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Abstract. In many fields of life science, visualization of spatial proximity, as an indicator of protein interactions
in living cells, is of outstanding interest. A method to accomplish this is the measurement of Förster resonant
energy transfer (FRET) by means of spectrally resolved fluorescence lifetime imaging microscopy. The fluorescence
lifetime is calculated using a multiple-wavelength fitting routine. The donor profile is assumed first to have a
monoexponential time-dependent behavior, and the acceptor decay profile is solved analytically. Later, the donor
profile is assumed to have a two-exponential time-dependent behavior and the acceptor decay profile is derived
analytically. We develop and apply a multispectral fluorescence lifetime imaging microscopy analysis system for
FRET global analysis with time-resolved and spectrally resolved techniques, including information from donor
and acceptor channels in contrast to using just a limited spectral data set from one detector only and a model
accounting only for the donor signal. This analysis is used to demonstrate close vicinity of β-secretase (BACE)
and GGA1, two proteins involved in Alzheimer’s disease pathology. We attempt to verify if an improvement in
calculating the donor lifetimes could be achieved when time-resolved and spectrally resolved techniques are
simultaneously incorporated. C©2011 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.3533318]
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1 Introduction
When and where do two proteins come into close proximity in
living cells? These are key questions in many biological research
projects. By exploiting Förster resonant energy transfer (FRET),
the distance between two proteins that have been labeled with
appropriate donor and acceptor fluorophores can be measured.
When both fluorophores are in close vicinity (<10 nm), the
donor transmits part of its excitation energy to the acceptor.1

As a result, the intensity and lifetime of the donor fluorophore
are decreased, whereas the intensity of the acceptor emission is
increased.

FRET is dependent on the distance to the sixth power be-
tween the donor and the acceptor molecules and does not occur
if this distance is >10 nm. Therefore, FRET between a donor
and an acceptor molecule provides powerful high-quality infor-
mation about the structure, dynamics, distance, and interactions
of different species of biomolecules.2 FRET analysis methods
have also been used for the calculation of free-energy surface for
protein folding.3 In the field of Alzheimer’s disease (AD), it has
been widely used to establish protein-protein interaction and
also protein conformation.4–8 However, FRET measurements
and analysis in living cells is very challenging due to subop-
timal excitation and emission overlap of donor and acceptor,
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high autofluorescence, low quantum yield of living color tags,
reduced signal intensity of proteins with low abundancy, and
hence, poor signal-to-noise (S/N) ratio. A very complex situa-
tion arises when more than one compound has to be analyzed.
This could be the case when endogenous fluorophores of living
cells and tissues have to be discriminated to identify oxidative
metabolic changes.9

A widely accepted method to analyze FRET is fluorescence
lifetime imaging microscopy (FLIM)10, 11 by spatially resolving
the lifetimes of the interacting molecular species. Historically,
FRET was primarily analyzed from data of the donor lifetimes
measured by one detector (with a narrow spectral region only).

Data measured simultaneously, at more than one spectral
region, is the basis of multispectral FLIM or spectral FLIM
(SLIM).11–15 The information content can be richer when the
spectrally resolved data are simultaneously analyzed. Param-
eters such as the concentration of interacting species and the
lifetimes of the donors and acceptors are invariant across all the
measured channels, thus making global analysis16–21 a potent
method that offers better estimation of the required parameters.

SLIM is working in the time domain employing excitation
with short light pulses and detection of the fluorescence inten-
sity decay in many cases with time-correlated single-photon
counting (TCSPC). Spectrally resolved detection is achieved by
a polychromator in the detection path and a 16-channel multi-
anode photomultiplier tube (PMT) with the appropriate routing
electronics.22

1083-3668/2011/16(2)/026002/19/$25.00 C© 2011 SPIE

Journal of Biomedical Optics February 2011 � Vol. 16(2)026002-1

Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Biomedical-Optics on 25 May 2023
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Strat et al.: Spectrally resolved fluorescence lifetime imaging microscopy: Förster resonant energy transfer global analysis...

This paper discusses various possibilities that SLIM and
global analysis offer for improving molecular imaging in liv-
ing cells, as well as successfully realized applications. Special
attention is focused on FRET measurements with respect to pro-
tein interactions involved in processing of β-amyloid (Abeta)
precursor protein (APP).6, 7 APP is cleaved sequentially by
β-site of APP-cleaving enzyme (BACE) and γ -secretase to re-
lease the Abeta peptides that accumulate in plaques in AD.
GGA1, a member of the Golgi-localized γ -ear-containing ARF-
binding (GGA) protein family, interacts with BACE and influ-
ences its subcellular distribution. Here, we extended previous
work using BACE and GGA1 tagged with fluorescent proteins
as a FRET pair in living cells. FRET calculations are improved
using novel, global analysis data-fitting algorithms taking into
account the multidimensional datasets that result from the ki-
netic equations in every spectral channel.

2 Methodology
2.1 Experimental Setup
In order to investigate SLIM of different fluorophores (for exam-
ple donor/acceptor pairs), a Ti:sapphire laser (Tsunami, Spectra
Physics, Darmstadt, Germany) was coupled to a laser scan-
ning microscope (LSM410, Carl Zeiss, Germany). The Tsunami
laser is a mode-locked 82-MHz laser with a tuning range of
750–960 nm, a maximum optical output power of ∼780 mW
and a pulse width of <100 fs. For cellular studies, the power
at the input of the microscope was reduced to 120 mW. This
corresponds to an average irradiation of ∼70 J/cm2 with re-
spect to the scanned sample plane and acquisition time of
8 × 8 s. Two-photon excitation was performed at 800 nm. The
choice of 800 nm was established empirically to reduce cross-
excitation of monomeric red fluorescent protein (mRFP) and
autofluorescence.6

For SLIM, the fluorescence light from the second descanned
detection channel of the LSM410 was coupled into a 600-μm
multimode fiber. The end of the fiber was put into the input
focal plane of an MS125 spectrograph (LOT-Oriel). A PML-
16 multichannel PMT module (Becker&Hickl GmbH, Berlin,
Germany) was attached to the output of the spectrograph (see
Fig. 1). The PML-16 contains a 16 channel Hamamatsu R5900
–01-L16 multianode PMT and the TCSPC routing electronics.22

We used a grating of 600 lines/mm in the spectrograph. This grat-
ing yields a 200-nm spectral range spread over the 16 channels
of the detector. The spectral bandwidth of the PMT channels is
∼12.5 nm.

The principle of SLIM detection was described recently.14, 15

Briefly, the PML-16 detector module delivers a timing pulse and
a ‘channel’ signal for each individual photon. The signals are
connected to the timing input and the routing input of an SPC-
830 TCSPC module (Becker&Hickl GmbH, Berlin, Germany).
Simultaneously, the SPC-830 module receives the scan clock
pulses (frame sync, line sync, and pixel clock) from the scan
controller of the LSM 410, which determines the spatial location
of the signal.

For each photon, the TCSPC module determines the loca-
tion within the scanning area, the time of the photon within
the laser pulse period, and the detector channel number (i.e.,
the wavelength range). These parameters build up a three-

Fig. 1 Principal components of the SLIM apparatus.

dimensional photon distribution over the scan area, the wave-
length, and the time in the fluorescence decay. For the re-
sults presented in section 3, we used an image size of 128
× 128 pixels, 64 time values, and 16 wavelength channels. An
acquisition time of 8 × 8 s was used to record the data.

The microscope objective lens was a 63× magnification NA
1.2 water immersion lens (C-APO 63×, Carl Zeiss, Germany).
A zoom factor of 2 gave a resolution of 0.5 μm/pixel.

SLIM experiments have been performed over 16 channels,
first for the control model made by human neuroblastoma (N2A)
cells transfected with donor-EGFP molecules alone or N2A cells
transfected with a mixture of donor-GFP and acceptor-mRFP
molecules.

A similar set of SLIM experiments was performed for a
model made by N2A cells transfected with GGA1-EGFP alone
or cotransfected with GGA1-EGFP plus BACE-mRFP proteins.
The emission profiles of the donor or acceptor molecules are
wavelength dependent due to the wavelength dependency of
the quantum yields, and they can have values close to zero for
the wavelengths where they do not emit or emit very little.
The experimental data were measured over 16 spectral channels
covering the range between 450 and 650 nm (12.5 nm/channel).
The fluorescence light intensity is recorded by photomultipliers
on each of the 16 spectral channels and over 64 time points
with 195-ps time resolution. The fluorescence lifetimes of the
donor and acceptor and also various mixtures within the different
spectral channels were calculated from the TCSPC raw data by
using a multichannel global fitting algorithm that assumes a
monoexponential as well as a two-exponential behavior for the
donor.

2.1.1 Fluorophores

FRET was measured between the donor protein EGFP and the
acceptor protein mRFP, widely accepted for the use in green/red
pairs.8, 23, 24 Cells were cotransfected with the proteins tagged
to EGFP or mRFP, respectively. For control experiments cells
were transfected with EGFP or mRFP alone or with a tandem-
protein consisting of EGFP and mRFP linked by a peptide of
7 amino acids. To detect proximity of GGA1 and BACE, N2A
cells were transfected with GGA1-EGFP alone or cotransfected
with GGA1-EGFP plus BACE-mRFP proteins.

2.1.2 Generation of expression constructs of GGA1
and BACE

GGA1 cDNA6 was transferred from GGA1-pcDNA3.1-myc
into the multiple cloning site of the vector pEGFP-N3 (Clontech,
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Mountain View, California) by using NheI and XhoI restriction
sites. GGA1-pcDNA3.1-myc, EGFP, mRFP, EGFP-mRFP tan-
dem, and BACE-mRFP have been described elsewhere.6, 8, 24

Authenticity was confirmed by deoxyribose nucleic acid (DNA)
sequencing.

2.1.3 Cell culture

N2A human neuroblastoma cells were grown in Dulbecco’s
Modified Eagle Medium (DMEM) [Invitrogen (Gibco), Karl-
ruhe, Germany] medium supplemented with 10% fetal bovine
serum and 1× penicillin/streptomycin at 37◦C and 5% CO2.
For microscopy, all cells were seeded on glass-bottom microw-
ell dishes, with coverglass 0.16–0.19 mm (MatTek Corporation,
Ashland, MA 01721, USA) at a density of 10–25 cells/mm2,
and were allowed to grow for 24 h after transient transfection
using Satisfection (Agilent, Waldbronn, Germany), according to
manufacturer’s instructions. Microscopic observation was per-
formed immediately after removing the incubation medium and
rinsing twice with indicator free DMEM at 37◦C.

2.1.4 Algorithms for global analysis

The data analysis was done using MATLAB, solving the nonlinear
curve-fitting (data-fitting) problem in a least-squares sense using
the routine “lsqcurvefit,” which finds the vector of coefficients
x that solve the problem:

min
x

∥∥F(x, x data) − y data
∥∥2

2

= min
x

∑

i

[F(x, x data i ) − y datai ]
2

given input data xdata, and the observed output ydata, where
xdata and ydata are matrices or vectors of length m, and F(x,
x data) is a vector-valued function.

In our case, the x data vector was the time data, the y data
vector was the fluorescence intensity data, and the vector of
variable parameters contained all the donor and acceptor ampli-
tudes for all the channels and all the donor and acceptor decay
rates. The model was evaluated for each time point from the
x data, and each value of the experimental data was subtracted
from the value of the model at each time point.

2.2 Spectrally Resolved Global Analysis of the
Fluorescence Lifetime

Data recorded on more than one channel can have richer infor-
mation content (if linearly independent from channel to channel)
than a single channel, resulting in possibly improved FRET cal-
culations when applying a global analysis routine. Donor and
acceptor molecule species are found in a FRET experiment. Ini-
tially, the donors and acceptors are in the ground state. When
light impinges onto the sample, the donor molecules begin be-
ing excited from the ground state. They are excited continuously
until all are excited or until the light source is switched off. The
time t = 0 is considered when the light source is switched off.
The concentration of the initial excited donors at time t = 0 is
D0 and the concentration of excited donors at time t is D*(t).
Three main mechanisms relax them to the ground state: (i) flu-
orescing light emission with a decay rate K D

f , (ii) radiationless

decay with a decay rate K D
rl , (iii) transferring their energy to the

acceptor molecules with a decay rate K D
ET.

The simplest case scenario is described by considering the
donors to exhibit a single exponential behavior given in Eq. (1),
with a decay rate given by the sum of the three decay rates
considered above,

d[D∗(t)]

dt
= −(

K D
f + K D

rl + K D
ET

)
[D∗(t)]. (1)

At time t = 0, the concentration of the excited acceptor
molecules is A0 and, at time t > 0, is A*(t). The acceptor
molecules start receiving energy from the donors with a rate
K D

ET until they all become excited or until all the available donor
molecules have transferred their energy to the acceptors. The
excited acceptors relax to the ground state through two main
mechanisms: (i) fluorescing light emission with a decay rate
K A

f , (ii) radiationless decay with a decay rate K A
rl , as shown in

d[A∗(t)]

dt
= K D

ET[D∗(t)] − (
K A

f + K A
rl

)
[A∗(t)]. (2)

The system of equations (1) and (2) was solved analytically
for the time-dependent concentration of the excited donors and
the time-dependent concentration of the excited acceptors, and
the solution is shown as follows:

D∗(t) = D0e−(KD
f +KD

rl +KD
ET)t , (3)

A∗(t) = K D
ET D0

[
e−(K A

f +K A
rl )t − e−(K D

f +K D
rl +K D

ET)t
]

(
K D

f + K D
rl + K D

ET

) − (
K A

f + K A
rl

)

+ A0e−(K A
f +K A

rl )t . (4)

In a first approximation, it was assumed that the acceptor
molecules do not absorb light directly from the excitation light
source, thus A0, the initial concentration of the excited acceptors,
is practically zero: A0 = 0.

An example of the theoretical profiles for the time-dependent
concentrations of the excited donor and excited acceptor is given
in Fig. 2. The fluorescence intensity signal, emitted by the ex-
cited donor molecules, with no acceptor present, for a particular
emission wavelength λ, is given in Eq. (5). BD is a proportional-
ity constant that, for a particular wavelength λ, is the convolution
of the instrument response, the quantum efficiency of the donor
fluorophores, and the radiant power of the excitation source,

I D(t, λ) = [B D(λ)]D∗(t). (5)

Replacing in Eq. (5) the concentration from Eq. (3) of the
excited “disturbed” donors (i.e., when the acceptors are present),
offers in Eq. (6) the detailed fluorescence signal intensity for the
donor molecules, as follows:

I D(t, λ) = [B D(λ)]D0e−[KD
f +KD

rl +KD
ET]t . (6)

The fluorescence signal intensity emitted by the acceptor
molecules alone for a particular emission wavelength λ is given
by Eq. (7). BA is a proportionality constant that, for a particular
wavelength λ, is the convolution of the instrument response, the
quantum efficiency of the acceptor fluorophores, and the radiant
power of the excitation source.

I A(t, λ) = B A(λ)[A∗(t)] (7)
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Fig. 2 Variation of excited donor and acceptor profiles versus time for a monoexponential behavior of the donor molecules for a FRET interaction
with K D

f + K D
rl + K D

ET = 5; K D
ET = 3; D0 = 10000, and K A

f + K A
rl = 0, 0.1, 2, and 10.

Replacing in Eq. (7) the concentration from Eq. (4) of the
excited acceptors, and considering the initial concentration of
the excited acceptors A0 = 0, offers in Eq. (8) the detailed fluo-
rescence signal intensity for the acceptor molecules as follows:

I A(t, λ) = B A(λ)

[
K D

ET D0
(
e−(K A

f +K A
rl )t − e−(K D

f +K D
rl +K D

ET)t
)]

[(
K D

f + K D
rl + K D

ET

) − (
K A

f + K A
rl

)] .

(8)

For a mixture of donor and acceptor molecules under investi-
gation, the fluorescent signal received at the detectors for any
emission wavelength is a mixture of signals emitted by the flu-
orescing donors and fluorescing acceptor molecules.

The fluorescence intensity signal recorded for any emission
wavelength λ, for a mixture of acceptor and donor molecules is
given by

I (t, λ) = B D(λ)D∗(t) + B A(λ)A∗(t) (9)

Replacing in Eq. (9) the concentration from Eq. (3) of the excited
donors and from Eq. (4) of the excited acceptors, offers in Eq.
(10) the detailed fluorescence signal intensity from the mixture
of donor and acceptor molecules as follows:

I (t, λ) = B D(λ)D0e−(K D
f +K D

rl +K D
ET)t

+ B A(λ)

[
K D

ET D0
(
e−(K A

f +K A
rl )t − e−(K D

f +K D
rl +K D

ET)t
)]

[(
K D

f + K D
rl + K D

ET

) − (
K A

f + K A
rl

)]

(10)

The more complex case scenario is described by considering the
donor in the presence of the acceptor to exhibit a two-exponential
behavior, with one decay rate given in Eq. (1) and a second decay

rate K D
2 as shown as follows:

d[D∗(t)]

dt
= −(

K D
f + K D

rl + K D
ET

)
[D∗(t)] − K D

2 [D∗(t)].

(11)

The donor molecules that are close enough to the acceptor
molecules transfer their energy to the acceptor molecules with
a decay rate K D

ET. The donor molecules that would not be able
to transfer their energy to the acceptor molecules relax to the
ground state through only two mechanisms: (i) fluorescing light
emission with a decay rate K D

f , (ii) radiationless decay with
a decay rate K D

rl . The second exponential in the donor model
with a decay rate K D

2 is the decay rate of the donor molecules
that would not transfer their energy to the acceptor molecules
via intermolecular FRET and is given by the sum K D

2 = K D
rl

+ K D
f .

The system of equations (11) and (2) was solved analytically
for the time-dependent concentration of the excited donors and
the time-dependent concentration of the excited acceptors, and
the solution is shown in Eqs. (12) and (13), respectively,

D∗(t) = D0
[
Ce−(K D

f +K D
rl +K D

ET)·t + (1 − C)e−K D
2 ·t] (12)

A∗(t) = C K D
ET D0

[(
e−(K A

f +K A
rl )·t − e−(K D

f +K D
rl +K D

ET)·t)]
[(

K D
f + K D

rl + K D
ET

) − (
K A

f + K A
rl

)] .

(13)

It can be seen in Eq. (12) that for the “undisturbed” donors, when
K D

ET = 0, the decaying profile of the excited donors becomes sin-
gle exponential. If there are enough acceptor molecules so that
all are close enough to the donor molecules to interact via FRET,
then the behavior of the excited donor molecules is also mono-
exponential (C = 1). Only the interacting “disturbed” donors
that are close enough to the acceptor molecules are considered
when finding the analytical solution [Eq. (13)] for the excited
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Fig. 3 Variation of excited donor and acceptor profiles versus time for a two-exponential behavior of the donor molecules for a FRET interaction
with K D

f + K D
rl + K D

ET = 5; K D
ET = 3; K D

2 = 2; D0 = 10000; K A
f + K A

rl = 0, 0.1, 2, and 10.

acceptors. C is the fraction from the total number of donors that
is able to interact with the acceptor molecules via FRET.

The fluorescence intensity signal recorded for any emis-
sion wavelength λ, for the acceptor and the “disturbed” donor
molecules, is given in Eq. (9). When inserting Eqs. (12) and
(13) in Eq. (9), we obtain the concentration profile for the
two-exponential donor model. This is represented graphically in
Fig. 3.

3 Results
Fitting the experimental data with the models shown in Eqs. (5)
and (9) for both monoexponential [given by Eqs. (3) and (4)]
and two-exponential donor models [given by Eqs. (12) and (13)],
helps in retrieving the unknown variables: the donor decay rates
K D

f , K D
rl , K D

ET, the initial concentration of the excited donor
D0, the acceptor decay rates K A

f , K A
rl , the donor amplitude co-

efficients for the different i channels B D(λ)i , and the acceptor
amplitude coefficients for the different i channels B A(λ)i with i
= 1–16.

For the control cells, the experimental data of the donor alone
(derived from a cell transfected only with EGFP) has shown
highest intensity on channel 11 (λ = 525–512.5 nm). Channels
1–3 and 15–16 are noisier than channels 4–14 for donor-EGFP
alone, so the fitting procedure was done for three different data
sets: (i) A fitting routine of the donor signal alone was performed
for channel 11, (ii) a global fitting for 11 channels (channel 4–
14), and (iii) a global fitting for 16 channels (channel 1–16).
For the donor-EGFP only model, the energy transfer rate was
considered K D

ET = 0 because of the lack of energy transfer in the
absence of the acceptor.

The experimental data for the donor-acceptor: EGFP-mRFP
were derived from a cell transfected with the protein EGFP-
mRFP. Again, channels 1–3 and 15–16 are noisier than channels
4–14. The data from a mixture of acceptor-mRFP and donor-

EGFP have been fitted in the same manner: (i) for the strongest
intensity channel (11) alone, (ii) for channels 4–14, and (iii) for
channels 1–16, using a donor-acceptor model given in Eq. (10).

The minimization routine has been performed in two man-
ners: (i) over all the parameters (i.e., all the decay rates and all
the extinction coefficients of the donor and acceptor) and (ii)
keeping some of the parameters constant (such as fluorescent
and radiationless decay rates of the donor and the wavelength-
dependent amplitudes of the donor for all the available channels)
to the values for donor-EGFP alone (for 16 channels global fit),
while performing the fitting routine with variable acceptor decay
rates and the acceptor amplitude coefficients for all the available
channels. For all minimization routines, the experimental data
were extracted from a 3 × 3 pixel area (bining 1).

The values of the variable amplitudes and decay rates are
summarized in Tables 1–3 for the donor-EGFP alone. The fit for
the different channels is demonstrated in Fig. 4. The lifetime of
the donor alone is defined as τ D and is given as follows:

τ D = 1

K D
f + K D

rl

(14)

The values of the fitted parameters for the donor-acceptor
EGFP-mRFP model using a one-exponential donor are summa-
rized in Tables 4–12. The lifetime of the donor in the presence
of the acceptor is given as follows:

τ D A = 1

K D
f + K D

rl + K D
ET

. (15)

It can be seen that the lifetime of the donor in the presence
of the acceptor is, in all cases, shorter than the lifetime of the
donor when there is no acceptor—when using a donor model.
The FRET efficiency is defined as:

E = 1 − τ D A

τ D
. (16)
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Fig. 4 A monoexponential donor model for N2A cells transfected with EGFP alone: (a) single channel fitting between 525 and 512.5nm, and (b)
global fitting between 450 and 650 nm over 16 channels.

When fixing the donor amplitudes or the acceptor ampli-
tudes during the multispectral global fit with a monoexponential
donor-acceptor model, the value for the goodness of fit measure
becomes worse. This suggests that the amplitude coefficients
for the donor or acceptor when they are alone are not iden-
tical to the ones when donor and acceptor are in proximity.
This could be because the separation of amplitudes is not al-
ways possible (i.e., for when the signals are not entirely linearly
independent), or some other background is involved, such as ac-
ceptor bleed-through, autofluorescence, or acceptor bleaching.
The signal coming from the donor is of higher intensity, thus
overwhelming the signal coming from the acceptor.

The FRET efficiency results are consistent across the case
scenarios where all the involved amplitudes and decay rates
were variable parameters for the fitting routine and for the case
scenarios where only the donor and acceptor amplitudes were
considered variable parameters, whereas the donor decay rates
were kept constant throughout the fitting procedure. When trying

to keep the amplitudes at fixed values for either the donor or the
acceptor species, the measure for the goodness of fit becomes
worse and the FRET efficiency looses consistency.

In a second approximation, a two-exponential profile is as-
sumed for the donor. Table 13 shows the results for when assum-
ing a two-exponential donor model for a donor in the presence
of the acceptor as given by Eq. (12) and the corresponding time-
dependent concentration of the acceptor as given by Eq. (13).

Figure 5 illustrates the results for globally fitting the 16 chan-
nels donor-acceptor EGFP-mRFP data with a one-exponential
donor model [Fig. 5(a)] and a two-exponential donor model
[Fig. 5(b)]. It can be seen that the fitting profiles for a two-
exponential donor [as shown in Fig. 5(b)] have a curvature at
time zero, especially between 650 and 550 nm.

Figure 6 shows the amplitudes for the donor and acceptor
from the global fitting over 16 channels when using a two-
exponential donor-acceptor model and: (i) freely fitting all the
donor and acceptor amplitudes and decay rates or (ii) keeping

Fig. 5 Global fitting between 450 and 650 nm for donor-acceptor EGFP-mRFP over 16 channels, using (a) a monoexponential donor-acceptor
model and (b) a two-exponential donor-acceptor model.
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Table 1 Decay rates and lifetimes for donor-EGFP alone (derived from a cell transfected only with EGFP) from single-channel data.

Single-channel fitting, using a one-exponential donor model with free-fitting donor amplitude and decay rates.

Sample name Channel (wavelength range) Parameter name Fitted parameter value Goodness of fit χ2 statistic

Donor-EGFP 11 (525–512.5 nm) D0 72.0744 1.57

K D
f 0.16

K D
rl 0.25

τ D lifetime of donor 2.42 ns

Table 2 Decay rates and lifetimes for donor-EGFP alone (derived from a cell transfected only with EGFP) from single-channel data.

Global fitting, 11 channels, using a one-exponential donor model with free-fitting donor amplitudes and decay rates.

Sample name Channel (wavelength range) Parameter name Fitted parameter value Goodness of fit χ2 statistic

Donor- EGFP 4–14 (612.5–475 nm) D0 72.0565 1.78

K D
f 0.1433

K D
rl 0.2434

τ D lifetime of donor 2.6 ns

Table 3 Decay rates and lifetimes for donor-EGFP alone (derived from a cell transfected only with EGFP) from single-channel data.

Global fitting, 16 channels, using a one-exponential donor model with free-fitting donor amplitudes and decay rates.

Sample name Channel (wavelength range) Parameter name Fitted parameter value Goodness of fit χ2 statistic

Donor-EGFP 1–16 (650–450 nm) D0 72.0618 2.7

K D
f 0.1458

K D
rl 0.2406

τ D lifetime of donor 2.6 ns

Table 4 Decay rates and lifetimes for donor-acceptor: EGFP-mRFP sample (derived from a cell transfected with the tandem EGFP-mRFP) from
single-channel data.

Single-channel fitting, using a donor-acceptor model assuming a one-exponential behavior of the donor, with free fitting for donor and acceptor
amplitudes and decay rates.

Sample name
Channel (wavelength

range) Parameter name Fitted parameter value
Goodness of fit χ2

statistic

Donor-EGFP
+ acceptor-mRFP

11 (525–512.5 nm) D0 180.6134 1.7266

K D
f 0.2286

K D
rl 0.2286

K D
ET 0.3732

K A
f 0.1671

K A
rl 0.1910

τ D A lifetime of donor with acceptor present 1.2 ns

FRET efficiency 50% (if τ D ∼ 2.42 ns)
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Table 5 Decay rates and lifetimes for donor-acceptor: EGFP-mRFP sample (derived from a cell transfected with the tandem EGFP-mRFP) from
single-channel data.

Single-channel fitting, using a donor-acceptor model, assuming a one-exponential behavior of the donor with fixed donor
amplitudes and decay rates (from Table 1) and free fitting for acceptor amplitudes and decay rates.

Sample name
Channel

(wavelength range) Parameter name Fitted parameter value
Goodness of fit

χ2 statistic

donor-EGFP + acceptor-mRFP 11 (525–512.5 nm) D0 229.9008 1.87

K D
f Fixed 0.16 (from Table 1)

K D
rl Fixed 0.25 (from Table 1)

K D
ET 0.2479

K A
f 0.1859

K A
rl 1.0173

τ D A lifetime of donor with acceptor present 1.5 ns

FRET efficiency 38% (if τ D ∼ 2.42 ns)

the donor amplitudes and decay rates constant and free fitting
only the acceptor amplitudes and decay rates or (iii) keeping the
donor decay rates constant and free fitting the donor amplitudes
and the acceptor amplitudes and decay rates. When the donor
amplitudes were kept constant, they were kept constant to the
values shown in Fig. 6 for the donor-EGFP alone.

The lifetime of the donor alone was obtained using a mono-
exponential fit for the N2A cells transfected only with EGFP;
the value obtained in this way is τ D = 2.5 ns. The lifetime -of
the disturbed donor was obtained using a two-exponential model
for the fit performed on N2A cells transfected with EGFP and
mRFP. As shown in Table 16, the FRET-ing donor lifetime is

τ D A = 0.9 ns. Figure 7 shows the results from the Becker and
Hickl fit when using a two-exponential donor model.

As shown in Tables 1–16, the donor lifetime values for the
donor in the presence of the acceptor are shorter than the values
for the donor lifetime in the absence of the acceptor in both
fitting procedures (i.e., with one- and two-exponential models)
regardless whether the donor parameters are constant or variable.
The values for the goodness of fit are better (closer to 1) when
using a two-exponential donor-acceptor model. The χ2 value is
further away from the value of 1 for a monoexponential donor
model. This would suggest that the donor in the presence of
the acceptor shows a two-exponential decay profile. Also, the

Table 6 Decay rates and lifetimes for donor-acceptor: EGFP-mRFP sample (derived from a cell transfected with the tandem EGFP-mRFP) from
single-channel data.

Single-channel (channel 11) fitting, using a donor-acceptor model, assuming a one-exponential behavior of the donor with fixed donor decay
rates (from Table 1) and free fitting for donor and acceptor amplitudes and acceptor decay rates.

Sample name
Channel (wavelength

range) Parameter name Fitted parameter value
Goodness of fit χ2

statistic

Donor-EGFP +
acceptor-mRFP

11 (525–512.5 nm) D0 206.6 1.64

K D
f Fixed 0.16 (from Table 1)

K D
rl Fixed 0.25 (from Table 1)

K D
ET 0.4178

K A
f 0.2715

K A
rl 0.0862

τ D A lifetime of donor with acceptor present 1.2 ns

FRET efficiency 50% (if τ D ∼ 2.42 ns)
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Table 7 Decay rates and lifetime values for donor-acceptor: EGFP-mRFP sample (derived from a cell transfected with the tandem EGFP-mRFP)
from 11 channels of data.

Global fitting, 11 channels, using a donor-acceptor model, assuming a one-exponential behavior of the donor with free fitting for donor and
acceptor amplitudes and decay rates.

Sample name
Channel (wavelength

range) Parameter name Fitted parameter value
Goodness of fit χ2

statistic

Donor-EGFP +
acceptor-mRFP

4–14 (612.5 – 475 nm) D0 124.5601 1.2952

K D
f 0.1748

K D
rl 0.2631

K D
ET 0.3652

K A
f 0.1766

K A
rl 0.1766

τ D A lifetime of donor with acceptor present 1.24 ns

FRET efficiency 48.8% (if τ D ∼ 2.42 ns)

value for K D
2 is similar to the value for K D

f + K D
rl , which

consolidates the proof that the signal coming from the donor
is a mixture of signals coming from the “FRET-ing” and “non-
FRET-ing” donors.

To test the applicability of global analysis for a relevant bio-
logical question and to compare it to conventional methods, we
analyzed cells transfected with GGA1-EGFP or cotransfected
with GGA1-EGFP plus BACE-mRFP to confirm protein prox-
imity in living cells. We already proved the two-exponential
donor model was the best suited for data analysis of the dis-
turbed donor, and Table 17 shows the results for the donor alone

given by Eq. (3) (with KET = 0), and Tables 17–20 show the
results for the donor-acceptor model, with the “disturbed” donor
as given by Eq. (12) (with K D

2 = K D
f + K D

rl ) and the corre-
sponding time-dependent concentration of the acceptor as given
by Eq. (13).

Tables 21–23 show the results when using the Becker
and Hickl software for fitting the data in the classical FLIM
approach that uses a two-exponential model for the donor. When
free fitting the data from the donor-acceptor: GGA1-EGFP
plus BACE-mRFP sample with the two-exponential model
for the donor, the longer donor lifetime was retrieved with a value

Table 8 Decay rates and lifetime values for donor-acceptor: EGFP-mRFP sample (derived from a cell transfected with the tandem EGFP-mRFP)
from 11 channels of data.

Global fitting 11 channels, using a donor-acceptor model, assuming a one-exponential behavior of the donor with fixed donor-only decay rates
and free fitting for donor and acceptor amplitudes and acceptor decay rates.

Sample name
Channel (wavelength

range) Parameter name Fitted parameter value
Goodness of fit χ2

statistic

Donor-EGFP +
acceptor-mRFP

4–14 (612.5–475 nm) D0 114.2681 2.5796

K D
f Fixed 0.16 (from Table 1)

K D
rl Fixed 0.25 (from Table 1)

K D
ET 0.3976

K A
f 0.1770

K A
rl 0.1770

τ D A lifetime of donor with acceptor present 1.24 ns

FRET efficiency 48.8% (if τ D ∼ 2.42 ns)
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Table 9 Decay rates and lifetime values for donor-acceptor : EGFP-mRFP sample (derived from a cell transfected with the tandem EGFP-mRFP)
from 16 channels of data.

Global fitting, 16 channels, using a donor-acceptor model, assuming a one-exponential behavior of the donor with free-fitting donor and acceptor
amplitudes and donor and acceptor decay rates.

Sample name
Channel (wavelength

range) Parameter name Fitted parameter value
Goodness of
fit χ2 statistic

Donor-EGFP + acceptor-mRFP 1–16 (650–450 nm) D0 181.3258 2.56

K D
f 0.2989

K D
rl 0.3763

K D
ET 0.1437

K A
f 0.1778

K A
rl 0.1778

τ D A lifetime of donor with acceptor present 1.22 ns

FRET efficiency 49.5% (if τ D ∼ 2.42 ns)

Table 10 Decay rates and lifetime values for donor-acceptor: EGFP-mRFP sample (derived from a cell transfected with the tandem EGFP-mRFP)
from 16 channels of data.

Global fitting, 16 channels, using a donor-acceptor model, assuming a one-exponential behavior of the donor with fixed donor-only decay rates
and free-fitting donor and acceptor amplitudes and acceptor decay rates.

Sample name
Channel (wavelength

range) Parameter name Fitted parameter value
Goodness of
fit χ2 statistic

Donor-EGFP + acceptor-mRFP 1–16 (650–450 nm) D0 159.3411 2.55

KD
f Fixed 0.16 (from Table 1)

KD
rl Fixed 0.25 (from Table 1)

KD
ET 0.4103

KA
f 0.1780

KA
rl 0.1780

τDA lifetime of donor with acceptor present 1.21 ns

FRET efficiency 50.3% (if τ D ∼ 2.42 ns)

Table 11 Decay rates and lifetime values for donor-acceptor: EGFP-mRFP sample (derived from a cell transfected with the tandem EGFP-mRFP)
from 16 channels of data.

Global fitting, 16 channels, using a donor-acceptor model, assuming a one-exponential behavior of the donor with free-fitting donor amplitudes
and acceptor decay rates, fixed donor-only decay rates, and fixed acceptor amplitudes to a value of zero (channels 8–16).

Sample name
Channel (wavelength

range) Parameter name Fitted parameter value
Goodness of
fit χ2 statistic

Donor-EGFP + acceptor-mRFP 1–16 (650–450 nm) D0 140.3101 3.2

K D
f Fixed 0.16 (from Table 1)

K D
rl Fixed 0.25 (from Table 1)

K D
ET 0.0331

K A
f 0.0644

K A
rl 0.0920

τ D A lifetime of donor with acceptor present 2.27 ns

FRET efficiency 6% (if τ D ∼ 2.42 ns)
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Fig. 6 Amplitude coefficient values for donor-EGFP alone, and donor-acceptor: EGFP-mRFP (derived from an N2A cell transfected only with EGFP
and with the tandem EGFP-mRFP, respectively) from a global fitting over 16 channels (from channel 1 to channel 16) using a two-exponential donor
model.

Fig. 7 FRET efficiency histogram from N2A cells transfected with EGFP and mRFP, fitted with a two-exponential donor model.

Fig. 8 FRET efficiency histogram from data corresponding to N2A cells transfected with GGA1-EGFP and BACE-mRFP, fitted with a two-exponential
donor model, fixed donor lifetime in the presence of the acceptor to τ DA = 1.5 ns.
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Fig. 9 FRET efficiency histogram from data corresponding to from N2A cells transfected with GGA1-EGFP and BACE-mRFP, fitted with a two-
exponential donor model, fixed donor lifetime in the absence of the acceptor to τ D = 2.7 ns.

Table 12 Decay rates and lifetime values for donor-acceptor: EGFP-mRFP sample (derived from a cell transfected with the tandem EGFP-mRFP)
from 16 channels of data.

Global fitting, 16 channels, using a donor-acceptor model, assuming a one-exponential behavior of the donor with free-fitting acceptor amplitudes
and acceptor decay rates, and fixed donor decay rates and donor amplitudes.

Sample name
Channel (wavelength

range) Parameter name Fitted parameter value
Goodness of fit

χ2 statistic

Donor-EGFP +
acceptor-mRFP

1–16 (650 – 450 nm) D0 258.6702 3.45

K D
f Fixed 0.16 (from Table 1)

K D
rl Fixed 0.25 (from Table 1)

K D
ET 1.85

K A
f 0.2120

K A
rl 0.2120

τ D A lifetime of donor with acceptor present 0.44 ns

FRET efficiency 81% (if τ D ∼ 2.42 ns)

Fig. 10 FRET efficiency histogram from N2A cells transfected with GGA1-EGFP and BACE-mRFP, fitted with a two-exponential donor model, fixed
donor lifetime in the presence of the acceptor to τ DA = 0.4 ns.
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Fig. 11 Global fitting between 450 and 650 nm using a (a) one-exponential donor model for donor-GGA1-EGFP and (b) two-exponential donor-
acceptor model for donor-GGA1-EGFP plus acceptor-BACE-mRFP.

of τ D ∼ 2.4 ns across the whole sample. The shorter donor
lifetime (corresponding to the donor found in proximity of the
acceptor) was found to be of τ D A = 1.5 ns.

Performing a fit for the donor-acceptor data with two-
exponential donor model, but with a fixed value for the donor
lifetime (in the presence of the acceptor) of τ D A = 1.5 ns,
obtained a donor lifetime value of τ D = 2.7 ns as shown in
Table 21 and illustrated in Fig. 8.

When performing a fit for the donor-acceptor data with the
two-exponential donor model, but with a fixed value for the
donor lifetime (in the absence of the acceptor) of τ D = 2.7 ns,
retrieves a donor lifetime value of τ D A = 1.2 ns as shown in
Table 22 and illustrated in Fig. 9.

Performing a fit for the donor-acceptor data with the two-
exponential donor model, but with a fixed value for the donor

lifetime (in the presence of the acceptor) of τ D A = 0.4 ns (which
is coincident to the result obtained by the global analysis as
shown in Table 18), retrieved a value for the donor lifetime of
τ D = 2.3 ns as shown in Table 24 and illustrated in Fig. 10.

It can be seen from Table 18 that the FRET efficiency for the
interaction between GGA1-EGFP and BACE-mRFP is higher
(∼84%) when fitting all the parameters for both donor and ac-
ceptor, as opposed to keeping the donor’s amplitudes and/or
decay rates constant. The χ2 measure for the goodness of fit
is however slightly better when fitting all the parameters as
opposed to keeping some donor parameters constant. Neverthe-
less, when keeping all the donor amplitudes and decay rates or
only the decay rates constant, the FRET efficiency values are
comparable to values of ∼38%, as shown in Tables 19 and 20.
Figure 11 shows the profiles for the donor-GGA1-EGFP alone

Table 13 Decay rates and donor lifetime values for donor-acceptor: EGFP-mRFP sample, globally fitted over all 16 channels, assuming a two-
exponential behavior of the donor.

Global fitting, 16 channels, using a donor-acceptor model, assuming a two-exponential behavior of the donor with free-fitting donor and acceptor
amplitudes and decay rates.

Sample name
Channel (wavelength

range) Parameter name Fitted parameter value
Goodness of
fit χ2 statistic

Donor-EGFP + acceptor-mRFP 1–16 (650–450 nm) D0 163.9504 1.3

K D
f 0.6597

K D
rl 0.6597

K D
ET 3.0389

K D
2 1.32

K A
f 0.1842

K A
rl 0.1842

τ D A donor lifetime with acceptor present 0.22 ns

FRET efficiency 91.5% (if τ D ∼ 2.6 ns)
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Table 14 Decay rates and donor lifetime values for a donor-acceptor: EGFP-mRFP sample, globally fitted over all 16 channels, assuming a
two-exponential behavior of the donor.

Global fitting, 16 channels, using a donor-acceptor model, assuming a two-exponential behavior of the donor with free-fitting acceptor amplitudes
and decay rates and fixed donor amplitudes and decay rates (from Table 1).

Sample name
Channel (wavelength

range) Parameter name Fitted parameter value
Goodness of
fit χ2 statistic

donor-EGFP + acceptor-mRFP 1–16 (650–450 nm) D0 123.6468 1.6971

K D
f Fixed 0.16 (from Table 1)

K D
rl Fixed 0.25 (from Table 1)

K D
2 0.3139

K D
ET 0.4164

K A
f 2.0334

K A
rl 2.0334

τ D A donor lifetime with acceptor present 1.2 ns

FRET efficiency 53.4% (if τ D ∼ 2.6 ns)

Table 15 Decay rates and donor lifetime values for a donor-acceptor: EGFP-mRFP sample, globally fitted over all 16 channels, assuming a
two-exponential behavior of the donor.

Global fitting, 16 channels, using a donor-acceptor model, assuming a two-exponential behavior of the donor with free-fitting donor and acceptor
amplitudes, free-fitting acceptor decay rates, and fixed donor decay rates (from Table 1).

Sample name
Channel (wavelength

range) Parameter name Fitted parameter value
Goodness of
fit χ2- statistic

Donor-EGFP + acceptor-mRFP 1–16 (650–450 nm) D0 88 1.27

K D
f Fixed 0.16 (from Table 1)

K D
rl Fixed 0.25 (from Table 1)

K D
2 0.41

K D
ET 0.3426

K A
f 0.2027

K A
rl 0.2027

τ D A donor lifetime with acceptor present 1.3 ns

FRET efficiency 48.9% (if τ D ∼ 2.6 ns)

Table 16 Decay rates and donor lifetime values for donor-acceptor: EGFP-mRFP sample, single-channel fitting, assuming a two-exponential
behavior of the donor.

Becker and Hickl software: Single-channel fitting, using two-exponential donor model.

Sample name
Channel (wavelength

range) Parameter name Fitted parameter value
Goodness of fit χ2

statistic

donor-EGFP +
acceptor-mRFP

11 (525–512.5 nm) τ D donor lifetime without acceptor 2.5 ns 1.33

τ D A donor lifetime with acceptor present 0.9 ns

FRET efficiency 57% (with τ D ∼ 2.6 ns)
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Table 17 Decay rates and donor lifetime values for donor: GGA1-EGFP sample, globally fitted over all 16 channels, assuming a one-exponential
behavior of the donor.

Global fitting, 16 channels, using a one-exponential donor model with free fitting of donor and amplitudes and decay rates.

Sample name
Channel (wavelength

range) Parameter name Fitted parameter value
Goodness of fit χ2

statistic

Donor-GGA1-EGFP 1—16 (650–450 nm) D0 51.6585 1.4427

K D
f 0.15

K D
rl 0.22

τ D donor lifetime with no acceptor 2.66 ns

Table 18 Decay rates and donor lifetime values for donor-acceptor: GGA1-EGFP plus BACE-mRFP sample, globally fitted over 16 channels,
assuming a two-exponential behavior of the donor.

Global fitting, 16 channels, using a donor-acceptor model, assuming a two-exponential behavior of the donor with free fitting for donor and
acceptor amplitudes and decay rates.

Sample name
Channel (wavelength

range) Parameter name Fitted parameter value
Goodness of fit χ2

statistic

Donor-GGA1-EGFP +
acceptor-BACE-mRFP

1—16 (650–450 nm) D0 58.8011 1.5406

K D
f 0.495

K D
rl 0.495

K D
ET 1.5260

K A
f 0.1746

K A
rl 0.1746

τ D A donor lifetime with acceptor present 0.39 ns

FRET efficiency 85 = % (if τ D∼ 2.66 ns)

Table 19 Decay rates and donor lifetime values for donor-acceptor: GGA1-EGFP plus BACE-mRFP sample, globally fitted over 16 channels,
assuming a two-exponential behavior of the donor.

Global fitting, 16 channels, using a donor-acceptor model, assuming a two-exponential behavior of the donor with fixed donor amplitudes and
decay rates (from Table 17) and free-fitting acceptor amplitudes and decay rates.

Sample name
Channel (wavelength

range) Parameter name Fitted parameter value
Goodness of fit χ2

statistic

Donor-GGA1-EGFP
+
acceptor-BACE-mRFP

1–16 (650–450 nm) D0 40.8589 1.6488

K D
f Fixed 0.15 (from Table 17)

K D
rl Fixed 0.22 (from Table 17)

K D
ET 0.2500

K A
f 0.1251

K A
rl 0.1167

τ D A donor lifetime with acceptor present 1.6 ns

FRET efficiency 38% (if τ D ∼ 2.66 ns)
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Table 20 Decay rates and donor lifetime values for donor-acceptor: GGA1-EGFP plus BACE-mRFP sample, globally fitted over 16 channels,
assuming a two-exponential behavior of the donor.

Global fitting, 16 channels, using a donor-acceptor model, assuming a two-exponential behavior of the donor with fixed donor decay rates (from
Table 17) and free-fitting donor and acceptor amplitudes and acceptor decay rates.

Sample name
Channel (wavelength

range) Parameter name Fitted parameter value
Goodness of fit χ2

statistic

donor-GGA1-EGFP
+
acceptor-BACE-mRFP

1–16 (65 –450 nm) D0 30.4945 1.5724

K D
f Fixed 0.15 (from Table 17)

K D
rl Fixed 0.22 (from Table 17)

K D
ET 0.6471

K A
f 0.1593

K A
rl 0.2115

τ D A donor lifetime with acceptor present 0.98 ns

FRET efficiency 37.6% (if τ D ∼ 2.66 ns)

and the donor-acceptor GGA1-EGFP and BACE-mRFP for all
16 channels, using a one-exponential model for the donor alone
and a two-exponential donor for the donor-acceptor model.

Figures 8–10 show the results from the FRET efficiency
calculations using the Becker and Hickl software with a donor
model using two exponentials. As shown in Tables 22 and 23, the
values for the average FRET efficiency and the FRET efficiency
calculated from one pixel are in higher agreement for when
fixing the shorter donor lifetime (in the presence of the acceptor)
to the value obtained by the global analysis. The histogram for
the FRET efficiency calculated in this manner has a higher S/N
ratio, as illustrated in Fig. 10 and Table 23.

Figure 12 shows the amplitudes for the donor and acceptor
from the global fitting over 16 channels when using a two-
exponential donor-acceptor model and (i) freely fitting all the
donor and acceptor amplitudes and decay rates or (ii) keeping the
donor decay rates constant and free fitting the donor amplitudes
and the acceptor amplitudes and decay rates.

The amplitudes for the donor GGA1-EGFP alone are dif-
ferent from the amplitudes of the disturbed donor as shown in
Fig. 12. This could be because, when the donor and acceptor

are in close proximity to each other, their FRET interaction is
strongly coupled or the donor’s contribution to the signal is more
complex than assumed in this paper.

4 Discussion and Conclusions
The retrieval of the decay rates using a global minimization
routine over multiple channels offers the advantage of increased
data volume, thus possibly higher information content. The
lifetime of the donor in the presence of the acceptor was, in
all cases, shorter, as expected due to the nonfluorescent energy
transfer from the donor to the acceptor that contributes to the
decaying number of donors in the initial excited state. Two
different assumptions were made in the fitting routine: first, a
monoexponential behaviur of the donor and, second, a two-
exponential behavior of the donor. The global fit was better when
assuming a two-exponential decay for the donor molecules.
This model is in better agreement to the distribution of the donor
and of the acceptor molecules in the sample: not all the acceptor
and donor molecules are close enough to each other in order for
the FRET interaction to take place. Only those donor molecules

Table 21 Donor lifetime values for donor-acceptor: GGA1-EGFP plus BACE-mRFP sample, fitted over one channel, assuming a two-exponential
behavior of the donor.

Becker and Hickl software: single channel fitting, using two-exponential donor model with free-fitting donor lifetimes in the absence of the acceptor
and fixed donor lifetime in the presence of the acceptor.

Sample name
Channel (wavelength

range) Parameter name Fitted parameter value
Goodness of fit χ2

statistic

Donor-GGA1-EGFP
+
acceptor-BACE-mRFP

11 (525–512.5 nm) τ D donor lifetime in absence of acceptor 2.7 ns 1.14

τ D A donor lifetime in presence of acceptor Fixed 1.5 ns

Average FRET efficiency 65%

FRET efficiency from 1 pixel 45%
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Table 22 Donor lifetime values for donor-acceptor: GGA1-EGFP plus BACE-mRFP sample, fitted over one channel, assuming a two-exponential
behavior of the donor.

Becker and Hickl software: single-channel fitting, using two-exponential donor model with fixed donor lifetimes in the absence of the acceptor and
free-fitting donor lifetime in the presence of the acceptor.

Sample name
Channel (wavelength

range) Parameter name Fitted parameter value
Goodness of fit χ2

statistic

Donor-GGA1-EGFP
+
acceptor-BACE-mRFP

11 (525–512.5 nm) τ D donor lifetime in absence of acceptor Fixed 2.7 ns 1.12

τ D A donor lifetime in presence of acceptor 1.2 ns

Average FRET efficiency 57%

FRET efficiency from 1 pixel 38%

Table 23 Donor lifetime values for donor-acceptor: GGA1-EGFP plus BACE-mRFP sample, fitted over one channel, assuming a two-exponential
behavior of the donor.

Becker and Hickl software: single channel (11) fitting, using the two-exponential donor model with free-fitting donor lifetimes in the absence of the
acceptor and fixed donor lifetime in the presence of the acceptor.

Sample name
Channel (wavelength

range) Parameter name Fitted parameter value
Goodness of fit χ2

statistic

Donor-GGA1-EGFP
+
acceptor-BACE-mRFP

11 (525–512.5 nm) τ D donor lifetime in absence of acceptor 2.3 ns 1.11

τ D A donor lifetime in presence of acceptor Fixed 0.4 ns
(from Table 18)

Average FRET efficiency 84%

FRET efficiency from 1 pixel 82%

Fig. 12 Amplitude profiles for donor-GGA1-EGFP and donor-GGA1-EGFP plus acceptor-BACE mRFP obtained for a donor-acceptor model, with a
two-exponential donor.
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close enough to the acceptor molecules are able to transfer their
energy to them via FRET.

For the donor model made by N2A cells transfected with the
donor-EGFP, the χ2 measure for the goodness of fit is better (its
value is closer to 1) when only considering the data from stronger
intensity channel(s) as shown in Tables 1–3. The best fitting was
obtained, in this case, from single-channel fitting [(i.e., channel
11), see Table 1], where EGFP emits the strongest fluorescence
intensity signal. In this case, the data from the different spectral
channels might not be linearly independent, thus bringing in
data from more channels might not enhance the information
content. The donor lifetime is the same for all the different
spectral channels.

When the acceptor molecules are present for the model
made by N2A cells cotransfected with the tandem donor-EGFP-
acceptor-mRFP, different channels can have different intensity
signals coming from the donors and from the acceptors. In this
case, multispectral data may be linearly independent and ana-
lyzing it globally across all the channels could have richer infor-
mation content than from a single channel. For a single-channel
donor-acceptor analysis (channel 11), the χ2 values are compa-
rable (see Tables 4–6). When performing the global analysis on
the channels with a higher S/N ratio (channels 4–14) with free
fitting for the donor and acceptor amplitudes and decay rates,
the χ2 measure for the goodness of fit has a value closer to 1
(see Table 7, which shows that the model and the experimental
data are in closer agreement).

Table 8 shows the results from globally fitting the same 11
channels (channel 4–14), but with fixed donor-only decay rates
and free fitting for the donor and acceptor amplitudes and ac-
ceptor decay rates. In this case, even though the value of the
χ2 measure for the goodness of fit is not as good as in Table 7,
the retrieved donor decay rates and FRET efficiency are compa-
rable in value to the ones in Table 7.

Tables 9–12 show the results for when performing a globally
fitting routine for donor-EGFP with acceptor-mRFP over 16
channels (channel 1–16), with different fixed donor parameters.

From Tables 9 and 10, it can be seen that the best fit is obtained
when freely fitting all the donor and acceptor amplitudes and
decay rates or when fixing only the donor decay rates, with free
fitting for the donor and acceptor amplitudes and acceptor decay
rates. In these two cases, the values for the donor lifetime in the
presence of the acceptor have similar values of ∼1.2 ns, as well
as the FRET efficiency values of ∼50%.

Table 11 shows the results for globally fitting all 16 channels,
but with fixed amplitudes for the acceptor (at zero values) on the
channels where the acceptor did not fluoresce in isolation—the
values for the fluorescent profile of mRFP alone was taken from
literature.23 Table 12 shows the results for globally fitting the
same 16 channels with fixed amplitudes and decay rates for the
donor to the values obtained from the global analysis of the donor
alone over all 16 channels. In both cases, the χ2 measure for the
goodness of fit exhibits a value farther away from 1, which is an
indicator of the model not being appropriate for the experimental
data. Also, the values obtained for the lifetime of the donor in the
presence of the acceptor are dissimilar in Tables 11 and 12, along
with the values obtained for the FRET efficiency calculations.
These results could confirm the hypothesis that the donor and
acceptor have a strongly coupled dipole-dipole interaction that
changes their emission profiles when they are in proximity to

each other, from when they are in isolation. These results could
also highlight the fact that the donor’s contribution to the signal
is more complex than assumed in this paper.

When the donor-acceptor model for the EGFP-mRFP
sample assumes a two-exponential behavior of the donor, with
free-fitting parameters for the donor and acceptor amplitudes
and decay rates, the lifetime of the donor in the presence of
the acceptor has a value of ∼0.22 ns with a FRET efficiency of
∼91.5%, as shown in Table 13 and Fig. 5(b). Table 14 shows the
results for a global fitting routine performed over all 16 channels
using a donor-acceptor model with a two-exponential behavior
of the donor and fixed donor amplitudes and decay rates to the
values obtained from the global fit of the donor in isolation.
The value for the lifetime of the disturbed donor of ∼1.2 ns,
along with the value for the FRET efficiency of ∼53%, are in
agreement with the values obtained in Tables 9 and 10. The χ2

measure for the goodness of fit from Table 14 is slightly worse
than the value in Table 13. However, as shown in Table 15, when
performing the global fitting routine over all 16 channels with a
two-exponential donor model, with fixed donor decay rates (to
the values from Table 1), the χ2 measure for the goodness of fit
is the best in Table 15 and the closest to 1. Again, the lifetime
of the donor in the presence of the acceptor is of ∼1.3 ns with a
FRET efficiency of ∼49%. These values are comparable to the
values obtained in Tables 7–10, although the χ2 measure for the
goodness of fit has the best value in Table 15. The global anal-
ysis using a two-exponential donor for a donor-acceptor model
gives the best estimation for the donor-EGFP-acceptor-mRFP
experimental data. When using the Becker and Hickl software
for performing the classical FLIM analysis on one channel only,
with a two-exponential model, the lifetime of the donor in the
presence of the acceptor is of ∼0.9 ns with a FRET efficiency
of ∼57%, as shown in Table 16 and illustrated in Fig. 7.

For the donor-GGA1-EGFP plus acceptor-BACE-mRFP
sample, the 16 channels fitting routine for a donor-acceptor
model using a two-exponential model for the donors gives a
value for the donor lifetime of ∼0.39 ns with FRET efficiency
of ∼85% when fitting all the donor parameters, as shown in
Table 17. On the other hand, when performing a global fitting
routine over 16 channels while keeping the donor parameters
constant, the two-exponential model for the donors gives a donor
lifetime of 1.6 ns with a FRET efficiency of ∼38%, as shown
in Table 18. This is in accordance to the donor lifetime (when
only the donor decay rates are constant) which is ∼0.98 ns with
a FRET efficiency of ∼37.6%, as shown in Table 19. However,
the value for the goodness of fit measure is better when the fit-
ting routine minimizes all the amplitudes from the donor and
acceptor, as opposed to keeping some of them constant. This is
an indicator that the spectra profile of both the donor and accep-
tor might change when they interact via dipole-dipole coupling,
which introduces a change in their emission spectra from the
case when they are observed in isolation. The donor molecules
that transfer their energy to the acceptor molecules via FRET
interaction will have a weaker fluorescence signal than the donor
molecules that do not interact via FRET. However, because of
the dipole-dipole interaction during FRET, the electron clouds
belonging to the donor and to the acceptor can change shape
during the resonant beat. This change can affect the emission
spectrum of the donor, as well as the emission spectrum of the
acceptor.
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All the presented results conclude that the behavior of the
donors in the presence of the acceptor molecules is two expo-
nential. The work presented in this paper considered the signals
measured by 1 pixel only on all the detectors that were emitted
by the donor molecules as well as the acceptor molecules. In
comparison, Laptenok et al.20 described the quantitative deter-
mination of FRET in live cells using the rise time of acceptor
fluorescence as determined with FLIM, using the information
from all the pixels, from one detector only.

In future work, considering only the signals form the “rising
time” of the acceptor will give a better estimation of the FRET
efficiency because this is the signal triggered by the resonant
transfer of energy only.

The S/N ratio is not always better for more channels. If some
of the channels used are “noisier,” then the overall data might
have a lower S/N average value. The measure for the goodness
of fit is worsened with the decrease of the S/N ratio. In a FRET
experiment where autofluorescence occurs additionally, the S/N
ratio is worsened by the autofluorescence that overlaps the FRET
signal. However, the donor and the acceptor molecules can have
different fluorescence profiles on the different spectral regions
that are analyzed. Acknowledging that a signal from both the
donor and acceptor are detected simultaneously and reflecting
this in the mathematics of the global analysis can give, overall,
a more accurate parameter estimation of the data.
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