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ABSTRACT Fluorescence lifetime imaging microscopy (FLIM) is a quantitative microscopy technique for imaging nanosecond
decay times of fluorophores. In the case of frequency-domain FLIM, several methods have been described to resolve the relative
abundance of two fluorescent species with different fluorescence decay times. Thus far, single-frequency FLIM methods generally
have been limited to quantifying two species with monoexponential decay. However, multiexponential decays are the norm rather
than the exception, especially for fluorescent proteins and biological samples. Here, we describe a novel method for determining
the fractional contribution in each pixel of an image of a sample containing two (multiexponentially) decaying species using single-
frequency FLIM. We demonstrate that this technique allows the unmixing of binary mixtures of two spectrally identical cyan or green
fluorescent proteins, each with multiexponential decay. Furthermore, because of their spectral identity, quantitative images of the
relative molecular abundance of these fluorescent proteins can be generated that are independent of the microscope light path.
The method is rigorously tested using samples of known composition and applied to live cell microscopy using cells expressing
multiple (multiexponentially decaying) fluorescent proteins.

INTRODUCTION

Fluorescence lifetime imaging microscopy (FLIM) provides

spatially resolved information of the fluorescence lifetime of a

fluorophore. Because the fluorescence lifetime (t) of a fluo-

rophore can be influenced by its direct molecular environ-

ment, FLIM has been applied in cell biology for measuring

physiological parameters in the cell, for example, cellular pH,

ion concentrations, and membrane potential (1–3). At present,

the major application of FLIM is the measurement of protein-

protein interactions by means of fluorescence resonance

energy transfer (FRET) using fluorescently labeled proteins

(4–7).

Besides measuring changes in lifetime, FLIM can also be

used to quantitatively image the spatial (and fractional) dis-

tribution of two (noninteracting) fluorescent probes with

different lifetimes. This provides the opportunity to image the

spatial distribution of two different probes (8) or the abun-

dance of two different states of a single fluorescent probe, for

example, the fraction of protein undergoing energy transfer in

a FRET experiment (9).

Several methods have been developed that employ FLIM

for the quantification of the fractional probe distribution of

binary mixtures. In time-domain FLIM data, the composition

of mixtures of two fluorophores can be resolved by fitting the

fluorescence decay to a biexponential function if both fluo-

rophores exhibit a monoexponential lifetime (10). The prob-

lem becomes more complicated when the fluorophores exhibit

multiexponential fluorescence decay. Resolving the compo-

sition of a sample having three or more exponential compo-

nents is time consuming and requires high data quality. The

most advanced time-correlated single-photon counting sys-

tems are able to resolve more than three exponential compo-

nents; however, lifetime imaging of biological samples hardly

ever provides the data quality required for such resolution.

In frequency-domain FLIM, resolving the composition of

mixed fluorophores is an important issue as well. In the case

of a mixed sample of two (or even three) fluorescent species

with monoexponential and known lifetimes, the fractional

contribution of each species can be quantitatively resolved

using the dispersion relationships in Eqs. A4 and A5 (8).

However, when the lifetimes of the components in a mixture

are not known or the mixture contains fluorophores with

multiexponential fluorescence decay, quantification of the

fractional contribution is not straightforward or is even im-

possible. Multifrequency FLIM (11), where the specimen is

sampled at multiple modulation frequencies, can in principle

solve such a complex problem, but the long exposure time of

such experiments excludes many biological applications.

Alternative approaches have been developed, including

global analysis of data sets and the graphical representation

of FLIM data in a polar or phasor plot. Global analysis has the

advantage that a priori knowledge of the lifetime of each

species is not required (12,13). Global analysis estimates the

lifetimes of the fluorophores based on the distribution of

lifetime values in a data set, thereby extracting a larger
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amount of information from the experimental data. A limita-

tion of global analysis is that it can be applied only to fluo-

rophores with monoexponential fluorescence decay.

The actual lifetime distribution obtained from frequency-

domain FLIM data can be difficult to interpret due to the

nonlinear relation between the phase and modulation life-

times. It is possible to transform the measured phase and

modulation into a coordinate system where they become

linear functions of the fractional composition of the species

(14–16). Such graphical representation is called a polar or

phasor plot. Using the phasor plot representation, the problem

of resolving the composition of a mixture is reduced to a linear

fitting procedure. Mixtures containing multiexponentially

decaying fluorophores can be resolved as well, if the phase

and modulation of each fluorophore are known. A phasor plot

can be used to analyze both frequency-domain and time-

domain FLIM data (16).

Single-frequency FLIM lifetime unmixing of
probes with multiexponential
fluorescence decay

Until now, most methods for resolving the composition of

mixed fluorophores have generally been limited to fluores-

cent species with monoexponential fluorescence decays.

Since many fluorophores, and almost all fluorescent proteins,

display a more complex multiexponential decay, methods to

quantify the composition of mixed samples containing fluo-

rophores with multiexponential lifetimes are of great interest.

The challenge is to still generate information on the relative

abundance of the individual species from such FLIM data.

However, in all cases a simplification of the situation or an

assumption about the sample and additional mathematics

are required to face this challenge. Here, we present a method

for quantitative lifetime unmixing based on single-frequency

FLIM measurements that can deal with dual-component

systems of fluorophores displaying multiexponential fluo-

rescence decay.

We have developed a method using the phase shift and

demodulation of fluorescence, rather than looking for the

actual lifetime distributions of each component. For any

fluorophore, tu and tm are exact representations of the phase

shift and demodulation induced by the fluorophore at a given

modulation frequency. Assuming tu and tm for each of the

two fluorophores are known, we have formulated a mathe-

matical solution to unmix the fractional contribution of the

two fluorophores based on the apparent tu and tm of the

mixture using single-frequency FLIM. Therefore, we call this

method lifetime unmixing of single-frequency FLIM data.

Theory

To be able to determine the fractional contribution of two

fluorophores in a mixture by single-frequency FLIM lifetime

unmixing, we have analytically derived the relation between

tu and tm of the mixture and the fractional contribution of

each probe. For a general theoretical description of phase

fluorometry from which the equations are derived, the reader

is referred to Weber (17) and the appendix. In frequency-

domain FLIM the excitation light is intensity modulated. As a

result, the emitted fluorescence Fi(t) is modulated at the same

high frequency, but due to the noninstant fluorescence decay

the fluorescence will be phase-shifted (Dui) and demodulated

(MF,i) according to

FiðtÞ ¼ F0;ið1 1 MF;isinðvt � DuiÞÞ: (1)

The subscript i refers to the ith species in the sample, F0,i is

the average (steady-state) fluorescence intensity, and v is the

angular frequency of modulation.

For a sample containing two fluorescent species, the total

emitted fluorescence will be the sum of the fluorescence

emitted by each fluorophore:

FðtÞ ¼ F1ðtÞ1 F2ðtÞ ¼ F0;1 1 F0;2 1 F0;1MF;1sinðvt � Du1Þ
1 F0;2MF;2sinðvt � Du2Þ; (2a)

which can also be formulated as

FðtÞ ¼F0;1 1F0;2 1sinvtðF0;1MF;1cosDu1 1F0;2MF;2cosDu2Þ
� cosvtðF0;1MF;1sinDu1 1F0;2MF;2sinDu2Þ: (2b)

Eq. 2b can be written in a form similar to Eq. A1b:

FðtÞ ¼ L1Gsinvt� Scosvt

¼ L1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S

2
1G

2
p

sin vt� tan
�1 S

G

� �� �
; (3a)

where

L¼F0;1 1F0;2

S¼F0;1MF;1sinDu1 1F0;2MF;2sinDu2

G¼F0;1MF;1cosDu1 1F0;2MF;2cosDu2

:

8<
: (3b)

By comparing Eq. 3 to Eqs. A1b and A2, it follows that the

modulation of the fluorescence of the mixture can be de-

scribed as a sinusoid with apparent phase shift (Du9) and

modulation (M9):

Du9¼ tan
�1 S

G

� �
(4a)

and M9¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S

2
1G

2
p

L
: (4b)

Hence it follows that the apparent phase and modulation

lifetimes are described as

t9u [
1

v

S

G
(5a)

and t9m [
1

v

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L

2

S
2
1G

2�1

s
: (5b)

If the lifetimes tu,j and tm,j of both fluorescent species are

known, this information can be used to calculate Duj and Mj

for both probes using Eq. A2. In this case, the only unknown
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parameters are the contribution of each probe (F0,j) to the

steady-state fluorescence. The fractional contribution (a) of

the F0,1 fluorescent species can be defined as

a[
F0;1

F0;1 1F0;2

: (6)

Substitution of a for F0,1 and F0,2 in Eq. 3 enables us to define

a as a function of t9u and t9m, respectively, as follows. By

combining Eqs. 3, 5a, and 6, we can write the apparent t9u of

the binary mixture as a function of a:

t9f ¼
1

v

S

G
¼ aMF;1sinDu1 1ð1�aÞMF;2sinDu2

vðaMF;1cosDu1 1ð1�aÞMF;2cosDu2Þ
(7)

from which we can isolate a:

which can be rewritten in the form

where the constants A, B, C, and D are all defined by the

phase shift (or tu,j) and demodulation (or tm,j) of the isolated

fluorophores.

Alternatively, by combining Eqs. 3, 5b, and 6 we can write

the apparent t9m of the binary mixture as a function of a as

follows:

from which we can isolate a:

Pa
2
1Qa1R¼ 0; (11a)

and a¼�Q1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Q

2�4PR
p

2P
; (11b)

where

We have now derived two equations from which experi-

mental FLIM data, i.e., t9u and t9m of the mixture and Du and

M of the pure (multiexponential) components, can be related

to the fractional composition of a binary mixture. Eqs. 9 and

11 allow independent estimations, based on t9u and t9m, re-

spectively. Ideally, both equations should yield the same

value for a.

Application of lifetime unmixing to spectrally
identical fluorescent proteins

In this work, we apply single-frequency lifetime unmixing to

two pairs of fluorescent proteins (in general, visible fluores-

cent proteins or VFPs). Recently, we reported on pairs of

cyan and green fluorescent proteins (CFPs and GFPs, re-

spectively) with markedly different fluorescence lifetimes

(18,19) Table 1. SCFP3A and SCFP1 are CFPs with, re-

spectively, long and short fluorescence lifetimes. Both CFPs

have identical excitation and emission spectra (Fig. 1 A).

Analogously, SGFP2 and SGFP2(T65G) are GFP variants

with long and short fluorescence lifetimes, respectively.

SGFP2(T65G) and SGFP2 have identical emission spectra but

different excitation spectra (Fig. 1 B).

The advantage of fluorescent proteins with different life-

times but identical emission spectra is that these probes can

a ¼ vt9uMF;2cosDu2 �MF;2sinDu2

MF;1sinDu1 �MF;2sinDu2 � vt9uMF;1cosDu1 1 vt9uMF;2cosDu2

; (8)

a ¼ A� Bt9u

C� Dt9u
;

A ¼ MF;2sinDu2

B ¼ vMF;2cosDu2

C ¼ MF;2sinDu2 �MF;1sinDu1

D ¼ vðMF;2cosDu2 �MF;1cosDu1Þ
;

sinDuj [
vtujffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 1 v
2
t

2

uj

q

cosDuj [
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 1 v
2
t

2

uj

q

MF;j ¼
MEffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 1 v
2
t

2

mj

q
;

8>>>>>>>>><
>>>>>>>>>:

8>>>>>>>>><
>>>>>>>>>:

(9)

t9m ¼
1

v

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L

2

S
2
1 G

2 � 1

s
¼ 1

v

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

ðaMF;1sinDu1 1 ð1� aÞMF;2sinDu2Þ
2
1 ðaMF;1cosDu1 1 ð1� aÞMF;2cosDu2Þ

2 � 1

s
(10)

P ¼ M
2

F;1 1 M
2

F;2 � 2MF;1MF;2ðsinDu1sinDu2 1 cosDu1cosDu2Þ
Q ¼ �2M

2

F;2 1 2MF;1MF;2ðsinDu1sinDu2 1 cosDu1cosDu2Þ

R ¼ M
2

F;2 �
M

2

E

1 1 v
2
t9

2

m

:

8>>><
>>>:

(11c)
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be detected through a single narrow bandpass filter, thereby

claiming only a small part of the visible spectrum. The re-

maining part of the spectrum can then be used for imaging

additional fluorescent probes. Furthermore, the application of

fluorescent proteins with identical emission spectra has the

advantage that fractional contributions based on fluorescence

can be converted to molar ratios if the relative intrinsic

brightness of the fluorescent proteins (product of molar ex-

tinction coefficient and QY) is known.

MATERIALS AND METHODS

Preparation of purified protein samples

Fluorescent proteins were purified as described before (19). VFP stock so-

lutions with optical density �0.05 were prepared in phosphate buffer saline,

pH 7.4, and adjusted to equal fluorescence intensity in a PTI QuantaMaster

2000-4 fluorescence spectrofluorometer (Photon Technology International,

Lawrenceville, NJ). A series of mixtures with defined composition was

prepared from these stock solutions, and 90 ml of each mixture was used to

fill wells of a flat bottom 96-wells plate (Greiner Bio-One, Frickenhausen,

Germany) for lifetime measurements.

Construction of VFP expression vectors

Construction of mammalian expression vectors encoding SCFP1-NLS,

SCFP3A-NES, SGFP2, SGFP2(T65G), and SYFP2 have been described

previously (18,19). SCFP1-NLS is targeted to the nucleus by the nuclear

localization sequence (NLS). SCFP3A-NES is excluded from the nucleus

because of a nuclear export sequence (NES). SGFP2-NES-PHgrp1 was

constructed by ligating the pleckstrin homology (PH) domain of GRP1 (20)

to the C-terminus of SGFP2. A NES was used as a linker between SGFP2 and

PHgrp1. mCherry-SYFP2 consisted of a fusion of the red fluorescent protein

(RFP) mCherry (21) to the N-terminus of the yellow fluorescent protein

(YFP) SYFP2 separated by a 17 amino acid flexible linker (SGLRSRA-

QASNSAVDGT).

Sample preparation for live cell imaging

HeLa or Swiss 3T3 cells were grown on glass coverslips (Ø 24 mm) and

transfected with 0.2–0.4 mg plasmid DNA, using 1.5 ml Lipofectamine2000

(Invitrogen, Carlsbad, CA). To obtain mixed populations of cells expressing

different DNA constructs, cells were trypsinized and pooled 8 h after

transfection. Cells were used for microscopy 16–24 h after transfection. Cells

were imaged in extracellular-like buffer (140 mM NaCl, 5 mM KCl, 1 mM

CaCl2, 1 mM MgCl2, 10 mM glucose, and 20 mM Hepes, pH 7.4). Swiss 3T3

cells were serum starved 4 h before imaging. Phosphatidylinositol(3,4,5)

trisphosphate (PtdIns(3,4,5)P3) production was triggered by stimulation with

10 ng/ml platelet-derived growth factor (PDGF-BB; Sigma-Aldrich, St.

Louis, MO).

FLIM measurements

For frequency-domain wide-field FLIM measurements, the FLIM setup as

described by van Munster et al. (22) was used. For imaging CFP and GFP, a

helium-cadmium laser (442 nm 125 mW) or argon-ion laser (488 nm 150

mW) (Melles-Griot, Carlsbad, CA), a 455DCLP or Q495LP dichroic mirror,

and a D480/40 or HQ515/30 bandpass emission filter (Chroma Technology,

Rockingham, VT) were used, respectively. The frequency of modulation was

75 MHz. For each lifetime measurement the reference phase and modulation

were obtained, using a reference filter cube reflecting 0.1% of the excitation

laser light directly onto the detector. The FLIM setup was calibrated based on

the fluorescence lifetime of erythrosin B, assuming a monoexponential

lifetime of 86 ps (23). FLIM stacks of 15 phase images were acquired with an

exposure time of 50–500 ms per image, depending on the brightness of the

samples, using a Zeiss plan Neofluar 403 1.3 NA, oil immersion objective

(Zeiss, Jena, Germany). To minimize artifacts due to photobleaching, a

permutated recording sequence was used (24). Software for control, acqui-

sition, processing, and analysis of the data were written in C11, using

FIGURE 1 Excitation (dotted lines) and emission spectra (solid lines) of

fluorescent proteins. (A) Spectra of SCFP1 (gray) and SCFP3A (black). (B)

Spectra of SGFP2(T65G) (gray) and SGFP2 (black).

TABLE 1 Properties of fluorescent protein variants

e (lex)* QY (lem)y e 3 QYz pKa tu (ns) tm (ns)

SCFP1 29 (434) 0.24 (477) 1 ,3.5 1.42 6 0.02 1.80 6 0.01

SCFP3A 30 (434) 0.56 (474) 2.4 ,4.5 2.76 6 0.03 3.30 6 0.01

SGFP2(T65G) 90 (501) 0.35 (512) 1 6.7 1.52 6 0.03 1.64 6 0.02

SGFP2 46 (495) 0.70 (512) 1.3 5.9 2.93 6 0.05 2.94 6 0.03

*Extinction coefficient (103 M�1cm�1) with absorbance maximum (nm) between brackets.
yQuantum yield with emission maximum (nm) between brackets.
zIntrinsic brightness of purified protein relative to SCFP1 and SGFP2(T65G), respectively. The intrinsic brightness of the GFP variants is corrected for the

excitation efficiency at 488 nm. Lifetimes are the mean 6 SD of six measurements.
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MATLAB 6.1 (The MathWorks, Natick, MA) and the image processing

library DIPlib (Pattern Recognition Group, TU Delft, the Netherlands, http://

www.ph.tn.tudelft.nl/DIPlib/ ).

Global analysis of FLIM data

The FLIM image stacks recorded for the SGFP2(T65G)/SGFP2 mixtures

were analyzed simultaneously by an optimized global analysis algorithm for

single-frequency FLIM data (12). The global analysis is based on the as-

sumption of the presence of two spatially invariant (monoexponential)

fluorescence lifetimes (t1 and t2) with a spatially variable fractional contri-

bution. We used software described in Verveer and Bastiaens (12) which

minimizes the following x2 using an iterative Levenberg-Marquardt algo-

rithm with numerical derivatives:

x
2ðt1;t2Þ ¼+

i

ððv2
t1t2�1ÞBi�vðt1 1t2ÞAi 11Þ2

v
2ðt1 1t2Þ2s

2

A;i 1ðv
2
t1t2�1Þ2s

2

B;i

(12)

with Ai ¼ M9i sinðDu9i Þ and Ai ¼ M9i cosðDu9i Þ:
Here the subscript i denotes an individual pixel measurement, Du9i ; M9i

represents the pixel values of the measured phase shift and demodulation as

defined in Eq. 4 a,b, and sA;i;sB;i represent the estimated standard deviation

in Ai;Bi calculated by error propagation from errors in the measured phase

shift and modulation. The two lifetimes t1 and t2 can then be substituted in

an equation (Eq. 10 in Verveer and Bastiaens (12)) to find the spatially

variable fractional contribution of the first lifetime component. For the two-

component mixtures, all FLIM stacks representing the different mixing

ratio’s (fractional contributions) were taken together and analyzed simulta-

neously assuming two invariant (global) lifetime components (t1 and t2) but

different fractional contribution per image.

Multiparameter FLIM measurements

For additional lifetime imaging of SYFP2, an argon-ion laser (514 nm, 150

mW) (Melles-Griot), a 525DCXR dichroic mirror, and a HQ545/30 bandpass

emission filter (Chroma Technology) were used. For imaging of mCherry

fluorescence, light from a 100 W high pressure mercury lamp passed through

a HQ546/10 filter was used for excitation, and fluorescence was detected

using a 600DCXR dichroic mirror and HQ630/60 emission filter (Chroma

Technology).

The FRET efficiency (E) of the mCherry-SYFP2 tandem fusion was

calculated based on the lifetime for SYFP2:

E¼ 1� tDA

tD

; (13)

where, tDA is the lifetime of SYFP2 fused to mCherry, and tD is the lifetime

of unfused SYFP2.

RESULTS

Quantitative lifetime unmixing of purified
fluorescent protein

The feasibility of quantitative lifetime unmixing with

SCFP3A/SCFP1 and SGFP2/SGFP2(T65G) was evaluated

by FLIM measurements on mixtures of purified fluorescent

proteins with defined composition. Purified fluorescent pro-

tein solutions with identical fluorescence intensity were

mixed to obtain samples with known fractional composition.

For the pure CFP variants, we measured fluorescence life-

times of tu 1.42 6 0.02 ns and tm 1.80 6 0.01 ns for SCFP1

and tu 2.76 6 0.03 ns and tm 3.30 6 0.01 ns for SCFP3A.

For all mixtures containing SCFP1 and SCFP3A, interme-

diate t9u and t9m values were observed with t9u , t9m. Plotting

t9u or t9m versus the fractional contribution (a) of SCFP1 in

each mixture showed a nonlinear relation between t9u and a;

the relation of t9m and a appeared more linear (Fig. 2 A).

Using Eq. 7, t9u as a function of a can be calculated (Fig. 2 A,

black line). The theoretical relation is nonlinear and fits the

experimental values perfectly. Similarly, Eq. 10 was used to

calculate t9m as a function of a (Fig. 2 A, gray line). The

theoretical relation between t9m and a seemed almost linear

and also fitted the experimental data very well. Nearly perfect

linear correlation was observed when the predicted a, based

on t9u and t9m, was plotted versus the true composition (Fig. 2,

B and C; Table 2). These results demonstrate very good

agreement between theory and experiment and show that the

measured t9u and t9m can be used to accurately determine the

fractional composition of the samples containing SCFP1 and

SCFP3A.

An identical approach was applied to mixtures of

SGFP2(T65G) (tu 1.52 6 0.03 ns; tm 1.64 6 0.02 ns) and

SGFP2 (tu 2.93 6 0.05 ns; tm 2.94 6 0.03 ns). The differ-

ence between tu and tm for both GFP variants was less than

that for SCFP1 and SCFP3A, indicating a more homoge-

neous fluorescence decay for the GFP variants. The expected

apparent lifetimes t9u and t9m based on the fractional contri-

bution of SGFP2(T65G) showed similar trends as the CFP

variants (Fig. 2 D). Plotting the measured t9u and t9m versus a

indicated that for all mixed samples the measured t9u and t9m
were slightly higher than the theoretical predictions (Fig.

2 D). As a consequence, the estimated fractional contribution

of SGFP2(T65G) based on t9u as well as t9m was systemati-

cally underestimated (Fig. 2, E and F and Table 2). During

the FLIM measurements more pronounced bleaching was

observed for SGFP2(T65G) (28%) than for SGFP2 (6%), and

the amount of bleaching increased for mixtures containing

more SGFP2(T65G) (data not shown). We tested whether

photobleaching could explain the underestimation of

SGFP2(T65G). Plotting the bleach-corrected values of a (t9u)

and a (t9m) versus the true a improved the results of lifetime

unmixing, although the changes were within the standard

deviation of the measurements (Supplementary Material,

Data S1). Photobleaching should be minimized, especially if

the two fluorophores exhibit differential photobleaching ki-

netics, as this can affect the fractional composition of the

sample. Together these results indicated that lifetime un-

mixing enabled the accurate estimation of the fractional

composition of binary mixtures of fluorophores, regardless of

the complex fluorescence decay in the mixtures.

Comparing lifetime unmixing and global analysis

Previously, global analysis has been used to determine the

lifetime components and their fractional contribution in a

binary system (12,13). The advantage of global analysis is

that a priori knowledge of the lifetime components is not
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required. Instead the lifetime of each component is estimated

from the distribution of lifetimes in the data set. Global

analysis is, however, restricted to mixtures of fluorophores

with monoexponential lifetime. As the fluorescence decay

of SGFP2 and SGFP2(T65G) were closest to monoexpo-

nential, we investigated if global analysis could determine the

composition of these mixtures. The lifetime for SGFP2 es-

timated by global analysis was 2.92 ns and similar to the

lifetime values measured for tu and tm by conventional

analysis. The estimated lifetime for SGFP2(T65G) was 1.43 ns

and less than tu and tm. The reduced lifetime estimation for

SGFP2(T65G) was caused by the heterogeneity in its fluo-

rescence decay. Plotting the fractional contribution of

SGFP2(T65G) estimated by global analysis versus the true

fractional contribution (Fig. 2 G) showed large deviations

up to 20% and resulted in (unrealistic) values of a , 0 and

. 1. Thus, global analysis, in contrast to lifetime unmixing,

was unable to accurately resolve the composition of

the SGFP2(T65G)/SGFP2 mixtures. This was expected, as

SGFP2(T65G) does not have a perfect monoexponential

lifetime.

In vivo lifetime unmixing with SCFP1
and SCFP3A

Next, lifetime unmixing was applied to living cells express-

ing SCFP1-NLS or SCFP3A-NES or coexpressing both

fluorescent proteins to segregate the localization of these two

TABLE 2 Linear fits lifetime unmixing

t Slope Intercept r

SCFP1/SCFP3A u 1.01 6 0.01 0.00 6 0.01 0.964

m 1.01 6 0.01 0.00 6 0.01 0.962

SGFP2(T65G)/SGFP2 u 0.97 6 0.03 �0.01 6 0.02 0.934

m 1.01 6 0.01 �0.03 6 0.02 0.988

FIGURE 2 Lifetime unmixing of mixtures of purified fluorescent proteins. (A–C) Mixtures containing SCFP1 and SCFP3A. (D–G) Mixtures containing

SGFP2(T65G) and SGFP2. a is the fractional contribution of SCFP1 or SGFP2(T65G) in each sample. (A and D) Comparison of the measured t9u (s) and t9m
(n) versus a. The solid lines represent the theoretical relation of t9u (black) and t9m (gray) with a. (B and E) Correlation between a (t9u) and the true sample

composition a. Solid lines are the linear fits, and dotted lines represent a (t9u) ¼ a. (C and F) Correlation between a (t9m) versus the actual sample composition

a. Solid lines are the linear fits, and dotted lines represent a (t9m) ¼ a. (G) Estimation of composition of SGFP2(T65G)/SGFP2 mixtures by global analysis.

Dotted line represents a (global analysis) ¼ a. The lifetime values used for unmixing were taken from Table 1. Error bars indicate standard deviation (n ¼ 6).
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CFPs within single living cells. Despite targeting the VFPs to

different subcellular locations, cells expressing one or two

fluorescent proteins could not be identified reliably based on

the localization of fluorescence (Fig. 3 A, cells indicated by

arrows). In contrast, based on the FLIM measurements cells

expressing a single fluorescent protein were readily identified

by a uniform high (SCFP3A-NES: tu ¼ 2.47 ns, tm ¼ 2.63

ns) or low (SCFP1-NLS: tu¼ 1.23 ns, tm¼ 1.40 ns) lifetime

(Fig. 3 B). Cells coexpressing both CFP variants displayed a

heterogeneous lifetime distribution, with a lower lifetime in

the nucleus compared to the cytosol. These lifetime values

and Eq. 9 were used to map the fractional distribution of

SCFP1-NLS. In Fig. 3 C, the calculated a (t9u), ranging from

0 to 1, is represented in pseudocolor. Cells expressing only

SCFP1-NLS or SCFP3A-NES have values of a� 1 and a�
0, respectively. In cells coexpressing both fluorescent pro-

teins, SCFP1-NLS fluorescence was enriched twofold more

in the nucleus (a � 0.4) than in the cytosol (a � 0.2). The

localization pattern for the two proteins was not mutually

exclusive, especially in cells expressing high levels of fluo-

rescent protein.

So far, we have quantified the fractional contribution to the

steady-state fluorescence. For quantitative imaging, how-

ever, the fractional molar distribution of fluorescent probes is

more relevant. Because SCFP1 and SCFP3A have identical

excitation and emission spectra, their fluorescence is detected

with equal efficiency. Therefore, the fractional contribution

to the steady-state fluorescence can be converted to the

fractional molar contribution upon dividing by the intrinsic

brightness of the VFPs (Table 1). Due to the low QY of

SCFP1, the fractional contribution to the steady-state fluo-

rescence underestimated the true amount of SCFP1 by a

factor 2.4. The unmixed molar distributions for SCFP1 and

SCFP3A are shown in Fig. 3, D and E. The overlay of these

two images (Fig. 3 F ) shows that SCFP1-NLS was present

mainly in the nucleus, whereas SCFP3A-NES was excluded

from the nucleus.

Visualization of protein translocation by
lifetime unmixing

VFP-based biosensors that report on the synthesis of second

messengers are powerful tools for studying signal transduc-

tion in living cells. The PH domain of Grp1 binds specifically

to PtdIns(3,4,5)P3, an important second messenger, and a

fluorescent protein fused to PH-Grp1 can be used as a bio-

sensor for measuring PtdIns(3,4,5)P3 synthesis (20). This

biosensor translocates from the cytosol to the plasma mem-

brane upon PtdIns(3,4,5)P3 synthesis. The translocation is

difficult to visualize in extremely flat cells, such as Swiss3T3

fibroblasts. We tested whether lifetime unmixing can be used

to visualize PtdIns(3,4,5)P3 production after stimulation of

Swiss3T3 cells with PDGF.

From the fluorescence lifetime image, fibroblasts ex-

pressing SGFP2-NES-PHgrp1 and SGFP2(T65G) were

identified by a higher fluorescence lifetime in the cytosol

than in the nucleus (Fig. 4). Control cells expressing only

SGFP2(T65G) displayed a homogeneous low lifetime. Esti-

mation of the fractional contribution of SGFP2-NES-PHgrp1

to the steady-state fluorescence in cells expressing both GFP

variants indicated that in the cytosol SGFP2-NES-PHgrp1

and SGFP2(T65G) were both present (a � 0.5), whereas in

the nucleus the concentration of SGFP2-NES-PHgrp1 was

reduced (a � 0.25) (Fig. 4 C).

Upon stimulation with PDGF, an increase in lifetime was

observed at the edges of cells coexpressing SGFP2-NES-

FIGURE 3 Lifetime unmixing of SCFP1 and SCFP3A in

HeLa cells. (A) Fluorescence micrograph of cells express-

ing SCFP1-NLS and SCFP3A-NES or SCFP1-NLS alone.

Arrows indicate cells that cannot be distinguished, based on

the distribution of fluorescence. (B) Lifetime map based on

t9u. (C) Map of the fractional contribution of SCFP1 to the

steady-state fluorescence. (D and E ) Micrographs of the

fractional molar distribution of SCFP1-NLS and SCFP3A-

NES, respectively. (F ) Overlay of D and E, with SCFP1-

NLS indicated in purple and SCFP3A-NES indicated in

green. Lifetime values used for unmixing: SCFP3A tu ¼
2.47 ns, tm ¼ 2.63 ns; SCFP1 tu ¼ 1.23 ns, tm ¼ 1.40 ns.

Scale bar ¼ 50 mm.
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PHgrp1 and SGFP2(T65G) (Fig. 4 E). At these edges the

fractional contribution of SGFP2-NES-PHgrp1 increased,

whereas a decrease was observed in the cytosol surrounding

the nucleus (Fig. 4 F). In the nucleus the fractional contri-

bution of SGFP2-NES-PHgrp1 appeared to increase as well;

however, this was more likely caused by accumulation of

SGFP2-NES-PHgrp1 at the plasma membrane above and

below the nucleus.

Lifetime unmixing was sensitive enough to visualize the

translocation of a fluorescent fusion protein from the cytosol

to the plasma membrane. This tends to be difficult when

working with extremely flat cells, as was the case here. It was

noted that during the live cell FLIM measurements photo-

bleaching of SGFP2(T65G) was only ;5% and was similar

to SGFP2.

Lifetime unmixing and multiparameter imaging

Lifetime unmixing of spectral identical compounds has great

potential for multiparameter imaging because a single spec-

tral channel can be used for resolving two species. To in-

vestigate the possibility of resolving four probes with only

two spectral channels, we combined lifetime unmixing of

SCFP3A and SCFP1 with FRET-FLIM measurements using

the red-shifted donor/acceptor pair SYFP2 and mCherry. For

this experiment mixed populations of HeLa cells were used,

FIGURE 4 Translocation of a fluores-

cent biosensor for PtdIns(3,4,5)P3 syn-

thesis, visualized by lifetime unmixing.

Cells were imaged before (A–C) and after

(D–F ) 10 min stimulation with PDGF. (A

and D) Fluorescence micrographs of cells

expressing SGFP2(T65G) and SGFP2-

NES-PHgrp1, respectively. (B and E )

Lifetime maps based on phase lifetime

(t9u). (C and F) Maps of the fractional

contribution of SGFP2-NES-PHgrp1 to

the total fluorescence. Lifetime values

used for unmixing: SGFP2 tu ¼ 2.59 ns,

tm¼2.66 ns; SGFP2(T65G) tu¼1.25 ns,

tm ¼ 1.30 ns. Scale bar ¼ 50 mm.

FIGURE 5 Multiparameter FLIM,

combining lifetime unmixing with

FRET-FLIM. (A, D, and G) Fluores-

cence micrographs of steady-state fluo-

rescence of SCFP1/SCFP3A, SYFP2,

and mCherry fluorescence, respectively.

(B) Lifetime image based on SCFP fluo-

rescence. (C) Fractional distribution of

SCFP1. (E) Lifetime image based on

SYFP2 fluorescence. (F) FRET effi-

ciency map based on the fluorescence

lifetime of SYFP2. Lifetime values used

for unmixing: SCFP3A tu ¼ 2.47 ns,

tm ¼ 2.63 ns; SCFP1 tu ¼ 1.23 ns,

tm ¼ 1.40 ns. Scale bar ¼ 30 mm.
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expressing either SCFP1-NLS and SYFP2 or SCFP3A-NES

and the tandem fusion mCherry-SYFP2. The CFP lifetime

image clearly showed the presence of two cell populations

with high (SCFP3A-NES) or low (SCFP1-NLS) fluorescence

lifetimes, respectively (Fig. 5, A and B). Quantitative lifetime

unmixing indicated that none of these cells was coexpressing

both CFP variants (Fig. 5 C). All cells expressed SYFP2 in

addition to CFP (Fig. 5 D); however, in cells containing

SCFP3A-NES a reduced lifetime for SYFP2 was observed

(Fig. 5 E). To verify that the reduced lifetime of SYFP2 was

caused by FRET within the mCherry-SYFP2 dimer, the

presence of mCherry was checked (Fig. 5 G). As expected, all

cells with reduced SYFP2 lifetime expressed the mCherry-

SYFP2 dimer. Based on the lifetimes observed for unfused

SYFP2 (tD ¼ 3.25 ns) and SYFP2 within the tandem dimer

(tDA ¼ 2.20 ns), the FRET efficiency for the mCherry-

SYFP2 tandem dimer was estimated to be 32%, according to

Eq. 13 (Fig. 5 F).

This experiment demonstrates the feasibility of imaging

four different fluorescent probes with only two spectral

channels. Furthermore the results are an example of com-

bining quantitative imaging of noninteracting probes with

FRET measurements of interacting probes.

DISCUSSION

In this study we have described a method for quantitatively

unmixing the composition of binary mixtures of fluorophores

with multiexponential fluorescence decays based on single-

frequency FLIM data. Most existing methods depend on the

availability of single-exponential decaying species, a condi-

tion that is hardly ever met in the complex interior of cells or

when using complex chromophores such as VFPs. The only

prerequisite for quantitative lifetime unmixing is that tu and

tm of the individual probes be known. In many studies tu and

tm of the individual probes are easily obtained, e.g., by using

cells transfected with single probes.

Quantitative lifetime unmixing provides an alternative to

the phasor plot approach. Both methods are able to unmix

mixed fluorophores with multiexponential decays, and both

methods determine the fractional composition based on the

change in apparent phase shift and demodulation.

Lifetime unmixing yields two estimations of the fractional

contribution, based on the apparent phase shift or demodu-

lation, and both estimates should be the same. A deviation

between the two estimates could indicate the presence of

more than two fluorescent species in the sample or the

presence of interacting fluorophores. Autofluorescence, for

example, can give rise to an additional fluorescent species

and should therefore be minimized. Representing the lifetime

data in a phasor plot could help identify the presence of

additional fluorescent species. Lifetime unmixing and the

phasor plot both provide fast data analysis algorithms and are

easily implemented together for a thorough analysis of FLIM

data.

Relative concentrations of two probes or two fluorescent

states of a single probe can also be obtained by intensity-based

methods, for example, using fluorescence ratio-imaging

(25–27) or a combination of spectral imaging and linear

unmixing (28–30). However, obtaining quantitative frac-

tional distributions of two probes from these intensity-based

methods is difficult. This is because the fluorescence ratio or

amplitude of the unmixed spectra is also dependent on the

excitation light intensity, wavelength-dependent sensitivity

of the detector(s) and filters used, chromatic aberrations, and

(not in the case of spectral unmixing) potential cross talk

between spectral channels (27,31). Obviously, when em-

ploying FLIM and lifetime unmixing with spectrally identi-

cal probes, such complications do not occur.

Applied to spectrally identical fluorophores, FLIM and

lifetime unmixing allow quantitative determination of the

fractional molar concentration for all pixels in an image if the

intrinsic brightness of the fluorophores is known. The method

is also applicable to mixtures of spectrally different fluo-

rophores; however, to determine fractional molar concen-

tration the detection efficiency of each fluorophore has to be

known as well.

An important aspect when using VFPs is the pH depen-

dence of the fluorescence. The absorbance of most VFPs is

reduced at lower pH. When employing VFPs with different

pKas, acidification can alter the fractional contribution of

each probe to the steady-state fluorescence. For SCFP3A and

SCFP1 this is not a major issue, since their pKa values are well

below physiological range. For SGFP2 and SGFP2(T65G),

however, the pKa values are 5.9 and 6.7, respectively, and

thus their fluorescence is more susceptible to changes in

pH. Nevertheless, lifetime unmixing of neither SCFP1 and

SCFP3A nor SGFP2 and SGFP2(T65G) appeared to be af-

fected by pH over the range pH 6.5–8.0 (Data S1). Lifetime

variations were observed between purified fluorescent pro-

teins and fusion proteins expressed in mammalian cell, and

similar effects have been reported by others (8,32). Hence, for

accurate quantification of the fractional composition of binary

mixtures by lifetime unmixing, it is important to measure tu

and tm of the pure compounds in a similar environment (e.g.,

cells) using the same fusion proteins.

Quantitative lifetime unmixing has potential for certain

FRET studies, especially for FRET studies employing com-

plex decaying VFPs as donor. The existence of only two

states is prerequisite: a high FRET state and a low (or non-)

FRET state. Furthermore, tu and tm of the donor in both

these states must be known from separate experiments. Under

these conditions single-frequency lifetime unmixing can

yield the fraction of donor in the high FRET state, irre-

spective of the complex fluorescence decay. FRET-based

protein interaction studies can be addressed as a binary sys-

tem of interacting (high FRET) and noninteracting (non-

FRET) proteins. In many cases, unfortunately, tu and tm

in the interacting state are unknown and therefore lifetime

unmixing cannot be applied to quantify the fraction of in-
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teracting proteins. Analogously, for FRET sensors reporting

on a conformational change, tu and tm of the sensor in the

high FRET and low FRET conformation must be known.

Successful calibration of tu and tm of these FRET states has

been reported for several such FRET-based sensors, for

example, the calcium sensor cameleon (33,34), a cAMP

(adenosine 39,59-cyclic monophosphate) sensor (35), and a

calpain protease sensor (36). Hence, for these sensors quan-

titative lifetime unmixing of the donor can provide the

quantitative molar ratio of the biosensors in the FRET and

non-FRET states (i.e., bound and free states) without the need

for additional microscope-based correction factors. The

bound/free concentrations ratio of the sensors can be trans-

formed into molar concentrations of Ca21 and cAMP using

kd values or in case of the calpain protease sensor, into the

extent of proteolysis.

Quantitative analysis of FRET data by lifetime unmixing is

based exclusively on the donor lifetime and therefore does

not require the acceptor to be fluorescent. Hence, nonfluo-

rescent but highly absorbing acceptors can be used. Such

‘‘dark’’ acceptors solve several complications common to

FRET measurements. When using fluorescent acceptors, the

spectral overlap necessary for efficient FRET is limited by the

requirement for proper emission separation. Obviously, with

dark acceptors this is not an issue. Hence, increased FRET

efficiencies are possible by optimizing the spectral overlap

between donor and acceptor. Furthermore, in the absence of

acceptor fluorescence, a larger portion of the donor emission

spectrum can be imaged, thereby improving the signal/noise

ratio. Organic nonfluorescent acceptor dyes (37–39) as well

as a dark YFP variant (40) for FRET are available. Further-

more, highly absorbing but nonfluorescent chromoproteins

(41,42) offer high potential for additional VFP-based ‘‘dark’’

acceptors. Especially, conformational change FRET sensors

employing a dark acceptor in combination with lifetime

unmixing can provide quantitative measurements of the sen-

sors in the high and low FRET states, using only one spectral

channel. Application of dark acceptors in FRET experiments

liberates a large part of the optical spectrum, thus allowing

an increased number of FRET probes to be imaged in parallel.

In our opinion, quantitative lifetime unmixing of FLIM

data will have a large impact on multiparameter imaging, also

in view of the availability of spectral identical VFPs with

distinct lifetimes. Multiparameter imaging aims at quantita-

tive simultaneous imaging of as many interrelated biological

processes as possible (43). We have demonstrated the pos-

sibility of detecting four VFP-based probes with two spectral

detection channels. Additional different colored VFP lifetime

variants will further increase the number of probes that can be

imaged together. Other VFP lifetime variants have been de-

veloped, including variants of Aequorea victoria wild-type

GFP and YFP (44,45). In addition, RFPs with distinct QYs

(e.g., Plum and Katushka or mKate (46,47)) have recently

become available that are expected to have distinct lifetimes.

Hence, using CFP, YFP, and RFP variants, we expect that

imaging six probes with three spectral detection channels will

be feasible.

APPENDIX: THEORY OF
FREQUENCY-DOMAIN FLIM

FLIM can be performed in different ways but is generally implemented using

frequency-domain or time-domain approaches. FLIM requires that the

excitation light be intensity modulated (frequency-domain) or pulsed (time-

domain) and that the emitted fluorescence be measured time resolved. The

theory of frequency-domain FLIM has been described extensively (17,48,49).

In frequency-domain FLIM, the excitation light E(t) is intensity modulated at

high frequency (typically 10–100 MHz). As a result, the emitted fluorescence

F(t) is modulated at the same high frequency; but due to the noninstant

fluorescence decay (i.e., the fluorescence lifetime), the emitted fluorescence

will display a phase shift (Du) and demodulation (MF , ME) according to

EðtÞ ¼ E0ð11ME sinvtÞ (A1a)

FðtÞ ¼ F0ð11MF sinðvt�DuÞÞ: (A1b)

Here, E0 is the average (steady-state) excitation intensity and F0 is the

average (steady-state) fluorescence intensity. The magnitude of the phase

shift and demodulation depends on the fluorescence lifetime (t) of the sample

and on the angular frequency of modulation (v ¼ 2pf ), according to

Du¼ tan
�1ðvtÞ; (A2a)

and M [
MF

ME

¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
11v

2
t

2
p : (A2b)

Hence, it follows that two apparent fluorescence lifetimes tu and tm can be

defined from the observed phase shift and demodulation:

tu ¼
1

v
tanðDuÞ; (A3a)

and tm ¼
1

v

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

M
2�1

r
: (A3b)

In the case of a multiexponential fluorescence decay, Du and M are

dependent on the individual lifetime components (ti) and their fractional

contribution (to the steady-state fluorescence) (ai), according to

Du¼ tan
�1 X

Y

� �
; (A4a)

and M [
MF

ME

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X

2
1Y

2
p

(A4b)

with

X¼+
i

aivti

11v
2
t

2

i

Y ¼+
i

ai

11v
2
t

2

i

:

8><
>: (A5a;b)

In Eqs. A5a,b ai is a dimensionless constant with +
i
ai ¼ 1: For a

fluorophore with monoexponential fluorescence decay, tu and tm are equal.

For samples with complex fluorescence decay, two apparent lifetimes are

obtained, with tu , tm (3). Although quantitatively related to the lifetime

components, these apparent lifetimes can be regarded as differently weighted

average lifetimes of the complex fluorescence decay.

SUPPLEMENTARY MATERIAL

To view all of the supplemental files associated with this

article, visit www.biophysj.org.
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