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� Abstract
Caspase-3 is a well-described protease with many roles that impact the fate of a cell.
During apoptosis, caspase-3 acts as an executioner caspase with important proteolytic
functions that lead to the final stages of programmed cell death. Owing to this key role,
caspase-3 is exploited intracellularly as a target of control of apoptosis for therapeutic
outcomes. Yet the activation of caspase-3 during apoptosis is challenged by other roles
and functions (e.g., paracrine signaling). This brief report presents a way to track
caspase-3 levels using a flow cytometer that measures excited state fluorescence life-
times and a signal processing approach that leads to a graphical phasor-based interpre-
tation. An established Förster resonance energy transfer (FRET) bioprobe was used for
this test; the connected donor and acceptor fluorophore is cleavable by caspase-3 dur-
ing apoptosis induction. With the cell-by-cell decay kinetic data and phasor analyses
we generate a caspase activation trajectory, which is used to interpret activation
throughout apoptosis. When lifetime-based cytometry is combined with a FRET
bioprobe and phasor analyses, enzyme activation can be simplified and quantified with
phase and modulation data. We envision extrapolating this approach to high content
screening, and reinforce the power of phasor approaches with cytometric data. Ana-
lyses such as these can be used to cluster cells by their phase and modulation “lifetime
fingerprint” when the intracellular fluorescent probe is utilized as a sensor of enzyme
activity. © 2020 The Authors. Cytometry Part A published by Wiley Periodicals LLC on behalf of Inter-

national Society for Advancement of Cytometry.

� Key terms
fluorescence lifetime; apoptosis; time-resolved flow cytometry; caspase-3; FRET;
protease; phasor analysis

CASPASES (cysteine-aspartic proteases) are fate-determining molecules in that they
are active contributors to apoptosis, inflammation, neuronal remodeling, and differ-
entiation (1-10). Owing to the many caspases that act inside the cell, a variety of
strategies can be taken to either inhibit or activate the signaling of these proteases
and elicit behaviors that control cell viability. For example, identification of sub-
strates and genetic strategies have been taken to selectively activate caspases with the
goal of initiating apoptosis for cancer therapy (2-4,11-14). Despite the perceived
benefits in controlling the activity of these enzymes, it remains challenging to accu-
rately measure their function so as to determine their degree of proteolytic or
nucleolytic activity (15-19).

Caspase-3, which is an effector or “executioner” caspase, has been the focus
of many high content screening assays, because it is directly involved in apopto-
sis. Caspase-3 is mediated by initiator caspases like caspase-8. Yet, interestingly
the level of caspase-3 activity is not always proportional to the extent of apopto-
sis in any given cell. That is, other types of paracrine signaling will regulate
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caspase-3, a phenomenon recognized by situations in
which protease activation levels during apoptosis remain
the same despite increasing rates of acceleration of apopto-
tic events (20,21). Moreover, studies show that caspase-3 is
involved in neural development and tissue regeneration
through the control of secretion of paracrine factors
(22,23), and that it mediates tumor cell growth in cells sub-
ject to radiotherapy (24). Owing to the diversity of
caspase-3 function, clinical therapies that seek to control
apoptotic protease functions have lagged, and additional
screening approaches are sought to find reliable therapies
that directly target caspases.

Toward this end, synthetic, pseudo-substrates, or “fluo-
rogenic peptides” have been developed to detect caspase acti-
vation in vitro and report the presence of caspase families
in vivo (6). Studies with multiple substrates have helped mon-
itor localization of caspase function with attempts to explore
effects by different inhibitors and activators. Yet what is lac-
king is quantitative knowledge about true caspase-3 activa-
tion. Caspase-3 is quite “promiscuous” in that it cleaves a
variety of substrates, acts on a surprisingly diverse set of fluo-
rogenic peptides, and acts at rates that supersede the other
proteases. Ultimately, then, a single metric of “on” or “off”
(i.e., cleaved or not cleaved) is insufficient (8). Added to the
differences in rates of activity is the variation in the level, or
amount of activated caspase-3 throughout the cell, which
depends on the cell state (i.e., apoptotic, differentiating, and
regenerating) (22,24-26). Therefore, it is clear that additional
studies and new high throughput technologies might benefit
the characterization of apoptosis through caspase-3, so as to
find clinically relevant activators/inhibitors, and to identify
the many circumstances under which those can affect the fate
of a cell.

We have begun to address these challenges by utilizing
Förster resonance energy transfer (FRET)-based bioprobes
(BPs) combined with high-throughput screening approaches
(27-29). With FRET-based BPs, developed by Suzuki et al.,
comprehensive caspase activity can be intracellularly evalu-
ated. This is possible by connecting the donor–acceptor FRET
pair with a caspase recognition sequence. When the FRET-
based BP is effectively introduced into cultured cells and apo-
ptosis is induced, caspase-3 becomes activated and available
to cleave the paired donor and acceptor fluorophores,
resulting in a measurable loss of FRET.

This report presents an approach to screen for this cleav-
age during apoptosis using a flow cytometer that measures
fluorescence lifetimes. The fluorescence lifetimes of the donor
molecule during and after FRET is measured and interpreted
in order to observe changes, cell-by-cell. Our approach
involves frequency-domain cytometry analyses that culminate
with a phasor representation of the activation of caspase-3
activity throughout large cell populations. Future outcomes of
this high-throughput approach may include the ability to
quantitatively measure caspase-3 activity after induction of
apoptosis and when modulating cell populations with prote-
ase inhibitors.

THEORY AND PRAXIS

In order to establish a quantitative approach for measuring
caspase activity, a variety of FRET bioprobes were developed
and evaluated for functionality (27-29). The purpose of these
BPs was to evaluate enzyme activation and identify caspase
activity with precision owing to the specificity of the
engineered cleavage peptide sequence (27-29). We have
selected for this study an optimized and reproducible BP in
order to evaluate our ability to measure the changes in the
donor lifetime using time-resolved flow cytometry. Our goal
is to turn average lifetime data from single cells into statisti-
cally relevant information that assesses the heterogeneity in
caspase-3 activation and patterns cell populations follow as
they experience loss of FRET.

FRET, a nonradiative dipole–dipole interaction process,
has been widely used as an “optical ruler” to identify the spa-
tial and temporal function of many biological and intracellu-
lar events and mechanisms (30). As an optical tool, FRET can
be exploited in order to evaluate interactions between mole-
cules. That is, when FRET-dependent optical signals are mea-
sured, the spectral data can be used to calculate Förster
distances and thereby infer distances between molecules
linked to the donor and acceptor (31-33). FRET parameters
can be determined with flow cytometry by measuring either a
decrease in the donor fluorescence, sensitized emission of the
acceptor (34), or changes in the fluorescence lifetime of the
donor (35). It is most accurate when all three photophysical
characteristics are collected (27-30).

We have developed a variety of cytometry systems to
measure fluorescence lifetimes (35-39). These approaches are
generally referred to as time-resolved flow cytometry (TRFC).
In this contribution, we apply TRFC to a FRET pair using
green fluorescence protein (GFP) as the donor fluorophore
and Alexa Fluor® 546 dye (Thermo Fisher Scientific, Wal-
tham, MA) as the acceptor molecule. The pair is connected
with a caspase-3 peptide recognition sequence (Förster dis-
tance = 10.5 nm) (27-29,40) and frequency-domain TRFC
analyses are performed.

FRET, when determined using fluorescence lifetime
measurements, is favorable because the fluorescence decay
kinetics of the donor fluorophore are independent of con-
centration and artifacts that affect fluorescence intensity
(41-43). The fluorescence lifetime leads to a direct evalua-
tion of FRET efficiency requiring less experimental con-
trols, extensive calibration, and normalization procedures.
In general, fluorescence lifetimes are independent of the
amount of fluorophore inside the cell when no aggregation
or self-quenching is present. Moreover, in situations where
spectral overlap challenges the ability to resolve an optical
signal (i.e., presence of two or more unique fluorophores
expressed intracellularly with similar emission spectra), the
measurement of fluorescence lifetimes can aid in the evalu-
ation of the amount of each fluorophore present. Lifetime
analyses are also independent of excitation intensity and
exposure duration, which does affect intensity-based
measurements.
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With the TRFC described herein, the fluorescence
lifetime is collected as an average, representing the aver-
age time all fluorophores inside the cell remain in the
excited state prior to decaying to their ground state
through emission of photons. The fluorescence lifetime,
denoted by the symbol, τ, can be measured using cyto-
metry systems that are configured to excite samples with
pulsed lasers (time-domain), radio-frequency modulated
lasers (i.e., frequency-domain), or even with conventional
systems as we have shown in the past (44). In this work
we use a modified frequency-domain flow cytometer (see
schematic, Fig. 1) and collect cytometric waveforms that
include modulated side-scattered light signals and modu-
lated fluorescence signals from each cell where these cor-
related signals are used to compare the fluorescence
lifetime cell-by-cell. With signal processing, the modu-
lated signals can be evaluated in ways that allow us to
extract both the fluorescence phase lifetime and modula-
tion lifetime, which are parameters that are associated
with the decay kinetics within each cell. Mathematically
these lifetimes are represented by

τϕ =
tan ϕð Þ

ω
, and ð1Þ

τm =
1
ω

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1
m2

−1

r
ð2Þ

where τϕ and τm are phase and demodulation lifetimes,
respectively, ϕ is the phase rotation between excitation and
emission signals, ω is the frequency of modulation, and m is
the demodulation depth. In the evaluation herein, we use the
fluorescence lifetime to compute a semi-quantitative FRET
efficiency parameter (EFRET) by the equation below:

EFRET = 1−
τDA
τD

ð3Þ

where τDA is the fluorescence lifetime of the donor in presence of
acceptor and τD is the lifetime of the donor-only molecule. If the
cleavage of the BPs is a direct outcome of the action of caspase-3,
a measurement of EFRET can aid in characterizing activation of
the enzyme within the cell before and after apoptosis induction.

Fig 1. Illustrations of time-resolved flow cytometry instrumentation and analysis schema. (A) A diagram of a simple flow cytometer

constructed for the measurement of FRET. (B) The procedural steps to evaluate FRET data using phasor analyses. [Color figure can be

viewed at wileyonlinelibrary.com]
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Phasor Analysis

In addition to standard lifetime analyses, a phasor representa-
tion of the FRET bioprobe can be evaluated. Phasor plots are
visualization graphs developed for fluorescence lifetime imag-
ing microscopy (FLIM) to better characterize population-wide
changes. We have demonstrated how phasor graphing can be
adapted to flow cytometry, which is an approach analogous
to the FLIM phasors (44) yet distinct in how data are
obtained and processed (see Table 1 for a comparison). In
cytometry, phasor analyses are quite powerful as graphical
tools because phasor plot information leads to inferences
about discrete FRET states and the ability to compute the
fraction of acceptor-bound donor molecules on a single cell
basis.

In this work, we establish an approach that leads to a
phasor analysis of the caspase-3 FRET BP. This is accom-
plished by transforming cytometric waveforms collected
with a TRFC into Fourier space to obtain cell-to-cell fre-
quency spectra. From the spectra, the phase and amplitude
at each harmonic are extracted to evaluate the phase life-
time (τϕ) and demodulation lifetime (τm). A phasor graph
is established by a coordinate transformation of these
values so that they can be plotted, where each point is rep-
resentative of the two values from each cell. Additionally,
an outer semicircle (i.e., the “universal circle”) is graphed
to represent the single exponential decay boundary.
Figure 1 depicts the procedural steps to generate a
cytometry-derived phasor plot.

Table 1. Comparison of phasor analyses using FLIM and lifetime-cytometry

FLOW CYTOMETRY MICROSCOPY

Phasor development based on instrument features (44–47)
Excitation signal Frequency domain: modulated laser with width

in 100s of μm thus larger than cell passing
through.

Frequency or time domain: laser spot diameter
smaller than cell, higher fluence and scanned,
repetitively.

Emission signal 1 to 10 μs: amount of time cell passes through
focused laser beam; only one measurement per
cell.

100s of ms: amount of time camera is integrated
during a FLIM measurement; repeated
integrations of each cell are possible.

Phasor data and analysis (48–50)
Numbers of cells Large numbers of cells (1,000’s) are investigated

passing through the laser beam.
Fewer cells are studied (10s or 100s), depending
on the magnification and field of view.

Photon counts Large spread of points = heterogeneity of cell
population and distribution of fluorescence
decay properties across the entire cell
population.

Large spread of points = higher noise in pixel
values, and low photo economy.

Image construction Data points result from Fourier transform of
waveforms correspond to each cell; resulting
point cloud represents entire cell population.

Data points result from intensity stack of images
(homodyne frequency domain, time gated, or
time-correlated single photon count); resulting
point cloud represents a pixel population.

Application and utility (35,39,46,51–55)
Sorting and
segmentation

Cell populations on phasor plot can be gated and
the signals can be triggered to sort cell
samples.

Pixel population can be gated and used to classify
or segment different regions within a cell.

Spatial dimension Adds a spatial dimension to visualize, and gate
cell populations.

Global analysis of fluorescence decay kinetics,
circumventing fitting processes, but
nondiscriminatory in term of spatial position
in the cell.

FRET studies Superimposed data for quenched donor and
partially quenched donor leads to dequenching
trajectories to track cell populations
undergoing loss of FRET.

Superimposed data for quenched donor,
background autofluorescence and dequenched
donor leads to a FRET trajectory to study
FRET efficiencies.

Fingerprinting The phasor for a mixture of fluorescence species can be decoupled to obtain the molecular fraction of its
constituents in the phasor space. This is possible as the mixture is a linear combination of the phasors
of its constituents.

Characteristics of
decay kinetics

Sample exhibiting single exponential decay kinetics are positioned on the semicircle, whereas
multiexponential decay kinetics fall inside the circle, and photochemical reactions fall outside the
semicircle.
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MATERIALS AND METHODS

Extraction and Purification of Green Fluorescent

Protein as the FRET Donor

In order to develop a FRET-based BP we followed Suzuki
et al. (27-29) and expressed and purified a modified, or
“mutant,” green fluorescent protein (GFP-μ) by insertion of a
caspase-3 cleavable short peptide sequence (DEVD). Briefly,
the procedure involves transforming plasmids into competent
Escherichia coli (BL-21 DE3, Invitrogen by Life Technologies,
Carlsbad, CA). E. coli were cultured (37�C), harvested, and
lysed. The lysate was separated and purified (column with Ni2
+ − NTA resin, Thermo Fisher Scientific Inc., Waltham, MA),
as per standard procedures with histidine tagged fusion pro-
teins. GFP-μ was recovered after purification and rec-
onstituted in phosphate-buffered saline and checked for
purity spectroscopically (i.e., ratio of absorbance at 488 and
280 nm > 1.5).

Construction of the Bioprobe

The acceptor molecule used was an organic fluorophore,
Alexa Fluor® 546 dye (Thermo Fisher Scientific Inc.) with an
excitation maximum that sufficiently overlaps with the emis-
sion spectrum of GFP-μ (27-29,56,57). This fluorophore also
has a quantum yield that is high relative to other Cy3 deriva-
tives with similar emission profiles. Alexa Fluor® 546 dye was
conjugated to GFP-μ by reduction of the disulfide bonds of
the protein with dithiothreitol (DTT); 100 μl of a 20 μM pro-
tein solution was reduced with 1 mM DTT at room tempera-
ture for 15 min. Excess DTT was removed using Zeba™ spin
desalting columns (Thermo Fisher Scientific Inc.). Alexa
Fluor® 546 dye dissolved in dimethyl sulfoxide (DMSO) (con-
centration estimated spectrophotometrically using extinction
coefficient at 554 nm, e554 = 106,000 cm−1M−1) was mixed
with GFP-μ with a GFP-μ/Alexa Fluor® 546 dye at a ratio of
1:10. The mixture was incubated for 4 h at 37�C. Excess Alexa
Fluor® 546 dye was removed using Zeba™ spin desalting col-
umns. The final FRET bioprobe is referred to as GFP-μ-A546
from here forward.

Caspase-3 Cleavage Test

The GFP-μ-A546 BP was tested in vitro for cleavage by com-
bining with two units of caspase-3 (EMD Millipore, Bedford,
MA). The solution (5 μM) was reconstituted in a buffer with
20 mM 2-[4-(2-sulfoethyl) piperazin-1-ium-1-yl]
ethanesulfonate (PIPES), 100 mM NaCl, 0.1% 3-[dimethyl
(3-([(3α,5β,7α,12α)-3,7,12-trihydroxy-24-oxocholan-24-yl]
amino)propyl)ammonio]propane-1-sulfonate (CHAPS),
10 mM DTT, 10% sucrose, and 1 mM EDTA. This mixture
was incubated at 30�C for 2-, 5- and 7-h to evaluate
caspase-3 cleavage response time. Cleavage was evaluated by
measuring total fluorescence emission spectra (with a Horiba
FluoroMax®-4 spectrofluorimeter).

Cell Culture

HeLa cells (ATCC.org®) were cultured as this line is known to
have a strong caspase-3 expression when apoptosis is induced

with tumor necrosis factor-α (TNF-α) and cycloheximide
(CHX). In preparation for the evaluation of FRET, cells were
cultured in a humidified atmosphere at 37�C and 5% CO2.
Cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) with 10% fetal bovine serum (FBS) in T-25 flasks
and six well plates. In preparation to add the GFP-μ-A546 to
the cells, 50 μl (�25 μM) of the BP was added to a lyophi-
lized film of BioPORTER reagent (Genlantis, San Diego, CA)
and incubated at room temperature for approximately 10 min
to insure hydration of the dry-film and formation of
BioPORTER protein complexes. DMEM without FBS was also
added so the resulting solution could be combined with the
monolayer HeLa cells. The solution was added to cells cul-
tured to 80 to 90% confluency. The same procedure was
followed for the control in which the donor-only mutant GFP
molecule was introduced into HeLa cells. After a 3-h incuba-
tion, the cells were washed, detached (0.25% Trypsin, Life
technologies, Grand Island, NY), centrifuged, and re-
suspended in phosphate buffered saline to obtain volumes at
a concentration of approximately 106 cells/ml to be used for
cytometry experiments.

Apoptosis Evaluation with Annexin V and Propidium

Iodide (PI)

The evaluation of apoptosis induction in cells was with a
standard annexin-PI cytometry assay. Aliquots of HeLa cells
were treated with apoptosis-triggering reagents, TNF-α and
CHX. After different time points, HeLa cells were collected
and labeled with an annexin V fluorophore and PI. This pro-
cedure involved taking resuspended cells and combining with
a 1× binding buffer containing 5 μl fluorescein
5-isothiocyanate [FITC; 2-(3,6-dihydroxy-9H-xanthen-9-yl)-
5-isothiocyanatobenzoic acid] following the manufacturer’s
protocol for annexin V detection (BD Biosciences, Franklin
Lakes, NJ). Additionally, 2 μl of propidium iodide was added
to the cell suspension and mixed gently for live/dead cell
analysis. The cells were evaluated using a BD Accuri™ C6
flow cytometer (BD Biosciences) to collect fluorescence inten-
sity of FITC-annexin V and PI as well as forward scatter and
side scatter values.

Cytometric Evaluation of the BP Before and During

Apoptosis

Experimentally, we measured cells with GFP-μ-A546 before
apoptosis induction and after apoptosis induction at different
time points as well as cells with only GFP-μ. Our evaluation
involved measuring changes in the fluorescence intensity and
fluorescence lifetime of the donor fluorophore.

A BD Accuri™ flow cytometer was used to evaluate
donor emission and acceptor emission in a qualitative man-
ner with the goal of evaluating GFP-μ and GFP-μ-A546 inter-
nalization within the cells. We thus collected optical signals at
the peak emission of the donor molecule as well as the accep-
tor molecule (530/15 and 585/20-nm, when excited at
488-nm). A preliminary estimation of sensitized acceptor
emission was performed with these data by taking the “FRET
ratio” using the mean fluorescence intensity (MFI) of cells
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measured at the acceptor channel, divided by the MFI of the
donor channel. This type of FRET ratio is an observational
metric only because full FRET assessment requires additional
intensity-based FRET controls, as reported by Nagy et al. (34)
and others (58).

The time-resolved cytometry measurements were per-
formed with a retrofitted BD FACSVantage™ SE
(BD Biosciences) cell sorter (Fig. 1). A 488-nm, 50 mW solid-
state diode laser (Coherent Inc. OBIS, Santa Clara, CA) was
used and digitally modulated at a sinusoidal radio frequency
of 6.25 MHz (Tektronix AFG-3102 arbitrary function genera-
tor, Beaverton, OR). Side scattered light (SSC) was collected
through a 488/10 nm band pass filter into a photomultiplier
tube (PMT) detector (model: R1477-04, Hamamatsu Photon-
ics, Lake Forest, CA). Fluorescence emission of the donor was
detected using a 496 nm long pass filter and similar PMT
detector. Signals from the PMTs were amplified (60 dB, AC-
100, Advanced Research Instruments Corp., Bandon, OR)
and digitized at 50 mega samples per second. Full cytometric
waveforms were collected as were standard .fcs files which
include the average fluorescence lifetime per cell as a parame-
ter. Calibration with a known fluorescence lifetime is required
for TRFC, which was achieved using Flow-Check™
fluorospheres (Beckman Coulter, CA), which have lifetimes
reported to be 7 ns (59). After calibration, all settings
remained constant for proceeding experiments.

RESULTS AND DISCUSSION

Bioprobe Characterization and In-Vitro Caspase-3

Digestion

To first evaluate the cleavage of the GFP-μ-A546, we per-
formed an in vitro evaluation with spectrofluorimetry. Fluo-
rescence intensities were evaluated in which we analyzed the
brightness levels across both the emission spectrum of the
donor and acceptor fluorophores. This cleavage of the BP
in vitro (schema depicted by Fig. 2) was determined in solu-
tion. Spectrofluorimetry results (Supplementary Fig. S1) can
be visualized by the normalized spectra with acceptor fluores-
cence shifting upon introduction of the caspase-3. On calcu-
lating the ratio of fluorescence intensities corresponding to
acceptor and donor fluorophores (IA/ID), values of 0.94 and
0.66 were determined in the absence and presence of
caspase-3 (digested for 7 h), respectively. These results also
confirm prior work (27-29).

Apoptosis Optimization with Annexin-V and PI

We selected time points to observe apoptosis post-treatment
based on the results from an annexin V–PI apoptosis assay
(60). The cytometry data (see Supplementary Fig. S2) indicate
apoptosis by an increase in PI and annexin V-(FITC) at the
onset of apoptosis as compared to non-apoptotic cells. Ini-
tially apoptosing doses of 40 ng/ml TNF-α and 100 μg/ml
CHX were used to find a percentage of total cells increasing
in the FITC channel from 21% after 2 h to 52 and 78% after
6 and 12 h of treatment, respectively. The percentage of total
cells increased in the PI channel from 17% after 2 h to 37 and

72%, after 6 and 12 h of treatment, respectively. A range of
concentrations were evaluated to find these optimal condi-
tions (e.g., higher doses tested: 80 ng/ml TNF-α and
200 μg/ml CHX) but resulted in higher cell death percentages.
Thus, 40 ng/ml TNF-α and 100 μg/ml CHX was selected for
apoptosis assessment between a 2- to 6-h time point.

Analysis of the FRET BP with Cytometry

The fullest evaluation of FRET should involve a number of
important controls, and evidence of FRET is typically
determined by evaluating FRET efficiencies. Some of these
methods involve determination of cross-FRET,
implementing “dark GFP” with the acceptor attached, 1:1
donor-acceptor pairs with “zero efficiency,” bleed-through
evaluation, acceptor photobleaching, detection of fluores-
cence emission levels for autofluorescence, as well as mea-
suring GFP-μ-A546, and GFP-μ when excited at both
donor acceptor wavelengths (32,34,42). In this work, we
use cytometry measurements as a semiquantitative estimate
with a simple scenario in which the populations of cells are
screened for sensitized emission of the acceptor fluo-
rophore when compared to donor-only cells. This approach
is taken to set the stage for lifetime and phasor approaches,
performed with TRFC data and signal processing.

Shown in Figure 3A,B are cell counts when observing
emission at the donor and acceptor channels. Figure 3A inter-
estingly suggests that cells that have GFP-μ-A546 have a
mean donor emission that is not significantly lower than cells
with GFP-μ only. This similarity was found to be reproduc-
ible and is attributed to a number of factors, which include
unwanted residual and unbound donor GFP-μ in cells that
contain GFP-μ-A546, different fluorescent dye modification
efficiencies (60% or more might occur), and different uptake
of the fluorophore and BP for different cell populations.
When measuring sensitized acceptor emission (Fig. 3B) the
cells with GFP-μ-A546 had expectedly higher levels than cells
with only GFP-μ (low, or no acceptor emission).

Fig 2. Illustration of a cell depicting external apoptosis induction

(lipid bi-layer depicted by double lines) and the resulting

intracellular caspase activation. The bioprobe is introduced into

the cell as a FRET pair connected by a caspase-3 recognition

sequence. When apoptosis is induced, the FRET pair is cleaved

by active caspase-3. Before as well as after cleavage,

fluorescence emission is measured in both donor and acceptor

channels; additionally, the fluorescence lifetime is measured

from the donor emission. [Color figure can be viewed at

wileyonlinelibrary.com]
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Fig 3. Flow cytometry measurement results including fluorescence emission at both donor and acceptor emission peak channels. Panels

A and B include data from cells with the GFP-μ-A546 BP and GFP-μ only. Panel C includes bivariate histograms of the donor versus the

acceptor channel and include unlabeled cells overlays for background reference. The top graph of panel C includes cells with GFP-μ only,

followed by GFP-μ-A546 BP when apoptosis is induced (middle) and not induced (bottom). Panel D include the corresponding histograms

of acceptor emission channel, which aid in assessment of BP presence intracellularly when screening for sensitized acceptor emission.

[Color figure can be viewed at wileyonlinelibrary.com]
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Figure 3C includes cytometry results represented as the
donor versus acceptor emission channel to estimate total cell
counts for cells expressing a nominal level of intracellular
GFP-μ-A546 in comparison to cell counts with populations in
which the GFP-μ-A546 BP is affected by induction of apopto-
sis. Additionally, Figure 3C includes cell population data for
cells expressing only the GFP-μ emission. These data also
include unlabeled cells. The cell populations with only GFP-μ
were not measured during apoptosis, whereas slight to large
GFP emission signal changes can occur owing to changes
within intracellular micro-environments (metabolic, pH, cell
proliferation, cell death, etc.). Figure 3C cannot fully predict
FRET but does aid in tracking the percentage of cells that
have changes in sensitized acceptor emission during apopto-
sis. For example, the increase in acceptor positive percentages
during apoptosis (Fig. 3C, middle vs. lower graph) is obvious
when controlling for only apoptosis induction within the
same cell population. We also assessed sensitized emission
using the FRET ratio (shown in Supplementary data Fig. S3),
which is also an informative estimate to compare cells with
GFP-μ-A546 before and during apoptosis, albeit with a

nonquantitative FRET approach. A full FRET experiment
(going beyond the scope of this short report) requires an
arduous protocol, mandating donor-only and acceptor-only
samples excited separately for FRET efficiency calibrations
because of the possibility of acceptor cross-talk in the donor
channel. Our cytometry system lacks the required optical
platform that is commensurate of FLIM-FRET, which
requires dual excitation and detection for simultaneous
and/or sequential measurements across all required spectral
emission channels.

Additional changes in the percentages of cells when mea-
suring sensitized acceptor emission are displayed by
Figure 3D. These include before and during apoptosis as well
as for cells only expressing GFP-μ. The MFI for cells that
should not be experiencing sensitized emission is �10× lower
than cells with the intracellular GFP-μ-A546. Also, cells with
GFP-μ-A546 had an MFI (acceptor channel) that dropped by
30% after 4 h under apoptosis. These data were reproducible
(population: n = 3), allowing us to verify the presence of
GFP-μ-A546 within the cells and changes thereof during
apoptosis.

It is worth noting that the cytometry intensity data from
Figure 3 is not a holistic assessment of FRET and is moreover
influenced by a range of factors such as a loss of cells owing
to apoptosis (i.e., increase in dead cells and debris) and a vari-
ability owing to differences in the amount of GFP-μ-A546
uptake into cells. In this report, we include these graphs to
show how linear trending data can be used to identify a
changing slope, which suggests a dependence on FRET effi-
ciency. Thus, we emphasize that the fundamental result is
that the overall emission on induction of apoptosis in the
acceptor emission channel decreases to levels lower than the
brightest FRET signal and higher than the brightest non-
FRET signal (i.e., donor only). We also note that a full FRET
interpretation with standard cytometry was evaluated and
presented in prior work (27-29). These intensity data simply
allow us to recognize an expected trend, permitting the
advancement to TRFC measurements.

Evaluation of the Cleavage of the FRET BP with TRFC

Figure 4 are data from TRFC in which we found the average
fluorescence lifetime (Fig. 4A) of GFP-μ, to be similar to that
of reported literature values (e.g., 3.1–3.3 ns) (40,61). Addi-
tionally, cells that have GFP-μ-A546 before apoptosis have an
average donor fluorescence lifetime of 2.17 ns and cells mea-
sured after 4 h of induction of apoptosis had a fluorescence
lifetime of 2.91 ns. These values are average fluorescence life-
times per-cell, and the reported values are means of each cell
population. The cleavage of the FRET BP by caspase-3 activa-
tion initiates a lengthening of the donor fluorescence lifetime,
which we detect by TRFC. Interestingly the distributions are
large with events that fall across a long lifetime range (>3 ns).
We have included these lifetime “tails” in the mean calcula-
tion (notice markers in Fig. 4A include all cells) to avoid a
biased assessment. The wide lifetime distributions are a prod-
uct of TRFC system limitations and measurement noise. For
example, there are inherently low photon counts when

Fig 4. Data of fluorescence lifetime values during caspase-3

activity measured by time-resolved cytometry. (A) Fluorescence

lifetime histograms of counted cells with GFP-μ-A546 before and

after apoptosis as well as cells with GFP-μ only. (B) Compares

the mean fluorescence lifetimes obtained across 3 repeat

measurements for apoptosing cell populations over 2, 4, and 6 h

post-treatment with the TNF-α and CHX inducing reagent. Error

bars are representative of the standard deviation of the mean

fluorescence lifetimes. Also shown are data of the average

percent caspase-3 activity through a line plot over the

fluorescence lifetime bar graphs. [Color figure can be viewed at

wileyonlinelibrary.com]
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collecting donor emission signals at rapid cell transit times.
Additionally, our instrumentation has an upper limit to the
laser modulation frequency owing to low data acquisition
sampling rates (i.e., Nyquist = 25 MHz). Despite these TRFC
challenges, we were able to detect reproducible lifetime shifts
for repeated, independent experiments, and note that the data
processing included gating and thresholding schemas to
ensure that single, bright cells are counted.

Figure 4B compares the mean fluorescence lifetimes
obtained across 3 repeat measurements for apoptotic cell
populations over 2, 4, and 6 h post-treatment with the TNF-α
and CHX inducing reagent. Error bars are representative of
the standard deviation of the mean fluorescence lifetimes.
The increasing trend suggests that the fluorescence lifetimes
of the donor are becoming similar to the donor-only fluores-
cence lifetime. Also shown in Figure 4B is an estimation of
the relative caspase-3 activation. The caspase-3 activation
across each cell population was calculated using the relative
difference in the FRET efficiency parameter (EFRET) and
added as a line plot to the fluorescence lifetime bar graphs for
a correlative perspective.

The phase and demodulation lifetimes are presented in
Figure 5 as phasor graphs both in illustrative form (Fig. 5A)
and of real TRFC data (Fig. 5B). As described previously, the
modulated cytometric signals measured for each stage before
and after apoptosis were collected per cell. These “cytometric
waveforms” from the fluorescence and side-scatter channels
were digitized and processed to evaluate the demodulation
and phase shift values using a Fourier transformation. With
polar coordinates, the phase and demodulation are plotted
where each point on the phasor graph represents the two
values from one cell.

Figure 5A first illustrates the concept of a phasor graph
and what can be expected when the median of the population
of cells changes owing to the induction of apoptosis. This is
viewed as a trajectory, or “map” that can be taken by the
populations before and after cleavage. For example, a popula-
tion of cells with the donor not in the presence of the

acceptor (GFP-μ only, green dot) would result in a single-life-
time, largest-phase, and high demodulation value (upper left
portion of the phasor). Cells with the donor in the presence
of the acceptor (GFP-μ-A546, orange dot) have a lower angle
in phase and demodulation depth, resulting in a new location
in the center of the phasor graph that represents the “un-
cleaved” (i.e., 0% caspase activation) position. This position is
typically found on the outer right periphery of the semicircle
when measured by FLIM (62). Cytometry systems track cells
in motion (as opposed to long FLIM interrogation times) and
are thus challenged by low donor emission signals, which can
influence the phasor position (35). Lastly, cells undergoing
apoptosis (gray dot) will show a higher positional location on
the phasor because they contain the cleaved GFP-μ-A546 BP
(i.e., degree of phase is larger). The location of the points on
the graph is visual aids for mapping the trajectory during this
process.

Figure 5B includes data from cells to observe the pattern
when apoptosis is induced. The density contours guide the
viewer to where regions of cells are most alike. Plotted are
two cell groups: cells with GFP-μ-A546 BP before apoptosis
and cells with GFP-μ-A546 BP during apoptosis. The phasor
is used to observe the distribution of cells with GFP-μ-A546
prior to caspase-3 activation (leftmost group and inner
phasor) and compare this to cells during activation (rightmost
groups). Interestingly during activation, there are two domi-
nant populations: (1) a population where the phase is similar
to the non-activated cells but the demodulation is higher
(right, lower periphery–donor lifetime remains shortened but
brighter signals are detectable) and (2) a population where
the phase is high as well as the amplitude demodulation
(phase increases and amplitude demodulation remains high).
These positions on the phasor help to understand what cells
have experienced caspase-3 at different activated levels
(i.e., secondary group experienced more cleavage) and thus
map the activity of the enzyme dynamically. Although the
TRFC system we use is challenged by the modulation fre-
quency limits as well as the presence of low donor emission

Fig 5. Phasor graphs both in illustrative form (A) and of real time-resolved cytometry data collected (B). (A) Diagrams the concept of a

phasor graph and what can be expected when the median of the population of cells changes owing to the induction of apoptosis. (B) Data

of cells with the FRET BP before apoptosis and during apoptosis (4 h) with the caspase activation trajectory interpretation. [Color figure

can be viewed at wileyonlinelibrary.com]
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signals, which both impact the lifetime resolution, we are able
to interpolate between the mean of each population to gener-
ate a trajectory of activation. In future work, with an
improved TRFC sensitivity that includes autofluorescence life-
times, we can quantify full FRET and thus the impact of com-
pounds against molecular targets of apoptosis. Finally, we
plan to use the phasor graph to gate cells at different stages of
the trajectory and sort those with different levels of FRET effi-
ciencies for further evaluation.

CONCLUSION

Caspases are targets for strategies that inhibit or activate apo-
ptosis, and such strategies might range from initiation of sub-
strates to genetic approaches that are beneficial for
biomedical applications such as cancer therapy. Yet despite
the evident role of caspase-related enzymatic activity during
apoptosis, there is a consensus that tracking apoptosis with a
single endpoint determination is not entirely accurate. This
inaccuracy is partly because of the ambivalent nature of the
commitment of various caspases to diverse versions of
programmed cell death such as apoptosis, necroptosis,
pyroptosis, oncoptosis, and autophagy; their lethal functions
are attributed to evolution whereas some non-lethal functions
are phylogenetically conserved (63,64). Owing to studies such
as these, we share in this report a screening approach that is
dynamic in the sense that caspase activity can be mapped at
different stages by exploiting a FRET-based BP and estimat-
ing a caspase activation trajectory. This approach builds on
prior average fluorescence lifetime estimates and demon-
strates a cytometry-based phasor methodology. Our goal is to
assist in the tracking of caspase-3 activation levels during
apoptosis and set the stage for future quantification of
enzyme activity using a range of BPs. Further work also may
include sorting events based on relative phasor positioning
thus enabling the isolation of cells across any continuum of
caspase activation. With this tool, cells can be further evalu-
ated for very subtle differences in signal transduction as a
result of different triggering reagents.
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