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Abstract

Though much of the interest in fluorescence in the past has been on measuring spectral qualities
such as wavelength and intensity, there are two other highly useful intrinsic properties of
fluorescence: lifetime (or decay) and anisotropy (or polarization). Each has its own set of unique
advantages, limitations, and challenges in detection when it comes to use in biological studies.
This review will focus on the property of fluorescence lifetime, providing a brief background on
instrumentation and theory, and examine the recent advancements and applications of measuring
lifetime in the fields of high-throughput fluorescence lifetime imaging microscopy (HT-FLIM) and
time-resolved flow cytometry (TRFC). In addition, the crossover of these two methods and their
outlooks will be discussed.
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INTRODUCTION

The fluorescence lifetime is a unique optical parameter that has been exploited for many
decades for a variety of biological applications. The fluorescence lifetime is defined as the
average time a molecule spends in an excited state prior to returning back to its relaxed
ground state. When measured, most organic fluorophores have a fluorescence lifetime that
ranges between 100 ps and 15 ns [1]. When this lifetime is measurable, the information that
it encodes reveals direct or indirect changes of the fluorophore itself, as well as its
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surroundings. Every fluorescence molecule has a unique fluorescence lifetime, and the value
of the lifetime is reflected by the chemical and physical characteristics of the
microenvironment in which the fluorophore resides [2]. Moreover, the fluorescence lifetime
is independent of fluorescence brightness; thus, the fluorescence lifetime can be detected
from dim fluorescence signals, making accurate measurements of fluorophores that are dim
or in low concentrations possible. With these unique characteristics, the lifetime of a
fluorophore has become quite valuable in life sciences. For example, Forster resonance
energy transfer (FRET), a phenomenon where fluorescence properties are altered when two
fluorophores are in close proximity (<10 nm), can be more accurately quantified using
lifetime compared to other fluorescence properties [3]. This and other advantages have led to
a variety of novel bio-inspired applications where the resulting lifetime data reveal new
discoveries. Since the fluorescence lifetime continues to be a sought-after optical parameter,
we use this review to focus on technologies that measure fluorescence lifetime with a focus
on higher-throughput systems.

The applications of fluorescence lifetime measurements range significantly. Some examples
include separating fluorophores that have similar spectra but different lifetimes [4-13],
exploiting the difference in lifetime of free and bound metabolites for metabolic study and
diagnosis [14-24], using FRET to screen for binding or inhibition of exogenous and
endogenous molecules of interest [2, 5, 25-35], evaluating the conformation and stability of
proteins or other molecules in varying environments [31, 36], or even using lifetime as an
additional parameter in fluorescent inks for anti-counterfeiting [37], though this list is far
from exhaustive. New methods and technologies continue to be discovered, further
establishing the wide-reaching significance and potential of fluorescence lifetime. Along
with these distinct advantages and potential, there are unique challenges present in
measuring fluorescence lifetime. Most of these difficulties arise from the short timescale of
fluorescence decay, though these are now much easier to overcome given the current state of
the modern laser, microchip, and other optoelectronic technologies. Ranging from hundreds
of picoseconds to tens of nanoseconds, recording the process requires high-speed excitation,
detection, and data acquisition hardware and techniques.

Measuring the fluorescence lifetime is traditionally approached in one of the two ways: with
optoelectronics that involves either time-domain or frequency-domain measurements (see
Figure 1). In the time domain, the timing of fluorescence photons is directly measured, often
against a pulse of excitation light, as if the excitation light is starting a clock or a timer. A
few of the most common time-domain methods are time-correlated single-photon counting
(TCSPC), time gating, and direct waveform recording or pulse sampling. TCSPC uses fast
electronics and/or fast detectors to measure the arrival time of individual photons. These
arrival times of the photons are then gathered into time bins and visualized with a histogram.
As shown in Figure 2, less photons will be present in the time bins as the fluorescence
decays, causing the shape of the histogram to be representative of the decay curve and
showing graphically the probability density function of the photon arrival times [38].
Though TCSPC can be very accurate and have a high temporal resolution, the throughput is
heavily dependent on the ability of the detector and electronics to avoid photon pile-up. This
is caused by the dead time, a period after initial triggering where no photons will be
recorded until the detector and electronics are re-primed. Reducing dead time has been a
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main source of innovation for increasing throughput and will be discussed further along with
detection devices. Unlike TCSPC, time gating does not record the fluorescence decay in
terms of individual photon timing but handles the measurements in short sections of time
that cover a set portion of the decay curve, stitching those sections together digitally for the
full picture. Direct waveform recording uses high-speed digitizers and records the entire
waveform of the fluorescence signal, from which the lifetime information is then extracted.
The latter two methods are not as affected by, or avoid entirely, the issue of detector dead
time and thus can have faster acquisition speeds, but they are generally not as sensitive or
accurate as TCSPC.

To measure fluorescence lifetime in the frequency domain, the excitation source intensity is
modulated, causing the resulting fluorescence signal to follow the same pattern. However,
due to the fluorescence decay time, the fluorescence signal will be shifted compared to the
excitation source signal. This phase shift is directly proportional to the fluorescence lifetime
and can be extracted mathematically, i.e., using Fourier transforms [39]. Since this method
employs continuous fluorescence detection rather than pulsed or gated detection seen in
most time-domain methods, photon pile-up does not occur and frequency-domain lifetime
detection can be used at much higher throughputs, such as those seen in flow cytometry
[40]. However, the performance is more dependent on the brightness of the sample and
measurements are generally lower in accuracy, resolution, or both compared to what is
achievable in the time domain.

Both time-domain and frequency-domain high-throughput methods will be discussed in the
context of fluorescence lifetime imaging microscopy (FLIM) and time-resolved flow
cytometry (TRFC) in the following sections of the review. A summary of the lifetime
techniques to be discussed is provided in Table 1.

HIGH-THROUGHPUT FLIM (HT-FLIM)

The large field of FLIM that encompasses many different methods, instruments, and
applications is attributed to the long-standing history of fluorescence microscopy. Increasing
the speed and throughput capabilities of FLIM systems reduces the imaging time and can
increase multiplexing capabilities, magnifying its usefulness in many applications,
particularly those that are time-sensitive, such as real-time imaging or clinical diagnosis.
However, increasing speed and/or throughput usually entails compromises, typically in the
form of reduced temporal or spatial resolution and accuracy. The opposite is also generally
true; if high accuracy and resolution are desired, then image acquisition time is long. These
compromises can often be a function of the microscopy platform used, such as widefield vs.
confocal, or be a result of the detection and data acquisition systems. Figure 3 contains a
schematic picture of a general FLIM setup. This review focuses on more recent systems
from literature in the past decade or on those leading the advancement in HT-FLIM methods
and technology with discussions on capabilities, innovations, trade-offs, and current
applications. Since TCSPC is to some extent a gold standard and is heavily utilized in FLIM
[11], discussion of systems and applications will be separated by those that are TCSPC-
based and those that are not, including frequency-domain FLIM.
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TCSPC in HT-FLIM

TCSPC is a long-used and extensively researched method in FLIM due to its hardware
availability, high sensitivity, resolution, and various possible implementations. The main
setback for TCSPC with regard to throughput is photon pile-up caused by dead time in the
detector and timing electronics, during which valuable information is lost from the photons
that are not detected. As a result, much of the research involved in increasing TCSPC
throughput is centered on either decreasing the dead time or finding ways to mitigate the
effects of dead time and reduce photon pile-up. Traditionally, photomultiplier tubes (PMTSs)
are used, operating in single-photon counting mode with separate electronics for signal
processing and analysis. In the context of TCSPC, this only provides one channel for photon
timing with limited throughput [41]. One solution to this issue is parallelization, which
theoretically can be applied to any detector/timing electronic setup, given there is enough
funding, space, and power available. In 2012, however, one group presented a more elegant,
highly parallelized solution capable of 10x the photon counting rates of traditional TCSPC
using an iteration of their novel single-photon avalanche diode (SPAD) array that included
an accompanying array of time-to-digital converters (TDCs) and circuitry to perform
lifetime estimations in real time on one chip made using a CMOS process [42]. Since then,
the technology has been continuously improved through increasing the SPAD array pixel
count [43], creating a multi-focal system to increase resolution and detector efficiency, and
moving from a widefield to a laser-scanning approach for live FRET studies [26]. The
attractiveness of having a scalable, accurate, all-in-one TCSPC solution built into a
microchip has encouraged others to develop their own SPAD array systems using similar
CMOS processes for specific applications, such as a high-speed, large pixel count camera
for fluorescence lifetime imaging at high frame rates [44]. For a more in-depth look at the
history, architecture, and application of SPADs in FLIM and other fields, the recent review
by Bruschini et al. is recommended [45].

Although integrated silicon photomultiplier SPAD arrays are highly versatile and provide
great temporal resolution, they are not a universal answer for TCSPC. Apart from the
standard PMT and counting hardware setup, there are hybrid detectors (called hybrid PMTS)
that combine the photocathode and vacuum tube from PMTs with avalanche diodes, similar
to those seen in SPADs but operated at lower voltages, resulting in much lower detector dead
times (<1 ns) compared to PMTs and SPADs alone (>10 ns) [41]. When paired with fast
timing electronics, such as fast TDCs, systems employing hybrid detectors for TCSPC can
have count rates comparable to some SPAD arrays while being simpler and made entirely
from off-the-shelf products [11]. As a result, system complexity and cost can be more
dependent on the timing electronics than the hybrid PMTs and be chosen to fit the needs of
the application.

Non-TCSPC-Based HT-FLIM

Time-gated approaches to FLIM involve recording the fluorescence decay kinetics in small
sections of time (gates) and then combining those sections. This gives the same final result
as TCSPC: a decay curve that represents the probability density function of photon arrival
times used to calculate the fluorescence lifetime. These gates can be measured sequentially
using one channel or simultaneously using multiple timing channels for higher acquisition
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throughputs. As a result, detector dead time is less of an issue than in TCSPC, but photon
efficiency is lower since only part of the decay curve is being recorded at a time, though the
multichannel techniques lessen this loss of photon efficiency. Analogous to integral
approximation methods in calculus, having more time gates with smaller widths results in
higher lifetime accuracy, particularly for fluorophores with short lifetimes or
multiexponential decay, while having a longer overall detection time improves accuracy for
longer fluorescence lifetimes [46]. Adding more gates or increasing the detection window
size leads to longer acquisition times and lower throughput; however, analysis algorithms
[21, 47] and even deep learning [22] have been implemented to maintain accuracy while
collecting less images or gates. Similar detectors used for TCSPC can be used in time-gated
FLIM, including modified SPAD arrays with gating electronics.

Select methods that do not fall under the main umbrellas of TCSPC or time gating are direct
waveform recording (DWR) and frequency-domain FLIM (fd-FLIM). Similar to TCSPC and
time gating, a pulsed laser source and common detectors, like PMTSs, are used, but instead of
the typical timing electronics following the detector, a high-speed digitizer records the entire
analog waveform coming out of the detector, largely avoiding the issue of dead time inherent
in photon counting. One recent application of DWR can be found in a fluorescence lifetime
microplate reader using a high-intensity laser to allow for a fast and accurate lifetime
recording and FRET recording, covering a 384-well-plate in 3 min in the early designs and,
more recently, a 1,536-well-plate in the same amount of time [6, 29, 30, 32]. Generally
being a simpler option to acquire fluorescence lifetime images at high frame rates, fd-FLIM
remains viable for those who require speed over the high accuracy or sensitivity. Some
recent implementations of fd-FLIM include an automated wide-field system built from
commercial parts for FRET analysis of samples in 96-well-plates or microscope slides [28]
and the use of a modulated laser in light-sheet microscopy with a CMOS camera to perform
real-time, 3D fluorescence lifetime imaging [48].

Excitation

Another notable facet of FLIM technologies is the capability of multiphoton excitation.
Traditional FLIM systems use one-photon excitation, where the absorption event of one
photon provides the energy required to raise an electron to an excited state. However, as first
theorized in 1929 and later proven in 1961, it is possible for two (or more) lower-energy;,
longer-wavelength photons to simultaneously interact with an electron to result in excitation
[49]. This results in a number of benefits, such as less damage and deeper penetration in live
samples, given the longer excitation wavelength, greater spectral separation between the
excitation light and emission light, and the inherent ability to perform optical sectioning due
to the non-linear relationship between excitation light intensity and multiphoton absorption
[50]. Since much greater light intensity is required to make up for the lower probability of
more than one photon simultaneously being absorbed, multiphoton excitation typically
employs the use of highly focused, femtosecond-pulsed lasers. This allows for moments of
very high intensity and low overall laser power felt by the sample and, consequently, is
already an ideal excitation setup to perform FLIM and can utilize the lifetime detection
methods discussed previously. Due to the nature of the advantages fundamental to
multiphoton excitation, applications often involve /n7 vivoimaging (see Figure 4), viewing
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dynamic biological processes over time, or imaging fluorophores with short-wavelength
absorption within delicate live samples [13, 17, 19, 20, 26, 51].

TIME-RESOLVED FLOW CYTOMETRY

Time-resolved flow cytometry remains a niche field when compared to FLIM, mainly owing
to the high-throughput nature of flow cytometry methods. TRFC was first demonstrated in
the 1990s in the form of “phase-sensitive flow cytometry” (PSFC) [52, 53]. PSFC used
analog phase-sensitive detection electronics, in which the excitation source and
photodetectors were homodyned to resolve phase shifts between the modulated excitation
source and the fluorescence emission (see Figure 5). The amplitude-demodulated
fluorescence signal was phase-shifted to n/2+¢ with respect to the reference signal to
directly calculate the fluorescence lifetime value. This concept was demonstrated using
Chinese hamster ovary (CHO) cells that were exogenously labeled with fluorescein
isothiocyanate (FITC) and propidium iodide (PI). After binding, a mean lifetime of 3.5 ns
was reported for FITC, whereas the mean lifetime of bound Pl was measured to be at 15.0
ns. Digitalization of time-resolved waveforms shortly followed [54], allowing for more rapid
analysis including the introduction of dual-frequency analysis [55] for improved single-cell
analysis and the first chromophore quenching study in TRFC [56]. DNA content was
analyzed in viable cells with exogenous DNA-binding probes [57], bringing about cell-cycle
analysis using TRFC, and it progressed to the analysis of fixed cells to quantify and
discriminate DNA and RNA content [58, 59]. TRFC emerged from NFCR during the late
2000s, and the niche technology began to mature and became a more versatile technology
that focused on overcoming limitations found in conventional flow cytometry [60].

Frequency-Domain TRFC

The advancements in electro-optical technologies and instruments have facilitated a
currently widespread use of frequency-domain flow cytometry (fd-FCM) systems [39].
Some examples of these advancements include the ability to directly modulate a solid-state
laser at radiofrequency, modular high-speed transimpedance amplifiers, high-speed analog-
to-digital conversion with field programmable gating array (FPGA) capabilities, and the
overall size reduction of processing hardware [40]. The main advancement that has benefited
from TRFC is the data-acquisition systems with digital sampling rates in excess of 100 mega
samples per second (MSPS). Using these systems enabled researchers to perform TRFC for
lifetime analysis as well as sorting with modified commercial systems [4, 7, 39]. For
example, sorting based on the fluorescence lifetime was made possible using digital signal
processing (sort purities >90%) as well as the development of pseudophasor analyses [4, 7,
61]. The sorting feasibility study which was performed involved separating yeast cells that
expressed fluorescence proteins (XFPs) having co-spectral emission [7]. That is, different
XFPs with similar emission spectra were measured and separated based on their
fluorescence lifetime values. The observed difference is illustrated in the pseudophasor
graphs given in Figure 6.

Sorting-based TRFC and non-sorting TRFC measurements both benefit from the use of
phasor analysis (Figure 7). Phasor graphing is quite useful to TRFC because a phasor plot is
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comparable to a cytometry scatter plot. Scatter plots are useful for setting sort gates and for
drawing conclusions about population distributions. Phasor plots were first introduced with
FLIM data. With phasor analysis, the lifetime data are coordinate-transformed such that the
magnitude of the demodulation value is represented as a magnitude (point) in the phasor
space, and the phase-shift value is represented by the angle of the vector relative to the
horizontal axis of the phasor graph. With TRFC, each point on the phasor graph is
representative of the signal from a single cell; thus, for each cell, the intensity-weighted
average of all present lifetime components [8] is considered. If the weighted value falls at
the outer semi-circle, the signal obtained is a single fluorescence lifetime, not a combination
of more than one. When the weighted phasor value for a given cell is observed to be inside
the semi-circle, it can be inferred that multiple decay kinetics are present. Thus, the value
represents the presence of multiple fluorescence lifetimes [63]. The robustness of phasor
graphing was demonstrated in a TRFC FRET integrin study where surface integrins varied
in their conformational states in the absence and presence of artificial stimuli. The study
found the existence of multiple photophysical states of an antigen-conjugated chromophore
that were not easily resolved with TRFC alone (see Figure 8) [31]. Phasor analyses can
generally improve TRFC data collection and provide a way to statistically map lifetime
changes, which is important for many biological applications.

The many single-cell analysis and sorting applications that have benefited from the use of
TRFC include both digital frequency-domain and time-domain (described later) approaches.
Some examples of frequency-domain TRFC include the measurement of fluorescence
protein translocation within cells. TRFC measurements of protein movement were studied in
the context of autophagy [25], in which the lifetime of enhanced green fluorescence protein
(EGFP) when bound to the LC3 protein was affected depending on how the fusion protein
was sequestered inside the cell. Thus, the lifetime was an indirect measure of the punctae
localization of EGFP-LC3 into autophagosomes. In other examples, TRFC was used to
study enzyme activity during apoptosis with the aid of tunable-FRET bioprobes [27]. The
goal of the specialty bioprobes was to enable quantitative analysis of enzyme activity for
high-content screening toward the discovery of potent anti-cancer agents. This work was
later extended by the inclusion of TRFC phasor analyses, which provided statistical
“fingerprints” of the loss of FRET, which was correlated to caspase enzyme activity at the
onset of apoptosis [34]. In other fd-FCM studies, apoptosis-dependent phagocytosis of
bacteria-inoculated cells was examined to determine if EGFP lifetimes could be used as a
pH indicator, since pH changes are often expected in the phagosome microenvironment
during phagocytosis of bacteria cells by macrophages [9]. A decrease in the EGFP
fluorescence lifetime by ~1 ns was measured with fd-FCM as EGFP-labeled bacteria were
taken in by the macrophage cells. Finally, in more recent studies, lifetime changes in the
metabolic cofactor, NAD(P)H, have been measurable with TRFC. These metabolic mapping
studies contribute to a growing body of FLIM research on the bound and free states of
NAD(P)H, which influences the decay kinetics of this endogenous fluorophore. When
measured with a cytometry system, the NAD(P)H fluorescence lifetime can be screened for
large numbers of cells, thereby revealing the heterogeneity in the metabolic state from cell to
cell [18]. The lifetime measurement of NAD(P)H as well as flavin adenine dinucleotide is
common in FLIM and is now being studied using fd-FCM.
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Time-Domain TRFC

Time-resolved flow cytometry with time-domain systems has also been designed and
optimized for a variety of biological applications. Time-domain flow cytometry (td-FCM)
systems excite cells with consecutive excitation pulses, and the fluorescence decay is
measured over a given time resolution. These cytometers perform photon counting with
optoelectronics that capture photons and bin them with respect to their arrival time [64]. As
discussed previously, in time-domain FLIM, the systems that acquire time decay kinetics can
be slower than their frequency domain counterparts due to dead times between detection
windows. In td-FCM, pulse back-up occurs, resulting in the counting of losses as the event
rate increases. However, in the time domain, multiple lifetimes can be readily calculated cell
by cell. In a recent example, td-FCM was demonstrated with PMT detectors, TCSPC control
modules, and microfluidic-based flow control. This work, by Nedbal et al., captured photons
in 20 ps time bins and fit data with exponential decay models. The throughput of this system
reached approximately 3,000 events min~; in contrast, fd-FCM systems count at rates up to
60,000 s~1. However, in 2016, advancements were made with respect to CMOS sensors,
providing higher-resolution timing through embedded FPGAs and reducing data transfer
rates and CPU power needed to process raw data. The implementation of a CMOS SPAD
array in conjunction with a series of eight time-interleaved TDCs greatly reduced signal
pile-up, allowing for a maximum sample rate of 60,000 s~ with very low error rates [65].

Other unique hybrid td-FCM systems have been developed in order to enhance the ability of
a cytometer to capture multiple-decay kinetic signals while retaining a high event rate. One
example of this was a td-FCM system in which the excitation source was “pulsed” over the
moving cell multiple times with the aid of acousto-optic deflection [5]. The laser was
“rastered” across the cell several times in the span of 25 ns, enabling the ability to acquire
multiple single exponential decay and dual exponential decay waveforms per cell in a single
spectral channel. To resolve the decay kinetics of the excited fluorophores, a post-processing
deconvolution analysis was applied to the scatter and fluorescence waveforms. If a single
exponential decay is assumed to be present, a convolution of the Gaussian function gives the
exponential curve of the former Gaussian curve, allowing the calculation of the fluorescence
lifetime value. If multiple decays are present, re-convolution is performed using the Fourier
convolution theorem. A Gaussian function is first convoluted with the proper multi-
exponential decay model and then deconvoluted to separate instrument response from
species that contribute to the measured fluorescence lifetime. In similar examples, digital
signal processing (DSP) approaches were used to calculate the fluorescence lifetime in the
time domain by estimating the time delay between a fluorescence and scattered light signal
[61, 66]. Light pulse signals collected from conventional cytometry (forward scattered light
waveforms and fluorescence waveforms) were compared offline [61] with a variety of
interpolation or fitting algorithms to prove that this value correlates to the average
fluorescence lifetime [61]. Other advanced processing approaches were demonstrated by
using a modified chirp Z-transform (MCZT) to acquire high-resolution spectral data. This
was followed by a fine-interpolated correlation peak (FICP) algorithm applied and integrated
with a time-domain cross-correlation function to permit the calculation of time delay
between the forward scattered light and fluorescence signal [66].
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Sample isolation and enrichment through fluorescence-activated cell sorting (FACS) is also
possible with td-FCM using a technique known as fluorescence-activated droplet sorting
(FADS). A recent study employed TCSPC [67] for oil droplet-based microfluidic sorting
and sample encapsulation. The sample was measured based on the emitted spectra and
fluorescence lifetime value. Sort decisions were made using multiparametric information.
Fluorescence intensity and lifetime measurements within an acceptable value triggered the
FPGA of the data acquisition system to send a signal to a function generator that activated
dielectrophoresis electrodes to isolate the cells that fall within the targeted threshold. Sort
purities achieved for mScarlet and mCherry RFPs at a sort rate of 2,500 events min~! were
80 + 1% and 97 * 1%, respectively. Furthermore, Hung et al. demonstrated an approach that
would permit the encapsulation of multiple cells per droplet, permitting the system to
achieve sorting times for RFP libraries (~108 events) within 3 h, which is three times faster
than state-of-the-art cell sorters.

Aside from fluorescence-based measurements, it is possible to acquire longer luminescence
lifetime values with slightly altered electronic and td-FCM instrumentation setup. As a
recent example of this, autofluorescence crosstalk was resolved using Europium-doped
polystyrene beads and THP-1 cells. A td-FCM system was designed to measure the long
lanthanide lifetimes of Eu (range of us or ms). The luminescence decay was long enough to
not interfere with shorter fluorescence signals [68]. The long-lifetime td-FCM instrument
measured the focused cells acoustically, and the throughput was lower compared to
conventional cytometry. Similarly, Kage et al. [69] developed a td-FCM system to measure
the lifetime values of four types of quantum-dot-doped polymer beads. In this study, it was
demonstrated that longer lifetimes of the quantum-dot-doped beads can be discriminated
from shorter lifetimes found in dye-based beads by measuring the respective decay by
separate tempo-spectral channels.

DISCUSSION (FLIM AND TRFC CROSSOVER AND FUTURE)

The measurement of fluorescence lifetime is becoming an increasingly useful and necessary
tool for studying biological characteristics and phenomena from the tissue level down to the
protein level. Tables 1, 2 highlights modern innovations in fluorescence lifetime
instrumentation and applications, which are also depicted by the flow diagram in Figure 9.
Many of the limitations in using fluorescence lifetime are related to throughput, particularly
in the realm of detection hardware and computational processing power. This review
discussed the evolution of fluorescence lifetime techniques in the fields of FLIM and TRFC,
which are technologies that are raising the bar for high throughput and high content analysis.
Currently, there are still pitfalls (i.e., resolution, accuracy) to increasing the speed of lifetime
acquisition. Nonetheless, advances in technology and software hint at a future in which the
fluorescence lifetime will be precisely measured at a reasonable throughput without much
compromise.

The future of high-throughput FLIM and cytometry is indeed foreshadowed by novel
machinations of deep learning, imaging, multiplexing, and intelligent hardware. Use cases in
which lifetime imaging cytometry is possible are emerging (e.g., FLIM systems that capture
multiple fluorescence parameters simultaneously at a high throughput [10]). Deep learning
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is also trending as it can increase the speed of lifetime analysis by reducing the number of
images acquired without compromising accuracy or resolution [22, 24]. Hybridization of
instruments, such as combining multiphoton wavelength-swept excitation, diffraction
grating, and galvanometric beam scanners to perform rapid multiplexed imaging, is also
advancing this field [13]. Many opportunities are possible with these technologies, as well as
SPAD arrays and other high-speed, high-resolution time-domain lifetime detection methods
[2, 65].

The future of high-throughput fluorescence lifetime will involve huge advancements in
instrument and data analysis. These advancements will likely be built upon existing,
established methods as well as novel innovations in instrument speed and resolution. The
physical tools that enable high-throughput lifetime analyses will perhaps uncover traits of
cells, cellular processes, and other biochemical interactions that otherwise are not currently
detectable. The eventual dissemination of such tools will certainly influence bioscience and
will lead to eventual clinical translation for a true biomedical impact.

This work was funded by National Institutes of Health Grant ROLGM129859.

REFERENCES

1. Yankelevich DR, Ma D, Liu J, Sun'Y, Sun 'Y, Bec J, et al. Design and evaluation of a device for fast
multispectral time-resolved fluorescence spectroscopy and imaging. Rev Sci Instrum. (2014)
85:034303. doi: 10.1063/1.4869037 [PubMed: 24689603]

2. Nedbal J, Visitkul V, Ortiz-Zapater E, Weitsman G, Chana P, Matthews DR, et al. Time-domain
microfluidic fluorescence lifetime flow cytometry for high-throughput Forster resonance energy
transfer screening. Cytometry A. (2015) 87:104-18. doi: 10.1002/cyt0.a.22616 [PubMed:
25523156]

3. Schuermann KC, Grecco HE, flatFLIM: enhancing the dynamic range of frequency domain FLIM.
Opt Express. (2012) 20:20730-41. doi: 10.1364/0OE.20.020730 [PubMed: 23037122]

4. Cao R, Pankayatselvan V, Houston JP. Cytometric sorting based on the fluorescence lifetime of
spectrally overlapping signals. Opt Express. (2013) 21:14816-31. doi: 10.1364/OE.21.014816
[PubMed: 23787669]

5. Li W, Vacca G, Castillo M, Houston KD, Houston JP. Fluorescence lifetime excitation cytometry by
kinetic dithering. Electrophoresis. (2014) 35:1846-54. doi: 10.1002/elps.201300618 [PubMed:
24668857]

6. Petersen KJ, Peterson KC, Muretta JM, Higgins SE, Gillispie GD, Thomas DD. Fluorescence
lifetime plate reader: resolution and precision meet high-throughput. Rev Sci Instrum. (2014)
85:113101. doi: 10.1063/1.4900727 [PubMed: 25430092]

7. Sands B, Jenkins P, Peria WJ, Naivar M, Houston JP, Brent R. Measuring and sorting cell
populations expressing isospectral fluorescent proteins with different fluorescence lifetimes. PLoS
ONE. (2014) 9:e109940. doi: 10.1371/journal.pone.0109940 [PubMed: 25302964]

8. Cao R, Jenkins P, Peria W, Sands B, Naivar M, Brent R, et al. Phasor plotting with frequency-
domain flow cytometry. Opt Express. (2016) 24:14596-607. doi: 10.1364/0OE.24.014596 [PubMed:
27410612]

9. Li W, Houston KD, Houston JP. Shifts in the fluorescence lifetime of EGFP during bacterial
phagocytosis measured by phase-sensitive flow cytometry. Sci Rep. (2017) 7:40341. doi: 10.1038/
srep40341 [PubMed: 28091553]

10. Esposito A, Venkitaraman AR. Enhancing biochemical resolution by hyperdimensional imaging

microscopy. Biophys J. (2019) 116:1815-22. doi: 10.1016/j.bp;j.2019.04.015 [PubMed: 31060813]

Front Phys. Author manuscript; available in PMC 2021 May 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bitton et al.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

Page 11

Trinh AL, Ber S, Howitt A, Valls PO, Fries MW, Venkitaraman AR, et al. Fast single-cell
biochemistry: theory, open source microscopy and applications. Methods Appl Fluoresc. (2019)
7:044001. doi: 10.1088/2050-6120/ab3bd2 [PubMed: 31422954]

Brodwolf R, Volz-Rakebrand P, Stellmacher J, Wolff C, Unbehauen M, Haag R, et al. Faster,
sharper, more precise: Automated Cluster-FLIM in preclinical testing directly identifies the
intracellular fate of theranostics in live cells and tissue. Theranostics. (2020) 10:6322-36. doi:
10.7150/thno.42581 [PubMed: 32483455]

Karpf S, Riche CT, Di Carlo D, Goel A, Zeiger WA, Suresh A, et al. Spectro-temporal encoded
multiphoton microscopy and fluorescence lifetime imaging at kilohertz frame-rates. Nat Commun.
(2020) 11:2062. doi: 10.1038/s41467-020-15618-w [PubMed: 32346060]

Stringari C, Sierra R, Donovan PJ, Gratton E. Label-free separation of human embryonic stem cells
and their differentiating progenies by phasor fluorescence lifetime microscopy. J Biomed Opt.
(2012) 17:046012. doi: 10.1117/1.JBO.17.4.046012 [PubMed: 22559690]

Lee DH, Li X, Ma N, Digman MA, Lee AP. Rapid and label-free identification of single leukemia
cells from blood in a high-density microfluidic trapping array by fluorescence lifetime imaging
microscopy. Lab Chip. (2018) 18:1349-58. doi: 10.1039/C7LC01301A [PubMed: 29638231]

Li X, Lee AP. High-throughput microfluidic single-cell trapping arrays for biomolecular and
imaging analysis. Methods Cell Biol. (2018) 148:35-50. doi: 10.1016/bs.mcb.2018.09.010
[PubMed: 30473073]

Shen N, Riedl JA, Carvajal Berrio DA, Davis Z, Monaghan MG, Layland SL, et al. A flow
bioreactor system compatible with real-time two-photon fluorescence lifetime imaging
microscopy. Biomed Mater. (2018) 13:024101. doi: 10.1088/1748-605X/aa9%b3c [PubMed:
29148433]

Alturkistany F, Nichani K, Houston KD, Houston JP. Fluorescence lifetime shifts of NAD(P)H
during apoptosis measured by time-resolved flow cytometry. Cytometry A. (2019) 95:70-79. doi:
10.1002/cyt0.a.23606 [PubMed: 30369063]

Bower AJ, Sorrells JE, Li J, Marjanovic M, Barkalifa R, Boppart SA. Tracking metabolic
dynamics of apoptosis with high-speed two-photon fluorescence lifetime imaging microscopy.
Biomed Opt Express. (2019) 10:6408-21. doi: 10.1364/BOE.10.006408 [PubMed: 31853407]
Cong A, Pimenta RML, Lee HB, Mereddy V, Holy J, Heikal AA. Two-photon fluorescence
lifetime imaging of intrinsic NADH in three-dimensional tumor models. Cytometry A. (2019)
95:80-92. doi: 10.1002/cyto.a.23632 [PubMed: 30343512]

Silva SF, Domingues JP, Morgado AM. Can we use rapid lifetime determination for fast,
fluorescence lifetime based, metabolic imaging? Precision and accuracy of double-exponential
decay measurements with low total counts. PLoS ONE. (2019) 14:e0216894. doi: 10.1371/
journal.pone.0216894 [PubMed: 31086413]

Smith JT, Yao R, Sinsuebphon N, Rudkouskaya A, Un N, Mazurkiewicz J, et al. Fast fit-free
analysis of fluorescence lifetime imaging via deep learning. Proc Natl Acad Sci USA. (2019)
116:24019-30. doi: 10.1073/pnas.1912707116 [PubMed: 31719196]

Yakimov BP, Gogoleva MA, Semenov AN, Rodionov SA, Novoselova MV, Gayer AV, et al. Label-
free characterization of white blood cells using fluorescence lifetime imaging and flow-cytometry:
molecular heterogeneity and erythrophagocytosis [Invited]. Biomed Opt Express. (2019) 10:4220-
36. doi: 10.1364/BOE.10.004220 [PubMed: 31453006]

Yao R, Ochoa M, Yan P, Intes X. Net-FLICS: fast quantitative wide-field fluorescence lifetime
imaging with compressed sensing - a deep learning approach. Light Sci Appl. (2019) 8:26. doi:
10.1038/s41377-019-0138-x [PubMed: 30854198]

Gohar AV, Cao R, Jenkins P, Li W, Houston JP, Houston KD. Subcellular localization-dependent
changes in EGFP fluorescence lifetime measured by time-resolved flow cytometry. Biomed Opt
Express. (2013) 4:1390-400. doi: 10.1364/BOE.4.001390 [PubMed: 24010001]

Poland SP, Krstajic N, Monypenny J, Coelho S, Tyndall D, Walker RJ, et al. A high speed
multifocal multiphoton fluorescence lifetime imaging microscope for live-cell FRET imaging.
Biomed Opt Express. (2015) 6:277-96. doi: 10.1364/BOE.6.000277 [PubMed: 25780724]
Suzuki M, Sakata I, Sakai T, Tomioka H, Nishigaki K, Tramier M, et al. A high-throughput direct
fluorescence resonance energy transfer-based assay for analyzing apoptotic proteases using flow

Front Phys. Author manuscript; available in PMC 2021 May 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bitton et al.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Page 12

cytometry and fluorescence lifetime measurements. Anal Biochem. (2015) 491:10-7. doi:
10.1016/j.ab.2015.08.022 [PubMed: 26334608]

Guzman C, Oetken-Lindholm C, Abankwa D. Automated high-throughput fluorescence lifetime
imaging microscopy to detect protein-protein interactions. J Lab Autom. (2016) 21:238-45. doi:
10.1177/2211068215606048 [PubMed: 26384400]

Lo CH, Vunnam N, Lewis AK, Chiu TL, Brummel BE, Schaaf TM, et al. An innovative high-
throughput screening approach for discovery of small molecules that inhibit TNF receptors. SLAS
Discov. (2017) 22:950-61. doi: 10.1177/2472555217706478 [PubMed: 28530838]

Schaaf TM, Peterson KC, Grant BD, Bawaskar P, Yuen S, Li J, et al. High-throughput spectral
lifetime-based fret screening in living cells to identify small-molecule effectors of SERCA. SLAS
Discov. (2017) 22:262—-73. doi: 10.1177/1087057116680151 [PubMed: 27899691]

Sambrano J, Chigaev A, Nichani KS, Smagley Y, Sklar LA, Houston JP. Evaluating integrin
activation with time-resolved flow cytometry. J Biomed Opt. (2018) 23:1-10. doi:
10.1117/1.JB0.23.7.075004

Schaaf TM, Li A, Grant BD, Peterson K, Yuen S, Bawaskar P, et al. Red-shifted FRET biosensors
for high-throughput fluorescence lifetime screening. Biosensors. (2018) 8:99. doi: 10.3390/
bios8040099

Hirmiz N, Tsikouras A, Osterlund EJ, Richards M, Andrews DW, Fang Q. Highly multiplexed
confocal fluorescence lifetime microscope designed for screening applications. IEEE J Selected
Topics Quantum Electron. (2020) 27:1-9. doi: 10.1109/JSTQE.2020.2997834

Nichani K, Li J, Suzuki M, Houston JP. Evaluation of Caspase-3 activity during apoptosis with
fluorescence lifetime-based cytometry measurements and phasor analyses. Cytometry A. (2020)
97:1265-1275. doi: 10.1002/cyt0.a.24207 [PubMed: 32790129]

Rohilla S, Kramer B, Koberling F, Gregor I, Hocke AC. Multi-target immunofluorescence by
separation of antibody cross-labelling via spectral-FLIM-FRET. Sci Rep. (2020) 10:3820. doi:
10.1038/s41598-020-60877-8 [PubMed: 32123277]

Wei Y, Larson NR, Angalakurthi SK C Russell middaugh, improved fluorescence methods for
high-throughput protein formulation screening. SLAS Technol. (2018) 23:516-28. doi:
10.1177/2472630318780620 [PubMed: 29884102]

Kalytchuk S, Wang Y, Polakova K, Zboril R. Carbon dot fluorescence-lifetime-encoded anti-
counterfeiting. ACS Appl Mater Interfaces. (2018) 10:29902-8. doi: 10.1021/acsami.8b11663
[PubMed: 30085654]

Microscopy Techniques. 1 ed. Advances in Biochemical Engineering/Biotechnology. Scheper T,
editor. Berlin: Springer-Verlag Berlin Heidelberg (2005).

Houston JP, Naivar MA, Freyer JP. Digital analysis and sorting of fluorescence lifetime by flow
cytometry. Cytometry A. (2010) 77:861-72. doi: 10.1002/cyt0.a.20930 [PubMed: 20662090]
Houston JP, Naivar MA, Jenkins P, Freyer JP. Capture of fluorescence decay times by flow
cytometry. Curr Protoc Cytom. (2012) 50:1.25.1-1.25.21. doi: 10.1002/0471142956.cy0125s59
Poudel C, Mela I, Kaminski CF. High-throughput, multi-parametric, and correlative fluorescence
lifetime imaging. Methods Appl Fluoresc. (2020) 8:024005. doi: 10.1088/2050-6120/ab7364
[PubMed: 32028271]

Tyndall D, Rae BR, Li DD, Arlt J, Johnston A, Richardson JA, et al. A high-throughput time-
resolved mini-silicon photomultiplier with embedded fluorescence lifetime estimation in 0.13
mum CMOS. IEEE Trans Biomed Circuits Syst. (2012) 6:562-70. doi: 10.1109/
TBCAS.2012.2222639 [PubMed: 23853257]

Krstajic N, Poland S, Levitt J, Walker R, Erdogan A, Ameer-Beg S, et al. 0.5 billion events per
second time correlated single photon counting using CMOS SPAD arrays. Opt Lett. (2015)
40:4305-8. doi: 10.1364/0L.40.004305 [PubMed: 26371922]

Burri S, Powolny F, Bruschini C, Michalet X, Regazzoni F, Charbon E. A 65k pixel, 150k frames-
per-second camera with global gating and micro-lenses suitable for fluorescence lifetime imaging.
Proc SPIE Int Soc Opt Eng. (2014) 9141:914109. doi: 10.1117/12.2052862 [PubMed: 28626292]
Bruschini C, Homulle H, Antolovic IM, Burri S, Charbon E. Single-photon avalanche diode
imagers in biophotonics: review and outlook. Light Sci Appl. (2019) 8:87. doi: 10.1038/
$41377-019-0191-5 [PubMed: 31645931]

Front Phys. Author manuscript; available in PMC 2021 May 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bitton et al.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Page 13

Fereidouni F, Reitsma K, Gerritsen HC. High speed multispectral fluorescence lifetime imaging.
Opt Express. (2013) 21:11769-82. doi: 10.1364/0E.21.011769 [PubMed: 23736399]

Silva SF, Domingues JP, Morgado AM. Accurate rapid lifetime determination on time-gated FLIM
microscopy with optical sectioning. J Healthc Eng. (2018) 2018:1371386. doi:
10.1155/2018/1371386 [PubMed: 29599938]

Mitchell CA, Poland SP, Seyforth J, Nedbal J, Gelot T, Hug T, et al. Functional /n vivo imaging
using fluorescence lifetime light-sheet microscopy. Opt Lett. (2017) 42:1269-72. doi: 10.1364/
OL.42.001269 [PubMed: 28362747]

Baldeweck T, Balu M, Batista A, Vecker W, Belousov V'V, Breinig HG, et al. Multiphoton
Microscopy and Fluorescence Lifetime Imaging: Applications in Biology and Medicine. Berlin:
Walter de Gruyter GmbH & Co KG (2018).

Masters BR. Confocal Microscpoy Multiphoton Exciation Microscopy: The Genesis of Live Cell
Imaging. Bellingham, WA: SPIE (2006). doi: 10.1117/3.660403

Cao R, Wallrabe H, Periasamy A. Multiphoton FLIM imaging of NAD(P)H and FAD with one
excitation wavelength. J Biomed Opt. (2020) 25:1-16. doi: 10.1117/1.JB0O.25.1.014510
Steinkamp JA, Crissman HA. Resolution of fluorescence signals from cells labeled with
fluorochromes having different lifetimes by phase-sensitive flow cytometry. Cytometry. (1993)
14:210-6. doi: 10.1002/cyt0.990140214 [PubMed: 8440154]

Steinkamp JA, Yoshida TM, Martin JC. Flow cytometer for resolving signals from heterogeneous
fluorescence emissions and quantifying lifetime in fluorochrome-labeled cells/particles by phase-
sensitive detection. Rev Scic Instruments. (1993) 64:3440. doi: 10.1063/1.1144265

Deka C, Sklar LA, Steinkamp JA. Fluorescence lifetime measurements in a flow cytometer by
amplitude demodulation using digital data acquisition technique. Cytometry. (1994) 17:94-101.
doi: 10.1002/cyt0.990170112 [PubMed: 8001462]

Deka C, Cram LS, Habbersett R, Martin JC, Sklar LA, Steinkamp JA. Simultaneous dual-
frequency phase-sensitive flow cytometric measurements for rapid identification of heterogeneous
fluorescence decays in fluorochrome-labeled cells and particles. Cytometry. (1995) 21:318-28.
doi: 10.1002/cyt0.990210403 [PubMed: 8608729]

Deka C, Lehnert BE, Lehnert NM, Jones GM, Sklar LA, Steinkamp JA. Analysis of fluorescence
lifetime and quenching of FITC-conjugated antibodies on cells by phase-sensitive flow cytometry.
Cytometry. (1996) 25:271-9. doi: 10.1002/(SICI)1097-0320(19961101)25:3<271::AID-
CYT08>3.0.CO;2-1 [PubMed: 8914824]

Sailer BL, Steinkamp JA, Crissman HA. Flow cytometric fluorescence lifetime analysis of DNA-
binding probes. Europ J Histochem. (1998) 42:19-27.

Keij JF, Bell-Prince C, Steinkamp JA. Simultaneous analysis of relative DNA and glutathione
content in viable cells by phase-resolved flow cytometry. Cytometry. (1999) 35:48-54. doi:
10.1002/(SICI)1097-0320(19990101)35:1<48::AID-CYTO7>3.0.C0O;2-5 [PubMed: 10554180]
Cui HH, Valdez JG, Steinkamp JA, Crissman HA. Fluorescence lifetime-based discrimination and
quantification of cellular DNA and RNA with phase-sensitive flow cytometry. Cytometry A.
(2003) 52A:46-55. doi: 10.1002/cyt0.a.10022

Houston J, Naivar M, Martin J, Goddard G, Carpenter S, Mourant J, et al. Endogenous
Fluorescence Lifetime of Viable Cells by Flow Cytometry. SPIE BiOS. Vol. 6859. SPIE (2008).
doi: 10.1117/12.763816

Cao R, Naivar MA, Wilder M, Houston JP. Expanding the potential of standard flow cytometry by
extracting fluorescence lifetimes from cytometric pulse shifts. Cytometry A. (2014) 85:999-1010.
doi: 10.1002/cyt0.a.22574 [PubMed: 25274073]

Yang Z, Shcherbakova DM, Verkhusha V'V, Houston JP. Developing a time-resolved flow
cytometer for fluorescence lifetime measurements of near-infrared fluorescent proteins. In 2016
Conference on Lasers and Electro-Optics (CLEO). Piscataway, NJ: IEEE (2016). doi: 10.1364/
CLEO_SI.2016.SW4G.1

Jenkins P, Naivar MA, Houston JP. Toward the measurement of multiple fluorescence lifetimes in
flow cytometry: maximizing multi-harmonic content from cells and microspheres. J Biophotonics.
(2015) 8:908-17. doi: 10.1002/jbio.201400115 [PubMed: 25727072]

Front Phys. Author manuscript; available in PMC 2021 May 17.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bitton et al.

64.

65.

66.

67.

68.

69.

70.

71.

Page 14

Steinkamp J Flow Cytometers, in eLS. Somerset, NJ: John Wiley & Sons Ltd (2001). doi: 10.1038/
npg.els.0002971

Rocca FM, Nedbal J, Tyndall D, Krstajic N, Li DD, Ameer-Beg SM, et al. Real-time fluorescence
lifetime actuation for cell sorting using a CMOS SPAD silicon photomultiplier. Opt Lett. (2016)
41:673-6. doi: 10.1364/0OL.41.000673 [PubMed: 26872160]

Zhu L, Zhang W, Dong M, Lou X. Analysis of flow cytometric fluorescence lifetime with time-
delay estimation of pulse signals. Sensors. (2018) 18:442. doi: 10.3390/s18020442

Hung S-T, Mukherjee S, Jimenez R. Enrichment of rare events using a multi-parameter high
throughput microfluidic droplet sorter. Lab Chip. (2020) 20:834-43. doi: 10.1039/C9LC00790C
[PubMed: 31974539]

Wang Y, Sayyadi N, Zheng X, Woods TA, Leif RC, Shi B, et al. Time-resolved microfluidic flow
cytometer for decoding luminescence lifetimes in the microsecond region. Lab Chip. (2020)
20:655-64. doi: 10.1039/C9LC00895K [PubMed: 31934716]

Kage D, Hoffmann K, Borcherding H, Schedler U, Resch-Genger U. Lifetime encoding in flow
cytometry for bead-based sensing of biomolecular interaction. Sci Rep. (2020) 10:19477. doi:
10.1038/s41598-020-76150-x [PubMed: 33173064]

Yuan Y, Hwang JY, Krishnamoorthy M, Ye K, Zhang Y, Ning J, et al. High-throughput acousto-
optic-tunable-filter-based time-resolved fluorescence spectrometer for optical biopsy. Optics Lett.
(2009) 34:1132-4. doi: 10.1364/01.34.001132

Mikami H, Harmon J, Kobayashi H, Hamad S, Wang Y, Iwata O, et al. Ultrafast confocal
fluorescence microscopy beyond the fluorescence lifetime limit. Optica. (2018) 5:117-26. doi:
10.1364/OPTICA.5.000117

Front Phys. Author manuscript; available in PMC 2021 May 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Bitton et al. Page 15

Time Domain Frequency Domain
Phase
Shift ()
—— Excitation
Emission
oy Z
@ ‘@
=4 c
[ [ \
= = {

// \\w/

Time Time

FIGURE 1|.
Depiction of typical time-domain data (Ieft) and frequency-domain data (right). Lifetime

determination in the time domain is a function of the decay curve created by a histogram of
photon arrival times. For the frequency domain, the lifetime is a function of the phase shift
between the laser excitation and fluorescence emission light.
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FIGURE 2|.
Fluorescence lifetime imaging microscopy image of autofluorescence from a white blood

cell-enriched sample excited at 402 nm and collected at >520 nm (&). Fluorescence decay
curves for each blood-cell type was generated using time-correlated single-photon counting
(TCSPC) along with a biexponential decay curve fit (b). Plots of average fluorescence
lifetime (c) and integral fluorescence intensity for each cell type (d). Adapted with
permission from [23] © The Optical Society.
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FIGURE 3.
Basic schematic picture of a generalized FLIM system. Pulsed excitation light passes

through the microscope to the sample and the excitation light travels back through and is
deflected to a detector with a dichroic mirror. Both laser and detector setups are then
connected to timing electronics for lifetime calculation.

Front Phys. Author manuscript; available in PMC 2021 May 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Bitton et al. Page 18

FLIM Histogram

(d)

2D Culture (Control)

(h)

3D Culture (Control)

0.5 1.3ns

0.5 <t> (ns) 1.3

FIGURE 4.
Images of NAD(P)H in 4T1 cells taken from a 2D monolayer culture and 3D matrix culture

showing differential interference contrast microscopy (a,€), two-photon fluorescence
intensity (b,f), and two-photon FLIM (c,g) along with histograms of the fluorescence
lifetimes from the FLIM images (d,h). These images highlight the usefulness of two-photon
excitation to image live cells /n vivo as there were differences in cell metabolism, as
indicated by NAD(P)H fluorescence, between cells cultured in a typical lab environment
(2D monolayer) and those cultured in a more realistic environment (3D culture). Adapted
with permission from [20] © 2018 International Society for Advancement of Cytometry.
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FIGURE 5.
Basic schematic of a frequency-domain TRFC system. A function generator is used to

modulate the laser that is then focused onto a small interrogation point in the flow path of
the sample. The scattered excitation light and fluorescence emission light are directed
toward the detectors, producing analog signals that are amplified and digitized by the
analog-to-digital converter.
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FIGURE 6.

Results from an infrared fluorescent protein study (iRFP). Left, top: An iRFP with an
emission maximum of 682 nm expressed a fluorescence lifetime value of 0.95 + 0.08 ns.
Right, top: An iRFP with an emission maximum of 713 nm expressed a fluorescence
lifetime value of 0.65 + 0.07 ns. Bottom, left: Dot-plot illustrating fluorescence vs. side-
scatter for both the iRFP populations. Conventional fluorescence-activated cell sorting
applies population gating to sort and enrich populations of interest. Significant overlap
would inhibit users from achieving high sort yields. Authors from Yang et al. [62] applied
time-resolved sorting to achieve maximum sort yields. Time-resolved data is processed by a
fast Fourier transform and is transposed to frequency spectrums. Direct current and
modulating frequencies are identified to calculate the phase value on a per-event basis. The
subtle differences with respect to phase values between the two iRFPs illustrate two
distinctive populations that permit sorting. Figure adapted with permission from The Optical
Society ® [62].

Front Phys. Author manuscript; available in PMC 2021 May 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Bitton et al.

M * sin(¢p)

i=

Phasor Universal Circle 4

7ns

X

Page 21

Single exponential lifetime

Multi-exponential
lifetime

X =M *cos(¢)

FIGURE 7.

@®= Measured median point

(A) A graphical representation of a phasor graph. Raw data is transposed to the frequency
domain by applying a discrete Fourier transform. Data are visualized in a frequency
spectrum where the phase (¢) and modulation (M) factors are extrapolated to construct the
phasor graphs. Calculated events that fall directly on the phasor universal circle represent a
single exponential lifetime, whereas calculated events falling within the phasor universal
circle represent multiple exponential lifetimes. Alternatively, it is possible to gain insight
into the weighted mean lifetime by calculating fractional contributions of different lifetime
components using lifetime component vectors as represented in part (B).
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FIGURE 8|.

Phasor graph analysis for a Forster resonance energy transfer (FRET) study that resolved

in

tegrin conformational changes in the presence of artificial stimuli. (A) Transfected U937

AST cells were labeled with conjugated donor probe Leucine-Aspartic Acid-Valine binding

re

sidue conjugated to fluorescein isothiocyanate (LDV-FITC). The LDV residue has an

affinity for the binding site on the inactive a4 integrin. (B) Acceptor probe PKH-26 (red,
lipophilic fluorescent cell membrane dye), which binds to the cell membrane, was

in
th

troduced to the cell suspension. Immediate quenching occurs because of the proximity of
e donor probe to the acceptor probe. The population transits to the center of the phasor

graph, indicating the presence of multiple fluorescence lifetimes as some cells are
undergoing FRET and some are unaffected. (C) Artificial stimuli formyl Methionine-
Leucine-Phenylalanine-Phenylalanine (fMLFF) elicits activation of a4 integrins. Integrins
extend to their activated state, effectively removing the donor probe out of the proximity of
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the acceptor probe. Significant heterogeneity was present due to cell response or lack thereof
to the artificial stimuli. (D) Contour plots illustrating the distribution and overlap of FRET
and loss of FRET populations. Noticeable shifts were seen between the two populations,
indicating a general response to the artificial stimuli. Figure adapted with permission from
The Optical Society ® [31].
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Developments that scan more than On-chip systems that are highly
Digitization of time- the average fluorescence lifetime multiplexed and have
resolved flow cytometry  ith TD or FD cytometers. capabilities like intelligence,
transitioning away from imaging, and cell sorting.

analog systems,

Type 1. Sensing technologies based on cytometry

Type 2. Sensing approaches based on imaging

FLIM approaches further developand  High resolution FLIM, FLIM-FRET
phasor analyses become standard. High  technologies improve, SPAD

throughput and SPAD array systems arrays and multi-photon systems
emerge. become higher throughput and
intelligent.
FIGURE 9.
Timeline highlighting the advances in FLIM and TRFC from the past decade and moving
forward.
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