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siFLIM: single-image
frequency-domain FLIM
provides fast and photonefficient lifetime data
Marcel Raspe1,6, Katarzyna M Kedziora1,6,
Bram van den Broek1, Qiaole Zhao2, Sander de Jong3,
Johan Herz3, Marieke Mastop4, Joachim Goedhart4,5,
Theodorus W J Gadella4,5, Ian T Young2 &
Kees Jalink1,4,5
We developed single-image fluorescence lifetime imaging
microscopy (siFLIM), a method for acquiring quantitative
lifetime images from a single exposure. siFLIM takes advantage
of a new generation of dedicated cameras that simultaneously
record two 180°-phase-shifted images, and it allows for
video-rate lifetime imaging with minimal phototoxicity and
bleaching. siFLIM is also inherently immune to artifacts
stemming from rapid cellular movements and signal transients.

FLIM records the fluorescence lifetimes τ of fluorophores. FLIM
is an intrinsically quantitative technique with many applications
in cell biology, including detecting the lifetime of so-called ‘FLIM
reporter dyes’, which report on local physicochemical parameters
such as pH, ionic strength, radical stress or membrane potential1–4. FLIM is also a robust detection method for fluorescence
resonance energy transfer (FRET)5,6.
One technique to image fluorescence lifetimes is frequencydomain FLIM (fdFLIM)7. In fdFLIM, which is commonly implemented on widefield microscopes, the intensity of the excitation
light is modulated at high frequency, typically tens of MHz for
lifetimes of a few nanoseconds8,9. Consequently, the sample emits
modulated fluorescence signals that lag behind in phase and
exhibit diminished modulation depth due to the finite lifetime of
the fluorophores (Supplementary Fig. 1). The phase shift ϕ and
demodulation M of the fluorescent signal can be calculated using
a set of images taken at regularly spaced detector phases (Φ) using
a CCD camera equipped with an electronically modulated image
intensifier (Supplementary Fig. 1b–e). Sample fluorescence lifetimes for each pixel can then be calculated based on either the
phase shift (τϕ) or the demodulation (τMOD)9. Minimally, three
phase images are required but, for reasons of accuracy, 12 images

typically are recommended. While fdFLIM is generally quantitative and robust, it needs improvement in terms of photon efficiency and speed. Moreover, sequential acquisition of the phase
images may give rise to artifacts because of incoherent phase data:
for example, when imaging rapidly moving vesicles (a movement
artifact) or fast-changing signals (a transient artifact).
Recently, we and other researchers developed dedicated allsolid-state cameras with on-chip phase-sensitive detection that
simultaneously record two images shifted by π radians in phase
(Supplementary Fig. 1f–h)10–12. These cameras are much simpler
and have better spatial resolution than intensifier-based systems;
they are resilient to overexposure and decode the high-frequency
phase and amplitude information with twice the light efficiency.
In this report we use our modulated-FLIM camera (MEMFLIM)
to demonstrate that, with a simple calibration, acquisition of a single frame suffices to quantitatively track lifetime changes in livecell time-lapse experiments. This approach, siFLIM, eliminates
motion artifacts and transient artifacts from calculated lifetimes
because the π-shifted image pairs needed to calculate lifetimes
are recorded simultaneously.
To demonstrate calculation of siFLIM, 12-phase image stacks
were recorded as six MEMFLIM image pairs from a cell expressing
a dedicated FLIM-FRET sensor for cAMP13 (Fig. 1). At t = 15 s
the cell was stimulated with the cAMP-raising agents IBMX and
forskolin, causing a drop in FRET and thus an increase in lifetime.
In such a time series, siFLIM lifetimes can be calculated for every
π-shifted image pair, along with conventional 12-phase lifetimes
for comparison (Online Methods, Calculation of siFLIM data).
Calculation of siFLIM lifetimes is straightforward. First, for each
180° phase-shifted image pair (Fig. 1a) the normalized contrast
Ĩ(t) (i.e., the difference in intensity between the two phase images
divided by their summed intensity) is calculated14. Subsequently,
the differential normalized contrast ∆Ĩ(t) is computed as the
change relative to the starting values Ĩ(t = 0). Analysis showed that,
for most choices of detector phase Φ, the relationship between ∆Ĩ
and conventional 12-phase lifetime τϕ (ref. 9) can be well approximated by a linear function for a broad range of sample lifetimes
(see Supplementary Figs. 1–6 and Supplementary Note 1).
Thus, for a given Φ, a simple two-point calibration suffices to
determine the relationship between ∆Ĩ and 12-phase τϕ. For this
calibration, two 12-phase lifetimes are taken at any time points
t1 and t2 that exhibit different lifetimes: for example, at the onset
of the experiment and at the end. These two lifetimes can even be
taken from different experiments. As Figure 1 shows, the siFLIM
lifetimes are in almost perfect agreement with the 12-phase data,
deviating by only ~10 ps (<0.5%, combined bias and noise) over a
wide range of Φ. However, a proper choice of Φ remains crucial.
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In Supplementary Note 2, we show how, for various commonly
encountered experimental configurations, to select Φ so as to
optimize siFLIM in terms of accuracy and signal-to-noise ratio.
To show how well siFLIM works, we imaged Ca2+ levels in HeLa
cells (Fig. 2a,b and Supplementary Video 1). After addition of
histamine, which triggered increases in Ca2+ levels that may rise
from baseline to micromolar levels within ~1 s, we observed tiny
oscillations in Ca2+ levels (~2.5 s periods)15,16. Such small and
rapid transients would go completely unnoticed when recorded
by conventional fdFLIM. In the lifetime kymograph (Fig. 2b), the
vertical lines of the oscillations were observed to bend slightly
to the right, indicating that the Ca2+ oscillations originated near
the plasma membrane and then traveled toward the nucleus (see
also Supplementary Video 1). Note that, like conventional FLIM,
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siFLIM is insensitive to the severe loss of fluorescence that occurs
because of ongoing leakage of dye and bleaching.
Histamine receptors desensitize rapidly after exposure to their
ligand17. To investigate whether the complex response in cytosolic
Ca2+ levels reflects changes in receptor activity—for example,
changes that occur because of ongoing receptor desensitization—
we prepared a novel FLIM sensor that records activity of the
G protein Gq (Online Methods). In this dedicated FLIM sensor,
the donor mTurquoise2 transfers energy to the nonfluorescent
YFP mutant sREACh18. Following addition of histamine, siFLIM
recorded a lasting increase in lifetime (from 3.16 ± 0.02 ns to
3.32 ± 0.02 ns) in cells expressing the Gq FLIM sensor, indicating
sustained activation of the G protein (Fig. 2c). The onset of this
response was rapid, typically reaching full activation in ~1 s and,
in some experiments, <0.5 s. Neither oscillatory Gq activity nor
desensitization were observed in our experiments.
We next set out to characterize siFLIM performance under the
most challenging conditions. Figure 3a shows spontaneous regenerative Ca2+ action potentials in cultured HL-1 cardiomyocytes19.
Such Ca2+ transients are likely the fastest changes in cytosolic
messenger levels described and, indeed, siFLIM was fast enough
to record them without artifacts (Fig. 3b) even when cells were
stimulated with a low concentration of ionomycin to increase the
beating rate by ~5-fold. In contrast, if at all detected by conventional multiphase FLIM, fast transients may lead to erroneous
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Figure 2 | siFLIM detection of histamine-induced alterations in Gq
activation and Ca2+ concentration in cultured HeLa cells. (a) Intensity
traces of the image pair at Φ = 60° are recorded with the MEMFLIM
camera from Oregon Green BAPTA1-loaded cells. Cells are stimulated
with histamine (t = 20 s) and with ionomycin (t = 210 s), followed by
addition of extra Ca2+ (3 mM at t = 220 s). Sampling rate is 6 Hz. AU,
arbitrary units. (b) The siFLIM fluorescence lifetimes corresponding to the
traces shown in a. The inset shows a zoomed-in view of Ca2+ oscillations
(interval of ~3 s) that are clearly resolved at 6 Hz. The lower panel shows
a kymograph of siFLIM values taken along the line indicated in a.
(c) Lifetime changes following dissociation of the heterotrimeric
G protein Gq. Cells were stimulated with histamine. Right, detail of
the rising phase, showing fast activation of Gq.
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values (spike-like transient artifacts, Fig. 3b). The high photon
efficiency of siFLIM allowed the recording of these very lightsensitive cells for prolonged times.
Another challenging experiment involves following lifetimes (or
FRET) of fluorescent reporters that move rapidly within cells. For
example, we followed chloroquine-induced pH changes by recording lifetime changes of a reporter construct (Online Methods) in
vesicles. Endocytic vesicles may travel up to 3 µm/s in U2-OS cells20,
generating marked ‘motion artifacts’ in calculated lifetime when
imaged by conventional FLIM (Fig. 3c, left panels). In contrast,
our siFLIM lifetimes, though attained with six-fold less exposure,
appeared completely immune to such motion artifacts (Fig. 3c),
reducing spread and revealing a significant effect of chloroquine
treatment (3.29 ± 0.04 versus 3.83 ± 0.03 (mean ± SEM), n > 70,
P < 0.001). siFLIM also proved superior to conventional fdFLIM in
detecting interactions between separate proteins in motile vesicles.
For example, the interaction between RILP and Rab7 is essential
for recruitment of late endocytic vesicles to the dynein motors that
transport them rapidly along microtubules21. Previously, in FLIM
and ratiometric detection of FRET between GFP-RILP and mRFPRab7, data from fast-moving vesicles had to be excluded21, which
possibly biased the results because of the selection of an immotile
subpopulation close to the Golgi complex. Again, in those moving
vesicles, siFLIM recorded a statistically significant difference in
lifetime between control cells and cells expressing both constructs
(Fig. 3d), where 12-phase FLIM analysis failed due to high variance. The apparent negative FRET efficiency for motile vesicles
in the 12-phase lifetimes originated from extreme lifetime values,
which caused the average lifetime in FRET vesicles to be larger
than that of GFP. In conclusion, siFLIM is immune to transient and
movement artifacts and enables quantitative functional imaging
microscopy with a time resolution down to 50 ms.
Fast readout of FRET biosensors has hitherto been mainly
the domain of intensity ratio imaging, but siFLIM presents an
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attractive alternative. siFLIM capitalizes on the ability of new
cameras such as the MEMFLIM to collect two π-shifted phase
images simultaneously. We have shown by mathematical analysis,
computer simulations and experimentation that, with a simple
calibration, siFLIM reliably tracks lifetimes over a range wide
enough to cover the vast majority of FRET sensors. siFLIM has the
advantages of true lifetime imaging, i.e., it is quantitative, it does
not suffer from beamsplitter-related pixel shifts or wavelengthdependent focal differences, and it is resistant to fluorophore
bleaching, light scattering or inner-filtering effects. Moreover,
siFLIM is not affected by frame-to-frame noise related to instrumentation and biological fluctuations (see Supplementary Fig. 7
and Supplementary Discussion). Aimed at time-lapse experiments, siFLIM has advantages over conventional fdFLIM in that
it completely eliminates motion artifacts and transient artifacts,
and it allows for video-rate lifetime recording over prolonged
times and with minimal exposure.
Given that the majority of biosensors are read out by FRET
changes, the pressing need for faster FLIM systems is reflected
in the number of publications documenting efforts to achieve
fast time- (see Supplementary Discussion) and frequencydomain11,22,23 FLIM. siFLIM builds on early instrumentation
and analysis algorithms reported by Schneider and Clegg14.
These authors first proposed the normalized-differences method
(Online Methods, equation 2) to provide fast lifetime contrast.
Based on two consecutively acquired phase images, their approach
lacked advantages of siFLIM like immunity to motion and transient artifacts and ultimate photon efficiency. Esposito and colleagues11 first pointed out the potential of phase-pair cameras
for FLIM detection and used a Swiss Ranger low-resolution distance-sensitive camera to record single-shot normalized phasepair differences at video rate. They also demonstrated immunity
to motion artifacts by imaging a fluorescent bead during rapid
lateral translation. The limited resolution of the camera and the
nature methods | VOL.13 NO.6 | JUNE 2016 | 503
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fact that no attempt was made to relate normalized differences
to conventional fdFLIM lifetimes9 τϕ or τmod may be the reasons
why normalized differences have seen no follow-up in the life
sciences literature.
Nonetheless, siFLIM stands out among these methods. The
(essentially) single-chip solution provided by the MEMFLIM
camera is mechanically simple and photon efficient, and it does
not require hardware tuning when different lifetimes are to be
detected. The above features also make siFLIM the method
of choice for integration with optical sectioning approaches
including spinning-disk confocal systems and total-internal
reflection microscopy, as well as with structured illumination
super-resolution microscopy (SIM) and selective plane illumination microscopy (SPIM). siFLIM also readily takes advantage of a
new generation of dedicated FLIM sensors that feature dark acceptors13,24. Dark acceptors free up part of the spectrum, allowing
wide-band detection of the donor emission for increased signal-tonoise ratio (SNR) and opening up possibilities for simultaneous
detection of more than one FRET pair in a single cell.
siFLIM cannot fully replace multiphase fdFLIM analysis.
For example, conventional analysis remains the method of choice
for robust ‘single-button’ quantification in large series of cells or with
widely differing lifetimes. In addition, high-end fdFLIM applications
such as multifrequency analysis of complex fluorescence decays25 and
polar-plot analysis26 will remain the exclusive domain of conventional fdFLIM. However, for live-cell time-lapse experiments, siFLIM
is a uniquely powerful tool because of its excellent SNR, photon
efficiency, speed and unique immunity to lifetime artifacts.
Accession codes. Data, construct details, and analysis routines
are available for download at https://osf.io/7c4r2.
Methods
Methods and any associated references are available in the online
version of the paper.
Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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ONLINE METHODS
Calculating siFLIM data. Upon excitation with sinewave-modulated
light, the intensity of an image acquired by a phase-sensitive
detector with detection phase set to Φ follows:
I (F ) = I0 (1 + M sin (F + j ))

(1)

with steady-state signal I0, lifetime-induced phase shift ϕ and
modulation depth M (ref. 27). Using two images of a single
MEMFLIM exposure, I(Φ) and I(Φ + π), the normalized phasepair contrast Ĩ is defined as:
I (F , t ) = I (F ) − I (F + π ) = M sin (F + j )
I (F ) + I (F + π )

(2)

Subsequently, differential normalized contrast ∆Ĩ(t) is calculated:

(
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∆I (F , t ) = I (F , t ) − I F , t = 0

)

(3)

∆Ĩ depends on phase shift and demodulation of the signals and
thus encodes information on changes in (complex) sample lifetime,
but it effectively rejects lifetime-independent intensity changes
such as bleaching or dye leakage (see Supplementary Fig. 1).
As the relationship between the differential contrast and
the commonly used τϕ can be approximated as linear (see
Supplementary Figs. 1–6 and Supplementary Note 1), we define
a linear calibration to calculate τsiFLIM:
t siFLIM (t ) = t12-phase, t =0 + c ⋅ ∆I (t )

(4)

with calibration coefficient c:
c (F ) =

t12-phase,t 2 − t12-phase,t1
I (F ) − I (F )
t2

t1

(5)

where τ12-phase,t1 and τ12-phase,t2 are 12-phase lifetimes at any time
points t1 and t2 that exhibit different lifetimes.
Cell culture. HeLa cervical cancer cells (ATCC) and U2-OS osteosarcoma cells, a gift from J. Neefjes (Division of Cell Biology,
the Netherlands Cancer Institute, Amsterdam), were grown in
Dulbecco’s Modified Eagle Medium (DMEM, PAA Laboratories,
Austria) supplemented with 10% FCS and penicillin, streptomycin and L-glutamine (Invitrogen, USA). HL-1 murine cardiomyocytes19, a gift from W.C. Claycomb (Department of Biochemistry &
Molecular Biology, LSUHSC, New Orleans), were grown on
gelatin-fibronectin-precoated flasks in Claycomb medium
(Sigma-Aldrich) supplemented with 5% (HL-1 approved) FCS, penicillin–streptomycin (100 µg/ml), norepinephrine (0.1 mM) and
2 mM L-glutamine. Cells were cultured at 37 °C in a 5% CO2 incubator. Cells were free of mycoplasma, as tested with MycoAlert™
Mycoplasma Detection Kit (Lonza). After plating on 24-mm
cover slips, cells were transiently transfected with 1 µg cDNA and
3 µg polyethylenimine (Polysciences, USA). 1–3 days after transfection the fluorescence lifetime was measured with FD-FLIM
and/or MEM-FLIM.
FLIM. FLIM data were obtained with LI-FLIM software (Lambert
Instruments, the Netherlands), modified by the company to be
doi:10.1038/nmeth.3836

able to grab data from the MEM-FLIM3 digital CCD-camera.
12-phase MEM-FLIM stacks were acquired in conventional FLIM
mode of the software, whereas for siFLIM, images were acquired
in ‘live-cell’ mode of the LI-FLIM software. The phase could be
set to arbitrary values by means of a separate driver. The camera
was attached to the microscope (Leica DMIRE2, Germany) using
an optical zoom adaptor and cells were imaged with a 63×, N.A.
1.3 glycerine-immersion objective. For CFP donors, a 442-nm
1W LED was modulated at 40 MHz, and emitted light (480 ±
15 nm) was collected from selected cells expressing the FRET
constructs. For the Oregon Green dye a GFP filter cube was used
(excitation 470 nm/40, dichroic 500 nm, emission 525 nm/50)
and excitation was with a 1W 470 nm LED. Reference solutions
containing either Erythrosin B (τ 0.069 ns at 37 °C) or Rhodamine
6G (τ 3.83 ns at 37 °C; Sigma-Aldrich) were recorded with an I3
filtercube (Leica).
Imaging of cells. Cells were imaged in HEPES-buffered saline
(140 mM NaCl, 5 mM KCl,1 mM MgCl2, 1 mM CaCl2, 10 mM
glucose and 10 mM HEPES, pH 7.4) at 37 °C.
cAMP measurement (Fig. 1). In this experiment, 12 phases
were detected as 6 (180°-spaced) image pairs, allowing calculation of siFLIM and 12-phase FLIM for the same time-lapse
data. HeLa cells expressing cAMP FRET-FLIM sensor (mTurquoise2-EPAC-blackcpVenus-blackcpVenus)13 were treated with
cAMP-raising agents 100 µM IBMX (Calbiochem-Novabiochem
Corp., USA) and 25 µM Forskolin (sc-3562, Santa Cruz
Biotechnology, USA).
Calcium measurements (Fig. 2a,b). HeLa cells were serumstarved for four hours, loaded with Oregon Green BAPTA-1acetoxy-methyl ester (O-6807, Invitrogen, USA) for 30–60 min
and washed twice with PBS before imaging. 10 nM Histamine
(Sigma-Aldrich) was used to induce oscillations in intracellular
Ca2+ concentrations and ionomycin (Invitrogen) was added at
5 µM with 4 mM excess calcium for endpoint calibration.
Gq measurements (Fig. 2c). HeLa cells were cotransfected with
the biosensor and the mCherry-tagged Histamine 1 receptor
one day before performing the experiment. The Gq biosensor
consists of Gαq-mTurquoise2 and sREACh-Gγ2 (sREACh was a
gift from R. Yasuda, Addgene plasmid #21947), separated by an
IRES sequence (sREACh-Gγ2-IRES-Gαq-mTurquoise2). Cells
were stimulated with 200 µM Histamine.
Calcium measurements (Fig. 3a,b). HL-1 cells were loaded with
Oregon Green BAPTA-1-acetoxy-methyl ester as described for
HeLa cells. Cells were stimulated with 1 µM ionomycin. Final
calibration as in Figure 2b.
fdFLIM imaging (Fig. 3b, right panel). Calcium dye loading
of HeLa cell and final calibration as in Fig. 2. Stimulation with
Bradykinin 1 µM (Sigma).
Chloroquine experiment (Fig. 3c). The reporter construct consists of a membrane anchor (the residues 1–29 of p63RhoGEF)
fused to mTurquoise2 (Addgene plasmid #36209). The fluorescence lifetime of this construct was observed to change upon
addition of chloroquine; details will be published elsewhere.
U2-OS cells expressing the construct were treated with 100 µM
chloroquine for 30 min.
Interaction between RILP and Rab7 (Fig. 3d). HeLa cells were
transfected with GFP-Rab7 or GFP-Rab7 together with mRFPRILP21 24 h before fdFLIM experiments.
nature methods

of the stationary vesicles with and without chloroquine (Fig. 3c)
and GFP-Rab7 and GFP-Rab7 + mRFP-RILP (Fig. 3d) served
as calibration points for the calculation of siFLIM lifetimes in
those experiments. For siFLIM analysis, only two of the phases of
the 12-phase stacks (here 30° and 210°) were used. Segmentation
of the vesicles was carried out in the same manner. All vesicles
having at least 2 pixels overlap with their 12-phase counterparts
were included. In the 12-phase vesicle lifetime data, outliers were
removed in the analysis (<0 ns and >20 ns for Fig. 3c and <–30 ns
and >30 ns for Fig. 3d).
The ImageJ macros and R scripts are available for download at
https://osf.io/7c4r2.
27. Gadella, T.W.J., Jovin, T.M. & Clegg, R.M. Biophys. Chem. 48, 221–239
(1993).
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Image analysis. All acquired images were analyzed in ImageJ
(http://imagej.nih.gov/ij/, version 1.50) using custom-made macros for generating the fluorescence-lifetime images recorded with
either 2 phases or 12 phases. The analysis of motile vesicles (Fig. 3)
was done in ImageJ as follows. Detection and segmentation of
vesicles were achieved by consecutively normalizing the intensity
of the different phase images in 12-phase stacks, performing a
maximum intensity projection, filtering the images using a difference of Gaussians filter (of 0 and 4 pixels radius) to enhance the
vesicles, and finally creating a mask by thresholding. The 12-phase
lifetimes (τϕ) of vesicles with an area larger than 3 pixels were
extracted. Because the time resolution of the 12-phase data does
not allow tracking of individual vesicles, vesicles were categorized
into a motile and stationary pool based on thresholding the s.e.m.
lifetime in the pixels of each vesicle. The mean 12-phase lifetimes
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