fluorescence decay times consists in using the least-square
fitting analysis at each pixel or each group of binned pixels in the image. This approach requires indeed some
level of expertise in the choice of the fitting model and a full appreciation of the statistical tools that are to be
utilized in cases that are at best disputable. The fitting analysis approach utilized to extract the decay times
information significantly hampers the applications of FLIM, when several decay processes are present - it is
commonly the case for biological samples. Also, the pixel-by-pixel based fitting process can be time
consuming for a large amount of data, although this has been improved by applying new computation
algorithms such as machine learning and GPU-based parallelization [25]. To overcome the difficulties in the
fitting analysis and simplify the FLIM data analysis, a 2D graphical method for FLIM data presentation and
analysis was developed by several research groups, named as polar plot [9], AB plot [10-11], or phasor plot
[12-15]. It requires no assumption to be made on the number of decay rates as well as on the specific
modeling of the decay. The phasor plot approach leaves all of the fitting problems behind and presents an
intuitive simple interface for FLIM users to get instantaneous and quantitative results.

The combination of spectral imaging and FLIM has shown great potentials in quantitative biological and
biomedical applications [26-30]. The major challenges to the spectral FLIM method lie in the data acquisition
speed and the complexity in post processing and analysis. Recently, it has been demonstrated that the phasor
analysis method can significantly simplify the spectral FLIM data presentation and analysis, and yet, produce
more accurate and quantitative results for many challenging measurements such as blind unmixing of spectral
and lifetime signatures from multiple unknow species and FRET [30]. Here, we present a new time-resolved
16-PMT spectral detector with the true parallel 16-channel digital frequency domain FLIM (FastFLIM)
readouts [31,32], for fast spectral FLIM data acquisition and the artifact-free phasor analysis [16]. By
combining lifetime information with a spectral reading at each pixel, the spectral FastFLIM technique adds
two more dimensions to the spatiotemporal information collected by a conventional confocal setup, resulting
in a 6-dimenional (X, y, z, A, T, t) data set. It can produce unbiased spectral FLIM data for phasor analysis that
unambiguously discriminate and quantitate fluorescent species with unique spectral and lifetime features at
each image pixel. Our spectral FastFLIM method offers new opportunities for monitoring multiple dynamic
signaling events in live specimens, providing insights into complex biological systems.

2. MATERIALS AND METHODS

2.1 The 16-PMT spectral FastFLIM module

Figure 1 shows the diagram of the 16-PMT spectral FastFLIM module, which includes a grating system, a 16-
multianode photomultiplier tube (PMT, model H12310 by Hamamatsu), an overload protection circuit, a
RS232C communication circuit, 16 preamplifiers, 16 constant fraction discriminators (CFD) and the 16-
channel FastFLIM data acquisition board. The input light beam is coupled to the grating system either in free
space or by an optical fiber bundle. The grating disperses the light into the 16 anodes (ANO1 to AN16) of the
PMT array; the effective area of each anode is 0.8mm x Smm. The electronic pulse signal (analog) generated
from each photon detected by each anode is first pre-amplified and then converted to the LVTTL pulse
(digital) by a CFD, which is given to the corresponding input channel of the 16-channel FastFLIM data
acquisition board. The 16-channel FastFLIM unit also has the Pixel, Line and Frame scanning clock inputs
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for synchronization to a scanning device (e.g. Galvo mirrors), as well as the clockin and clockout trigger
inputs and outputs for synchronization to the laser excitation pulses. For each photon event, the 16-channel
FastFLIM unit transfers the time tagged time resolved (TTTR) data to the computer via USB3, containing the
information for both micro timing (for the phase / decay histogram) and macro timing (for the correlation),
the pixel location and the spectral channel, to build the time resolved emission spectrum (TRES) at each pixel
of the image — an example for the illustration is shown in Figure 2.

This 16-anode PMT array features a high quantum efficiency of 45% (at 520 nm) in the visible spectrum
(300 nm — 740 nm) and an excellent timing characteristic of less than 300-ps transient spread time (TTS). The
gain of each anode can be individually controlled by the computer using the ISS VistaVision software or a
simple Python program through the serial communication. This allows shutting off individual PMT channels
to avoid the strong laser reflection when the laser excitation wavelengths fall into those spectral windows,
making the experimental design more flexible. An overload protection circuit is built in the 16-PMT spectral
FastFLIM module to protect the PMT from light overexposure; it monitors the current to each anode and cuts
off the power supply to the PMT when the current is over the safety threshold.
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- M820

PMT Power Supply Overload Protection Circuit
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AN15 PreAmp CFD Ch1s
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Figure 1: The schematic of the 16-PMT spectral FastFLIM module.

Proc. of SPIE Vol. 12384 1238408-4

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 13 Dec 2023
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Time Resolved Emission Spectrum
(TRES) at each pixel

Figure 2: The 16-PMT spectral FastFLIM module produces TRES at each pixel or voxel.

2.2 The instrument setup

In this study, all the spectral FastFLIM experiments were carried out on the ISS Alba 5 laser scanning system
attached to a Nikon TiU microscope equipped with the Nikon CFI60 60X / 1.2NA water objective. The 16-
PMT spectral FastFLIM data acquisition module was attached to the Alba 5 external port by an optical fiber
bundle (Model A12420 by Hamamatsu). The grating system (Model A10766-Y016 by Hamamatsu) has a
resolution of 13.4 nm / mm and covers the spectral range of 211.2 nm (from 500.7 nm to 711.9 nm) evenly
over the 16 channels. The ISS 405-nm pulsed diode laser driven by the 16-PMT spectral FastFLIM unit
(clockout) at the 20MHz repetition rate was used for all the measurements. All the results were obtained by
analyzing the 16-PMT spectral FastFLIM data with the ISS VistaVision software.

2.3 The lifetime phasor
For lifetime phasor, each pixel in the spectral FastFLIM data set is transformed to a point (gz, s7), called
lifetime phasor, on the lifetime phasor plots, based on Eq. (1).

ng,y,s(a)) = mx,y,s(w) : COS[qu'y,S(a))] 5 STx,y,s(a)) = mx,y,s(w) ) Sin[¢x,y,s(w)] Eq. (1)

where m,,s and ¢.,,; are the modulation ratio (m) and the phase delay (¢) measured at a particular modulation
frequency (w) for the (x,y) pixel location in the s-th spectral window of the spectral FastFLIM data set. This
transformation can be applied to the time-domain (TD) lifetime image through the digital Fourier transform
(DFT), given by Eq. (2).

I3 I,y,s(t)-sin(at)dt
[=e)
Jo Ixys®adt

Iy L,y,s(t)-cos(at)dt
[=e)
Jo Ixys®dt

GTxys(@) = , STyys(@) = , 0 =n-2nf Eq. (2)

where /., (¢) is the number of the photon counts recorded for each time bin “#” at the (x,y) pixel location
in the s-th spectral window of the spectral TD-FLIM data set; w is the angular frequency; fis the repetition
frequency of the pulsed excitation light and » is the integer starting from 1.

Although in theory the phasor plot approach can be equally applied to both the FD/DFD and the TD
FLIM data, in practice more attentions are required for transforming the TD decay data into the phasor space
in order to avoid the erroneous results. The transformation requires one entire period of the decay to be
available in the time record, which cannot be achieved by the default settings in most of time correlated single
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photon counting (TCSPC) measurements; this can cause artifacts for the phasor plot analysis especially when
the excitation repetition time is not long enough to allow the complete decay [16]. In contrast, the DFD FLIM
(also known as FastFLIM) technique acquires the data in equal phase cycles in almost 100% duty cycle,
perfectly designed for the DFT process, providing distortion-free data for the phasor plot processing and
analysis [16]. The data acquired by FastFLIM can be instantly shown on the phasor plots on the fly of data
acquisition, providing a live feedback for investigating the change in lifetimes.

The relationships between the phasor and the lifetime are given by Eq. [3], where N is the number of the
fluorescent species, and f; is the fractional contribution of the i-th species of the fluorescence lifetime 7; to the
total intensity. For a single-lifetime species (N = 1), Eq. [3] is reduced to Eq. [4] and the lifetime can be
directly determined by the coordinate values of a phasor. It is further derived that the two coordinates of a
phasor representing a single-lifetime species must have the relationship defined by “(g - 0.5)*+ s*= 0.25”,
which is drawn as a semicircle curve centering at (g = 0.5, s = 0) with a radius of 0.5 on the phasor plots.

—_ VN fi _ VN _ofiT

gT(CO) - 4i=1 1+wLZ‘L'i2 > ST(G)) - 4i=1 1+w12.;i2 Eq (3)
_ 1 _ wT _ st(o)

gT(w) - 1+w?72 ° ST(O)) - 1+w?72 t= @ gt(w) Eq (4)

o The semicircle is a lifetime ruler on the lifetime phasor plots. The semicircle (often called the universal
semicircle) becomes an explicit lifetime ruler for single-lifetime species on the lifetime phasor plots. It
also indicates relative changes in lifetime for complex species such that the lifetimes decrease from left
(1, 0) being lifetimes near zero to right (0, 0) being infinite lifetimes (see Figure 3).

o The scale of the semicircle ruler is adjustable upon the modulation frequency (w). Given the same
single-lifetime value, the lifetime phasor shifts to the left along the semicircle for a lower modulation
frequency “w” which results in an increase of the “s/g” ratio (see Eq. [4]). Figure 3 shows an example of
comparing the phasor plots of the same lifetime at different modulation frequencies. It also shows the
lifetime phasor plots of the 20MHz vs. 80MHz modulation frequencies, demonstrating that the scale of
the semicircle ruler can be easily adjusted by selecting the modulation frequency to generate the lifetime
phasor plots, making the lifetime phasor plots very flexible to visualize different lifetimes and highlight
the contrast upon the lifetime values. It is important to note that a number of modulation frequencies are

measured simultaneously by the DFD (FastFLIM) technique.

e Single-lifetime species are on the semicircle. A lifetime phasor population centering at a point on the
semicircle indicates a single-lifetime specie.

o Complex species are inside the semicircle. The phasor of a complex species is a linear combination of
the individual phasors of single-lifetime species (described below). Connecting these individual phasors
on the semicircle yields a convex set inside the semicircle, and thus a species of multiple lifetime
components must fall inside the semicircle.

o Pixels on the images are mapped to the phasors on the phasor plots, and vice versa. The pixels with
the same lifetime signature fall onto a unique point on the lifetime phasor plots, which coordinate
indicates the lifetime information. This feature provides an easy way of visualizing and comparing the
lifetime distributions of millions of pixels given by the spectral FLIM data set. On the other hand,
selecting a phasor population of a specific lifetime signature on the lifetime phasor plots allows quickly
localizing the corresponding pixels to mark or highlight them in the images.
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Figure 3: Mapping FastFLIM data to the lifetime phasor plots. The phasor plots can be produced by using a
pair of phase (¢) and modulation () measured at any modulation frequency (), depending upon the lifetime
scale to be highlighted. For any given frequency, the universal semicircle indicates the lifetime changes on
the phasor plots such that the lifetimes decrease clockwise along the semicircle.

2.4 The spectral phasor
For spectral phasor, the whole spectrum of each pixel in the 16-PMT spectral FastFLIM data set is

transformed to a point (g4, s1), called spectral phasor, on the spectral phasor plots, based on Eq. (5).

_ Z§g1[lx,y(5)'cos(a’(5—1))]d5 _ Z§21[lx,y(5)'5in(a’(s_1))]d5 _ n2am
g/lx,y(w) = Y16, Iy (5)ds 5 Sllx,y(a)) = 18, 1y (5)ds , W= 6 Eq. (5)

where /., (s) is the intensity of the s-th spectral window at the (x,y) pixel location of the spectral FastFLIM
data set; w is the angular frequency from zero to 2x and # is the integer starting from 1. In this paper, only the
fundamental angular frequency (n = 1) is used for making the spectral phasor plots.

The spectral phasor analysis has many similarities with the lifetime phasor analysis, as both use the
Fourier transform to reduce the data (decay or spectrum) into a single point in the phasor space, which is
defined by two numbers — the real and imaginary parts of the Fourier transform. Like the lifetime phasor
plots, the pixels with the same spectral signature fall onto a unique point on the spectral phasor plots, which
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coordinate gives the spectral information. This feature allows interactively mapping between the image pixels
and the phasor populations of different spectra given on the spectral phasor plots. On the spectral phasor
plots, the wavelengths covered by all the spectral windows having the same spectral width are evenly
distributed over 360 degrees. The Fourier transform based on Eq. (5) sets both the starting and the ending
wavelengths at the 0- or 360-degree angle and increases the wavelengths in the anticlockwise rotation.

Figure 4 shows the spectral phasor plots of several Gaussian spectra simulated based on the spectral
windows given by the combination of the grating system and the 16-PMT array used in this paper. Both the
starting (500.7 nm) and the ending (711.9 nm) wavelengths of the entire spectrum are located at the 0- or 360-
degree angle. The starting wavelength of a spectral window is shifted by 22.5 (360/16) degrees to that of the
previous spectral window in the anticlockwise rotation. As seen from Figure 4, the spectra with different peak
wavelengths are clearly separated by the angle (phase) as expected. The phasor given by the wider spectrum
in terms of the full width at the half maximum (FWHM) is closer to the center (0,0) location of the spectral
phasor plot, such that the amplitude (modulation) of the phasor indicates the width of the spectrum. Thus, the
spectral phasor plots can distinguish spectra even with the same emission peak wavelength, as long as their
shapes are different. This is shown by comparing the 593.1/60-nm (C), 593.1/95-nm (D) and 593.1/122-nm
(E) cases in Figure 4. However, the emission peak shown by the phasor plot can be shifted when the
information of the measured spectrum is significantly missing, as shown by the 527.1/100-nm (B) case in
Figure 4. This is because the Fourier transform used by the spectral phasor plot works ideally with a
periodical function. Typically, this is not a problem for using the signature given by the spectral phasor to
identify the corresponding fluorescent species, as long as the same spectral acquisition settings are used.
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Figure 4: Spectral phasor plots of simulated Gaussian emission spectra centered
at the peak wavelengths of 527.1 nm (A, B), 593.1 nm (C, D,E) and 632.7 nm (F) with the
FWHM of 25 nm (A), 100 nm (B), 60 nm (C), 95 nm (D), 122 nm (E) and 60 nm (F), respectively.

2.5 The vector rule of the phasor plots

A phasor of a complex species is a linear combination of multiple phasors, each representing an individual
species of a pure lifetime or spectrum signature. This is a very important property of the phasor plot for
allowing fast vector-based mathematical operations to resolve complex problems. It makes the phasor plot a
simple but powerful tool for quantitative spectral FLIM data analysis. Several analysis routines used in the
multi-image phasor analysis (MiPA) module of the ISS VistaVision software were developed based on the
vector rule of the phasor plots [33]. Figures 5 shows how to unmix two and three lifetime species on the
lifetime phasor plots. The same operations can be directly applied to the spectral phasor plot analysis, which
routines are now also available in the MiPA module.
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o The two-species analysis routine is illustrated in Figure 5. The phasor coordinate of a mixture composed
of two species must lie on the line connecting the two phasors of representing each individual species. In
MiPA, two cursors are used to define the phasor coordinates of the two species (S; and S>);
for each pixel of the lifetime image(s) mapped to the phasor plots, its phasor point (S) is projected to the
line connecting S; and S: at the intersecting point (Sp) and then unmixed as follows:

> the fraction of species 1 (f1) at the pixel is determined by the ratio of the distance between S> and Sp
over the total distance between S; and S>;

> the fraction of species 2 (f2) at the pixel is determined by the ratio of the distance between S; and Sp
over the total distance between S; and S,.

o The three-species analysis routine is illustrated in Figure 5. The phasor coordinate of a mixture
composed of three species must be inside the triangle formed by the three phasors of representing each
individual species. In MiPA, three cursors are used to define the phasor coordinates of the three species
(S1, S> and S3); for each pixel of the lifetime image(s) mapped to the phasor plots, its phasor point (S) is
unmixed as follows:

> the fraction of species 1 (f7) is determined by the ratio of the triangle area enclosed by connecting S,
S> and S; over the total triangle area by connecting S;, S> and S3;

> the fraction of species 2 (f2) is determined by the ratio of the triangle area enclosed by connecting S,
S7 and S; over the total triangle area by connecting S, S> and S3;

> the fraction of species 3 (f3) is determined by the ratio of the triangle area enclosed by connecting S,
S; and S over the total triangle area by connecting S;, S- and S3.

S s . .
2-species unmixing 3-species unmixing

Figure 5: The two-species vs. three-species analysis on the phasor plots.

3. RESULTS AND DISCUSSIONS

3.1 Measurements of the standard fluorescent dyes in solutions

Several standard fluorescent dyes in solutions are measured using the 16-PMT spectral FastFLIM method,
including Atto 425 in water, Rhodamine 110 in water, Fluorescein in PBS at pH 7.4, Atto 532 in water, Rose
Bengal in water, Rhodamine B in water and Protoporphyrin IX (PPIX) in water. Figure 6 and Figure 7 show
their spectral and lifetime phasor plots, respectively. All of them can be clearly differentiated, except that
Rhodamine 110 and Fluorescein have nearly identical lifetimes (4 ns). The expected lifetime of each dye is
directly obtained from its lifetime phasor plot. On the spectral phasor plots, all the dyes are well separated by
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their phase angles (as expected), except for Fluorescein and Rhodamine 110. They are very close in the phase
angle due to their similar peak emission wavelengths, but are more (well) separated in the modulation
amplitude due to the different shapes of their emission spectra. Figure 6 also shows the comparisons between
the emission spectra obtained by the 16-PMT detector and the reference spectra obtained at the 0.1-nm
spectral resolution (https://searchlight.semrock.com/), for three example dyes (Rhodamine 110, Atto 532 and
PPIX). Despite the obvious deviations due to the very different spectral resolutions and integrations (13.4nm
vs. 0.1nm), the spectra measured by the 16-PMT detector follow the reference spectra well.

S = Rhodamine 110 measured ——Rhodamine 110 Reference
Atto 532 Measured Atto 532 Reference
e ; ® PPIX Measured —PPIX Reference
Atto 532 2
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Figure 6: The spectral phasor plots of several individual fluorescent dyes in solutions.
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Figure 7: The lifetime phasor plots of several individual fluorescent dyes in solutions.



Using the 3-species unmixing analysis in MiPA (see Section 2.5 and Figure 5), the mixture of three
fluorescent dyes of different lifetimes can be decomposed to obtain the fraction (intensity) contribution of
each individual species. A measurement example of using three fluorescent dyes (Rhodamine 110, Acridine
Orange and Rose Bengal) in water was demonstrated earlier [33] and shown in Figure 8§ (left). The
measurements of three individual dyes and the mixtures of each pair and all three dyes (totally seven data
sets) are given on the lifetime phasor plots. As expected, the phasor population of the mixture of two dyes lies
on the line of connecting those of the two individual dyes, and the phasor population of the mixture of three
dyes lies inside the triangle enclosed by those of the three individual dyes. Applying the three-species
unmixing analysis, the intensity contributions of Rhodamine 110 (38.5%), Acridine Orange (38.6) and Rose
Bengal (22.9%) to the mixture are obtained.

The same 2-species unmixing routine in MiPA can be directly applied the spectral phasor plots to
quantitatively separate three fluorescent dyes of different emission spectrum. Figure 8 (right) also shows a
measurement example of unmixing three fluorescent dyes (Atto 425, Fluorescein and Rhodamine B) in water
on the spectral phasor plots. The measurements of three individual dyes and their mixture are given on the
spectral phasor plots, and the phasor population of the mixture lies inside the triangle enclosed by those of the
three individual dyes. Applying the three-species unmixing analysis, the intensity contributions of Atto 425
(45.8%), Fluorescein (16.9) and Rhodamine B (37.3%) to the mixture are obtained.
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Figure 8: The 3-species spectral vs. lifetime phasor unmixing of the mixtures of three fluorescent dyes.

Both the 2-species and the 3-species unmixing analysis routines in MiPA (described in Section 2.5) can
be directly applied to the lifetime and spectral phasor plots of the 16-PMT spectral FastFLIM data, to
quantitatively separate a number of fluorescent species based on their lifetime and spectral signatures at each
pixel. These processes are instant since the mathematical (vector-based) operations are very simple. More
importantly, all the pixels of the same lifetime / spectral signature in the image are combined at the phasor
location; this global binning by the phasor analysis provides a high SNR, yet without any artifact. The phasor
analysis is truly unbiased and an ideal global analysis method for processing and analyzing the complex data
given the spectral FastFLIM method. Three examples of using the biological samples are shown below to
demonstrate the powerful combination of the 16-PMT spectral FastFLIM technique and the phasor analysis.
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3.2 Measurements of the pollen grains sample

Figure 9 shows the measurements and processed results of the pollen grains sample using the 16-PMT
spectral FastFLIM technique and the spectral phasor plots analysis. The composite image is produced by
summing all the TRES photons at each pixel. There are four phasor populations on the spectral phasor plots,
each representing a unique spectral signature. Four coloured (green, yellow, orange and red) cursors covering
different phasor populations are used to mark the corresponding pixels of the same phasor population
(spectral signature). As shown by the image highlighted by phasors, the three pollen grains of different colors
(yellow, orange and red) and the background (green) are clearly identified. It should be noted that for better
visualization the false color selected for presenting each spectral signature is not the same as its true color.
Using the 2-species spectral phasor unmixing routine, the intensity at each pixel of the composite image is
decomposed into two components corresponding to the pollen grain spectrum represented by the yellow or
orange or red phasor vs. the background spectrum represented by the green phasor. This process produced
three background-free unmixed images pseudo-colored by yellow, orange and red. Merging them yielded the
unmixed overlay image for visualizing and comparing different colored pollen grains in the same picture.

T TP

round phasor

Composite ghlighted bv}'ha'?‘r? ; Unmixed overlay

Unmixed Yellow Unmixed Orange Unmixed Red

Figure 9: The spectral phasor unmixing and background removal of the pollen grains sample.

3.3 Measurements of the FluoCell™ sample

Figure 10 shows the measurements and processed results of the FluoCell™ slide #1 sample
(www.thermofisher.com/order/catalog/product/F36924) using the 16-PMT spectral FastFLIM technique and
both the spectral and lifetime phasor plots analysis. This BPAE cellular sample has three fluorescent labels —
DAPI for nucleus, MitoTracker™ Red (MTR) for mitochondria and Alexa Fluor™ 488 (AF488) for
phalloidin. The composite image is produced by summing all the TRES photons at each pixel. On the spectral
phasor plots, the phasors of the background vs. the fluorescent signals are clearly separated, and using a
cursor covering the background phasor identifies the background pixels on the composite image - this phasor
information is used to remove the background. The unmixed MTR image of the red pseudo color is obtained
using the 3-species spectral phasor unmixing routine. However, the DAPI and the AF488 spectral phasors are
very close, because a significant part of the DAPI emission spectrum (< 500.7 nm) is missing and its spectral
phasor is shifted. Thanks to the time-resolved (lifetime) information also provided by the spectral FastFLIM
technique, the AF488 phasor is well separated from the DAPI and MTR phasors on the lifetime phasor plots.
This makes an easy separation of the AF488 signal from the DAPI and MTR signals, producing the unmixed
AF488 image of the green pseudo color. The DAPI signal is teased out by the 2-specis lifetime phasor
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unmixing between the DAPI and the MTR phasors, to generate the unmixed DAPI image of the cyan pseudo
color. Finally, the three unmixed images are overlaid to produce the unmixed overlay image for visualizing
how the three fluorescent tags are distributed in the same cell.
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Figure 10: The spectral and lifetime phasor unmixing and background removal of the FluoCell™ sample.

Since only a single excitation wavelength of 405 nm is used in this experiment and it is far away from
the peak absorption wavelengths of the AF488 and MTR fluorophores, the emission signals of the AF488 and
the MTR are much weaker than that of the DAPI, making a challenging case for quantitative unmixing. On
the other hand, it should be pointed out that the 16-PMT spectral FastFLIM technique is totally compatible
with multiple excitation wavelengths used simultaneously. In fact, the individual gain control for each anode
of the 16-PMT array makes using multiple excitation wavelengths easier and more flexible. For example,
when the excitation wavelength falls into a particular spectral window, the gain of the corresponding PMT
anode can be set to zero to avoid the saturation due to the strong laser scatters. Also, given the time resolved
capability, the 16-PMT spectral FastFLIM technique can be combined with using the pulsed interleave
excitation (PIE) wavelengths to greatly extend its utilities [34-36].

3.4 Measurements of the Convallaria sample

Figure 11 shows the measurements and processed results of the Convallaria sample using the 16-PMT
spectral FastFLIM technique and both the spectral and lifetime phasor plots analysis. The composite image is
produced by summing all the TRES photons at each pixel. Both the spectral and the lifetime phasor plots
indicate that there are two fluorescent species mixed in the sample. The 2-species spectral phasor unmixing
separates the two components of the shorter (pseudo-colored by green) and the longer (pseudo-colored by
red) wavelengths — overlaying them further produces the spectrally unmixed overlay image. On the other
hand, the 2-species lifetime phasor unmixing is applied to the spectral FastFLIM data acquired in the spectral
window of 540.3 - 553.5 nm, and separates the two components of the longer (pseudo-colored by green) and
the shorter (pseudo-colored by red) lifetimes — overlaying them generates the lifetime-unmixed overlay
image. As expected, the distributions of the two fluorescent species shown in the spectrally unmixed overlay
image vs. the lifetime-unmixed overlay image are almost the same, such that the species of the shorter and the
longer wavelengths have the longer and the shorter fluorescence lifetimes, respectively. However, subtle
differences between them are also observed - as pointed out by the white arrows in both unmixed overlay

Proc. of SPIE Vol. 12384 1238408-13

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 13 Dec 2023
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



images, the bright small dots appear purely green in the spectrally unmixed overlay image but more red in the
lifetime-unmixed overlay image, indicating that the fluorescent species of the shorter wavelength located in
these bright small dots have much shorter lifetimes than most of the same species located in the other places.
This is not surprising because the fluorescent lifetime of a fluorescent molecule can vary significantly upon
its microenvironment, as described above in the introduction. This example demonstrates that the 16-PMT
spectral FastFLIM technology in combination of the phasor analysis can not only differentiate different
fluorescent species in the same pixel but also localize the changes of their photophysical properties.

Fluorescence lifetime can be a quantitative tool to monitor many biological processes (such as ion
concentration, pH, oxygen content, etc.) in live cells and tissues. FLIM is also one of the most robust methods
to measure FRET efficiency for studying protein-protein interactions and tracking dynamic signaling events
in live cells [17-19]. With the capability to resolve lifetime and emission spectrum at each pixel, we envision
the 16-PMT spectral FastFLIM to soon become a widely adopted technique by researchers to investigate
fundamental biological processes in live samples.

Composite Spectrally unmixed overlay

: \5007
7119
] 171s

|
Lifetime-unmixed overlay ‘ ‘ w =2n - 20MHz

Figure 11: The spectral vs. lifetime phasor unmixing of the convallaria sample.

4. CONCLUSION

The spectral FastFLIM technique described in this report combines both temporally and spectrally resolved
imaging schemes in creating a true parallel data acquisition mode. It not only acquires the TRES data at each
pixel or voxel but also provides rich information in up to six dimensions (x, y, z — spatial coordinates; A —
emission spectra, 7 — fluorescence lifetimes; ¢ — time lapse). Besides, analyzing the rich and complex data
produced by the spectral FastFLIM can be facilitated by the phasor plot approach. In particular, the spectral
FastFLIM produces unbiased spectral FLIM data for distortion-free phasor analysis that can unambiguously
discriminate and quantitate fluorescent species with unique spectral and lifetime features at each image pixel.
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We demonstrate the integration of spectral FastFLIM with phasor analysis can create a powerful tool for
multiplexed imaging. This tool can be an enabling technique to investigate many processes in the life science,
including probing protein-protein interactions and dynamic signaling events by FRET, and tracking metabolic
changes in complex environments by autofluorescence imaging.
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