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ABSTRACT
We present here the phasor approach to biosensor Förster resonance energy transfer (FRET) detection by ﬂuorescence lifetime imaging microscopy (FLIM) and show that this
method of data representation is robust towards biosensor design as well as the ﬂuorescence artifacts inherent to the cellular environment. We demonstrate this property on a series of dual and
single chain biosensors, which report the localization of Rac1 and RhoA activity, whilst performing
concomitant ratiometric FRET analysis on the acquired FLIM data by the generalized polarization
(GP) approach. We then evaluate and compare the ability of these two methods to quantitatively
image biosensor FRET signal as a function of time and space. We ﬁnd that with lifetime analysis in
the phasor plot each molecular species is transformed into a two-dimensional coordinate system
where independent mixtures of ﬂuorophores can be distinguished from changes in lifetime due to
FRET. This enables the fractional contribution of the free and bound state of a dual chain biosensor
or the low and high FRET species of a single chain biosensor to be quantiﬁed in each pixel of an
image. The physical properties intrinsic to each biosensor design are also accurately characterized
by the phasor analysis; thus, this method could be used to inform biosensor optimization at the
developmental stage. We believe that as biosensors become more sophisticated and are multiplexed
with other ﬂuorescent molecular tools, biosensor FRET detection by the phasor approach to FLIM
will not only become imperative to their use but also their advancement. Microsc. Res. Tech.
00:000–000, 2011. V 2011 Wiley-Liss, Inc.
C

INTRODUCTION
The development of ﬂuorescent protein biosensors
coupled with live-cell imaging has enabled the visualization and measurement of intracellular molecular
dynamics with high spatiotemporal resolution (Gaits
and Hahn, 2003; Hahn and Toutchkine, 2002). Fluorescent biosensors designed to probe kinase, phosphatase
and GTPase activity, second messenger dynamics,
metabolites such as glucose, and receptor–effector coupling are just a few examples of the continuously
expanding collection currently available (DiPilato and
Zhang, 2010; Wallrabe and Periasamy, 2005). The
great majority of biosensors based on ﬂuorescent proteins use an inherent FRET (Förster resonance energy
transfer) interaction to respond to the level of cellular
activity being probed (Ibraheem and Campbell, 2010;
Tsien, 1998). Given that these molecular tools are
designed to report on the spatial localization, temporal
coordination, and biochemical concentrations of speciﬁc signaling events, detection and quantitation of
FRET as a function of time and space in cells is a
matter of great interest.
FRET is a phenomenon where a donor ﬂuorophore in
an excited electronic state transfers its excitation
energy to a nearby acceptor ﬂuorophore via nonradiaC
V
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tive dipole-dipole interaction (Clegg, 1995; Förster,
1965). Distance and orientation determine whether a
donor-acceptor ﬂuorophore pair can undergo FRET,
and this is the key to differentiating the on and off
state (dynamic range) of a FRET biosensor (Tsien,
1998). When a FRET interaction does occur, the donor
ﬂuorescence intensity and lifetime are quenched and
the acceptor ﬂuorescence intensity is enhanced, as well
as shifted in lifetime (Lakowicz and Masters, 2008). In
theory, any one of these changes can be used to detect
the spatiotemporal dynamics of a FRET biosensor and
thereby generate a FRET image. In practice, the technical challenge is to quantify and differentiate a FRET
signal from the several other sources of ﬂuorescence
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that are present in live cells (Periasamy et al., 2008;
Wallrabe and Periasamy, 2005).
A FRET biosensor can be constructed using either a
dual chain or single chain design (Hodgson et al., 2010;
Tsien, 1998). A dual chain design places the donor and
acceptor on two separate molecules (chains), which
only bind upon activation. This design is advantageous
in terms of dynamic range, in that there is no baseline
interaction between the two-biosensor chains. However, by employing two chains, there is a propensity for
the donor and acceptor ﬂuorophores to distribute
unequally throughout the cell and this causes artifact
for intensity based FRET detection (Hodgson et al.,
2010). A single chain design places the donor and
acceptor on the same molecule and activation of the
target causes a conformational change that alters the
proximity and/or orientation of the ﬂuorophores
(Hodgson et al., 2008, 2010). This design is advantageous for ease of image analysis. However, by connecting the donor and acceptor, they are in close enough
proximity to cause an inherent residual FRET signal
that does not originate from the cellular activity being
probed.
We present here the phasor approach to biosensor
FRET detection by ﬂuorescence lifetime imaging microscopy (FLIM) and show that this method of data
representation is robust towards biosensor design and
the ﬂuorescent artifacts inherent to a cellular environment. We demonstrate this on a series of dual and
single chain GTPase biosensors, which report the localization of Rac1 and RhoA activity (Hodgson et al.,
2008; 2010; Kraynov et al., 2000; Machacek et al.,
2009; Pertz and Hahn, 2004). We perform concomitant
ratiometric FRET analysis on the acquired FLIM data
by the generalized polarization (GP) approach (Parasassi et al., 1991), demonstrating the advantages of the
phasor approach.
Rac1 is known to promote membrane protrusion at
the leading edge, while RhoA regulates contractility in
the cell body and at adhesions throughout the cell
(Burridge and Wennerberg, 2004). Recent studies
using the biosensors employed here indicate that Rac
and Rho interact at the leading edge to regulate protrusion, with RhoA activation being synchronous with
edge advancement and Rac1 shifted 2 lm behind
(Machacek et al., 2009; Pertz et al., 2006). With these
spatiotemporal dynamics in mind, we evaluate the
ability of each method to quantitatively image a FRET
signal as a function of time and space.
Determination of FRET Using Intensity Based
Ratiometric Analysis and the GP Function
Quantitation of the FRET signal from a biosensor
requires knowledge of the relative concentrations of
the different states of the biosensor: the free and bound
state of a dual chain design and the low FRET (LF) and
high FRET (HF) state of a single chain design
(Hodgson et al., 2010). In either case, the various forms
of the biosensor are a linear combination of the spectra
of the donor and the acceptor ﬂuorophores; thus, an
intensity based ratiometric method of analysis should
be sufﬁcient to derive the relative concentration of the
two species after calibration for instrumental artifacts
(e.g., spectral bleed through). In the cellular environment this is not the case, since not all of the biosensor

expressed by the cell is optically active. In all cases of
ﬂuorescent protein expression there is a fraction of the
protein that does not completely mature (Llères et al.,
2001). This leads to biosensor ﬂuorescence at donor
and/or acceptor wavelengths that are not responsive to
the physiological state being measured. Furthermore
the two ﬂuorescent proteins (donor and acceptor)
invariably experience photobleaching at different rates
(Hodgson et al., 2006) and this also results in a population of unresponsive donor only and acceptor only
FRET pairs, which accumulate over the duration of the
experiment (Figs. 1A and 1B).
Determination of the individual concentrations of
the two states of the biosensor based on intensity is
thus virtually impossible; only relative changes in the
population of the on versus off state can be ascertained
by a ratiometric method of analysis (Fig. 1C). One way
to determine this relative change is to calculate the
normalized FRET ratio of each pixel in an image by use
of the GP function [deﬁned in Eqs. (10)–(12) of the
materials and methods section]. The GP function has
been used extensively to quantify the change in spectrum of Laurdan in response to membrane ﬂuidity
(Parasassi et al., 1991; Yu et al., 1996). The GP function can also be used to measure the change in emission spectrum due to FRET and has the advantageous
property of transforming the concentration of each species into becoming additive, since the denominator of
the GP is proportional to the total ﬂuorescence intensity (Jameson et al., 1984). This enables a graphical
representation, where if we know the GP of the on and
off state of a biosensor, then the relative GP of an
unknown mixture can be found from the linear combination of the two known GPs (Fig. 1D). It is simply the
alignment of the donor and acceptor only spectra with
the on and off state of a biosensor that prevents the
determination of the individual species by spectral unmixing (Figs. 1E and 1F).
Determination of FRET Using Quenching of
the Donor Fluorescence and the Phasor
Approach to FLIM
Determination of FRET in cells at a quantitative
level is thought to be best achieved using the quenching of donor lifetime, since this parameter is changed
to a value that can be resolved from the on and off state
of a dual or single chain biosensor (Bastiaens and
Squire, 1999; Suhling et al., 2005; Wallrabe and Periasamy, 2005). FLIM measures the average lifetime of the
donor ﬂuorescence emission in the presence of the
acceptor in each pixel of an image and with prior
knowledge of the donor lifetime in the absence of the
acceptor, assigns those pixels producing a quenched
lifetime to the FRET localization. There are different
approaches available to detect FRET by FLIM, distinguished by image acquisition in either the time or the
frequency domain (Chandler et al., 2006; van Munster
EB, 2005; Wallrabe and Periasamy, 2005). FLIM data
is primarily acquired in the time domain with analysis
proceeding by ﬁtting the average ﬂuorescence decay in
each pixel using an exponential model. However, this
mode of analysis presents a formidable computational
problem when multiple ﬂuorescent species are present
as is always the case in any FRET experiment.
Microscopy Research and Technique
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Fig. 1. Intensity based biosensor FRET detection of a dual and single chain biosensor. A: The ﬂuorescent species encountered in dual
chain biosensor FRET detection: donor chain, acceptor chain, and the
donor and acceptor chain bound. B: The ﬂuorescent species encountered in single chain biosensor detection: optically inactive biosensor,
low FRET biosensor, and high FRET biosensor. C: Emission spectra of
the various ﬂuorescent species present in a FRET experiment that
must be linearly unmixed when performing ratiometric analysis of a
single chain or dual chain biosensor. D: Graphical representation of
the additive property of GP transformation. If we know the GP of the
on and off state of the biosensor, then the fractional contribution of the

GP of an unknown mixture can be found by the linear combination of
GP1 and GP2. The fractional contribution of a third species with a
different spectrum (e.g., cell autoﬂuorescence) can also be determined
in each pixel with detection at a third wavelength. E and F: The alignment of the 3 or 4 GP values in the dual or single chain FRET experiment, respectively, prevents the determination of the contribution of
the individual species by spectral unmixing: unlike the situation illustrated with the phasor approach (Fig. 2). [Color ﬁgure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

Analysis of FLIM data in the time domain can be
simpliﬁed by use of the phasor approach, a vector representation conventionally employed to analyze data
collected in the frequency domain (Clayton et al., 2004;
Digman et al., 2008; Gratton et al., 1984; Jameson
et al, 1984; Lakowicz et al., 1984). The phasor approach
provides a global view of the ﬂuorescence decay in an
image by transforming the histogram of time delays in
each pixel into a phasor. The sine-cosine transforms of
each phasor are plotted in a two dimensional space
termed the universal plot, and each phasor position is
characteristic of a particular molecular species and its
local environment (Colyer et al., 2008; Digman et al.,
2008). In the phasor space, you can distinguish a mixture of independent molecular species (which form a
linear trajectory) from a change in lifetime due to
FRET (which forms a curved trajectory) without
having to resolve the decay at each pixel into the individual exponential components (Digman et al., 2008).
Figure 2 illustrates this concept and shows that irrespective of biosensor design, analysis of a FRET signal

in the phasor plot enables the various ﬂuorescent
species present in a FRET experiment to be resolved.
The striking difference of the phasor representation
compared with the intensity ratio in Figure 1 is that
FRET changes the lifetime so that a new phasor position is produced that is not aligned with the on and off
state of the biosensor.

Microscopy Research and Technique

MATERIALS AND METHODS
Cell Culture and Treatments
COS7 cells were grown in high glucose medium from
Invitrogen, supplemented with 10% of Fetal Bovine
Serum, 5 mL of Pen-Strep and HEPES at 378C and in
5% CO2. Freshly split cells were plated onto 35-mm
glass bottom dishes coated with ﬁbronectin and then
after 24 hours, transiently transfected with the following series of GTPase biosensors sourced from the Hahn
Laboratory, University of North Carolina: (1) Rac1
dual chain biosensor (CyPet-Rac1 and YPet-PBD);
(2) Rac1 dominant negative dual chain biosensor
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Fig. 2. Analysis of the FRET signal from a dual chain and single
chain biosensor in the phasor plot. A: Dual chain design: the phasor
location of the donor-only species and autoﬂuorescence form the linear combination from which a phasor distribution due to FRET will
originate. By superimposing a FRET trajectory [deﬁned by Eq. (9) in
the Materials and Methods section] over the most quenched lifetime
we can determine the efﬁciency of the FRET state of the biosensor,
and from the line that connects this FRET state back to the donor,
quantitate the population of donor undergoing FRET in each pixel.
B: Single chain design: the phasor location of the donor-only species

is no longer the off state of the biosensor. Instead, it is a low FRET
state due to a residual FRET signal inherent to the single chain
biosensor design. In this scenario the low FRET state, which is
shifted toward a shorter lifetime along the FRET trajectory from the
donor phasor is the off state and then further shifted to the most
quenched lifetime along the FRET trajectory is the high FRET state.
The population of molecules undergoing FRET can be quantiﬁed
from the line that connects these two phasor positions. [Color ﬁgure
can be viewed in the online issue, which is available at wileyonline
library.com.]

(CyPet-T17N-Rac1 and YPet-PBD); (3) Rac1 constitutively active dual chain biosensor of (CyPet-Q61L-Rac1
and YPet-PBD); (4) RhoA single chain biosensor (RBDCitrine-1L-ECFP-RhoA); (5) RhoA constitutively membrane bound biosensor (RBD-Citrine-1L-ECFP-RhoAkRas). The plated cells were then left for a further 24
hours at 378C/5% CO2 and then serum starved in
unsupplemented high glucose medium. The Rac biosensors tested were stimulated with 50 ng mL21 of epidermal growth factor (EGF), Sigma Aldrich. The Rho
biosensors tested were stimulated with 2.3 lM of lysophosphatidic acid (LPA), Cayman.

sor plot space was performed by measuring ﬂuorescein
(pH 9.0), which has a known single exponential lifetime of 4.04 ns.

Microscope
FLIM and ratiometric data were acquired concomitantly with the Zeiss LSM710 META laser scanning
microscope, coupled to a 2-photon Ti:Sapphire laser
(Spectra-Physics Mai Tai, Newport Beach) producing
80 fs pulses at a repetition of 80 MHz, and a ISS A320
FastFLIM box to acquire the lifetime data. A 633
water immersion objective 1.2 N.A. (Zeiss, Germany)
was used for all experiments. The donor ﬂuorophore of
each biosensor was excited at 800 nm with the 2-photon laser: this wavelength caused negligible direct
excitation of the acceptor ﬂuorophore. A SP 760 nm
dichroic ﬁlter was used to separate the ﬂuorescence
signal from the laser light. The ﬂuorescence signal
was directed through a 509 LP CFP/YFP ﬁlter, and
the donor and acceptor signal split between two photomultiplier detectors (H7422P-40 of Hamamatsu), with
the following bandwidth ﬁlters in front of each: CFP
470/22 and YFP 542/27, respectively. For image acquisition, the pixel frame size was set to 256 3 256 and
the pixel dwell time to 25.61 ls/pixel. The average
laser power at the sample was maintained at the mW
level. The FLIM and ratiometric data were acquired
and processed by the SimFCS software developed
at the Laboratory for Fluorescence Dynamics
(www.lfd.uci.edu). Calibration of the system and pha-

Data Analysis
Phasor Transformation. The phasor transformation and data analysis were performed using the
SimFCS software available at the www.lfd.uci.edu. Every pixel of the FLIM image is transformed into one
pixel in the phasor plot. The s and g coordinates in the
phasor plot, which correspond to a given decay I(t) are
deﬁned by the expressions by:
R1
gi;j ðxÞ ¼

0

Ii;j ðtÞcosðxtÞdt
R1

Ii;j ðtÞdt

;

ð1Þ

;

ð2Þ

0

R1
Si;j ðxÞ ¼

0

Ii;j ðtÞsinðxtÞdt
R1

Ii;j ðtÞdt

0

where x is the laser repetition angular frequency, and
the indexes i and j identify a pixel of the image. If the
data are measured in the frequency domain then:
gi;j ðxÞ ¼ mi;j cosðui;j Þ;

ð3Þ

Si;j ðxÞ ¼ mi;j sinðui;j Þ;

ð4Þ

where mi,j and ui,j are the modulation and the phase of
the emission with respect to the excitation. If the decay
is single exponential I (t) 5 Ae2t/s the coordinates of
the phasor are given by:
Microscopy Research and Technique

5

BIOSENSOR FRET DETECTION

gi;j ðxÞ ¼

Si;j ðxÞ ¼

1
2

1 þ ðxsÞ
xs

1 þ ðxsÞ2

;

ð5Þ

:

ð6Þ

In the case, where a pixel i,j has the contribution of
several exponential components, the coordinates g and
s of the phasor are given by:
gi;j ðxÞ ¼ Rk

fk
1 þ ðxsk Þ2

Si;j ðxÞ ¼ Rk

fk xsk
1 þ ðxsÞ2

;

ð7Þ

;

ð8Þ

where fk is the intensity weighted fractional contribution of the component with lifetime sk. According to
expressions 5 and 6 for the coordinate of a phasor for a
single exponential decay

experimental position of the phasor of a given pixel
along the trajectory determines the amount of quenching and therefore the FRET efﬁciency. The contributions of the background and of the donor without
acceptor are evaluated using the rule of the linear combination [Eqs. (7) and (8)], with the background phasor
and the donor unquenched determined independently.
As depicted in Figure 2 the operator moves the cursor
along the curved trajectory to the point where there is
a cluster of phasors. Using the reciprocal property of
the cursor, the pixels in the image corresponding to a
given FRET efﬁciency are highlighted.
Normalized Ratio or GP. For the intensity based
ratiometric analysis, we employ the normalized ratio
approach, which has the property of transforming the
concentrations of the various species additively. The
normalized ratio function calculates the normalized
FRET ratio, which enables visualization of the changes
between the two FRET states. The GP function can be
used when there is a change in the emission spectrum
due to FRET and automatically compensates for bleed
through. The GP function is related to the normal
ratiometric methods of analysis and deﬁned as follows:



1 2 1
S2i;j þ gi;j 
¼
2
4
which implies that all single exponential components
are represented by a semicircle of center (1/2,0) and radius 1/2 in the phasor plot. We name this the ‘‘universal
circle.’’ Along this semicircle a phasor corresponding to
a very short lifetime (small phase angle) is close to the
point (1,0), where as a phasor corresponding to a very
long lifetime will be close to the (0,0) point.
Resolution of Two Components. To resolve the
fractional contribution of two phasor components we
graphically solve Eqs. (7) and (8) in the phasor plot. All
phasors corresponding to the combination of the component phasors are along a segment where the segment extremes correspond to the phasors of the two
isolated components. Generally, the locations of the
two component phasors are known or are derived from
the experimental points of systems in which all possible combinations are realized. The segment is drawn
on the phasor plot and the operator selects points along
the segment to match the experimental points. The
fractional contribution of the two phasors at the cursor
location is displayed on the screen. Using the reciprocal
property of the cursor, the points in the image corresponding to that particular solution are highlighted.
FRET Efﬁciency Calculation. The trajectory is
calculated according to the classical deﬁnition of FRET
efﬁciency:
s
E¼1
sD

ð9Þ

The phasor of the donor in the absence of the
acceptor is obtained from an independent preparation
in which the acceptor is absent. The phasor corresponding to the quenched donor is calculated according
the quenching Eq. (9). The realizations of all possible
phasors that are quenched with different efﬁciencies
describe a curved trajectory in the phasor plot. The
Microscopy Research and Technique

R¼

IFRET
;
IDonor

ð10Þ

GP ¼

R1
;
Rþ1

ð11Þ

IFRET  IDonor
;
IFRET þ IDonor

ð12Þ

GP ¼

where I1 and I2 are the ﬂuorescence intensities at the
spectral band pass of ﬂuorophores 1 and 2, respectively.
Mathematically, the GP function is always bound
between 21 and 11. The GP function depends on the
choice of the band pass ﬁlters and given two band pass
ﬁlters, each ﬂuorescent substance has a speciﬁc value
of the GP. When the ﬂuorescence intensity is measured
in a ‘‘spectrally corrected’’ ﬂuorometer, the correct GP
value can be calculated directly. If we know the corrected GP value for a molecular species, for example
for ﬂuorescein or any other commonly available dye,
we can calibrate an unknown system (generally the
microscope) using the following expression and correction factor g:
GP ¼

IFRET  gIDonor
;
IFRET þ gIDonor

ð13Þ

where g is the correction factor calculated from the following expression:

g¼

1  GPc
1 þ GPc




1 þ GPr
;
1  GPr

ð14Þ

where GPc is the known value of the GP for the calibration compound and GPr is the value of the raw GP of
the same substance measured in the particular instrument that needs to be calibrated. If the denominator of
the GP function is proportional to the total ﬂuorescence
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intensity then the GP function of a mixture of two
ﬂuorophores is equal to the intensity-weighted average
of the GP of the two separate species. This property of
the GP function is referred to as the ‘‘additive property
of the GP’’ and it will be used throughout. Using the
GP, the fraction a of biosensor in the bound form can be
directly calculated from the following equation:
a¼

GP  kGPfree
;
GPbound  kGPfree

ð15Þ

where k is the ratio of the quantum yield of the biosensor in the two forms. As mentioned in the introduction,
when working with cells, there are a series of problems
with the direct application of ratiometric formula like
the GP function. First, it is unclear whether the spectra of the two forms of the biosensor (bound and free)
remain the same in the cell environment. Second, the
measured GP contains the contribution arising from
autoﬂuorescence. Figure 1 illustrates how to use the
GP approach: in the vertical axis, we plot the GP of the
two species, for example high FRET and Low FRET,
and for every GP on the y-axis, we obtain the fractional
contribution of the two species using the linear combination rule. However, for every system with more than
two components, the derivation of the fractional intensity given the GP cannot be obtained using only two
emission wavelengths, because the value of the GP of
the individual components must ﬁrst be combined with
the GP value of the third species, which requires the
knowledge of the relative fractional intensity of the
third component.
RESULTS
Dual Chain Biosensor FRET Detection
The Rac1 dual chain biosensor tested employs a
blue-green ﬂuorescent protein CyPet (donor) and a yellow ﬂuorescent protein YPet (acceptor) as the FRET
pair. On the donor chain, we have the targeted protein
Rac1 and on the acceptor chain we have the afﬁnity reagent PBD [binding domain derived from p21-activated
kinase1 (PAK1)]. The afﬁnity reagent PBD interacts
only with the activated state of Rac1, which is induced
here by EGF stimulation. Upon activation, the two ﬂuorescent proteins are brought into an orientation of
sufﬁcient spatial proximity to generate FRET. We measure concomitantly the lifetime and intensity image of
the Rac1 biosensor in the donor and FRET channel following the experimental set up speciﬁed in the Materials and Methods section. This enables a direct comparison of FRET localization by lifetime analysis with
FRET localization by intensity analysis on the same
data set.
For the FLIM analysis we need only analyze the donor channel and determine the spatial distribution of
FRET based on the degree of quenching of the donor
lifetime. The precision of the phasor location depends
on the number of counts in each pixel and so each measurement was integrated until there was a minimum
of 100 counts per pixel ( 10 frames). In general, we
acquired a measurement before EGF stimulation and
then 12 measurements after EGF stimulation each
measurement lasting about 10 s. FLIM analysis of
FRET by the phasor approach requires prior knowl-

edge of the donor phasor in the absence of acceptor. We
therefore ﬁrst measured a COS7 cell transfected with
only the donor chain CyPet-Rac1 before and after EGF
stimulation (Fig. 3A), to locate the phasor of the donor
and to check for potential artifacts due to addition of
EGF. As seen in the phasor plot of CyPet-Rac1 (Fig.
3B), addition of EGF does not cause a shift in the donor
phasor (selected within the cyan cursor), which has an
average lifetime of 2.61 ns. By use of the reciprocal
property of the phasor cursor, we highlight all the pixels in the intensity images of the cell that contain this
average lifetime (Fig. 3C).
We then measured a COS7 cell transfected with both
donor (CyPet-Rac1) and acceptor (YPet-PBD) before
and after EGF stimulation (Fig. 3D); the phasor distribution for this experiment is shown in Figure 3E. We
ﬁrst selected a region in this phasor plot that included
only pixels in the background, and marked this as the
phasor location for cellular auto-ﬂuorescence (black
cursor). A cyan cursor was then placed in the
unquenched donor position (2.61 ns) and the FRET
state of the dual chain biosensor extrapolated by superimposing a theoretical trajectory of all possible donor
phasors [deﬁned by Eq. (9) of the Materials and Methods section] over the experimentally measured distribution. This trajectory is depicted in Figure 3F and as
can be seen the efﬁciency of the FRET state (where
100% donor is quenched) is determined as 30%. The
linear combination of phasor clusters between the donor phasor and FRET state of the biosensor represent
the varying contributions of donor ﬂuorescence and
quenched donor ﬂuorescence in any one pixel. By moving the phasor cursor along the straight line drawn
between these two terminal phasor locations (Fig. 3F),
we can calculate the exact fractional contribution of
quenched donor ﬂuorescence for each pixel highlighted.
The spatial distribution of FRET detected by FLIM
in the cell over time is represented in Figure 3G by
pseudo coloring the cell images with a palette deﬁned
by the series of cursors, which extend from the donor
lifetime (inside the cyan circle) toward the FRET state.
In this color scheme, pixels highlighted in blue correspond to 0% quenched donor, green to 12% quenched
donor, yellow to 24% quenched donor, and red to 58%
quenched donor. As can be seen in the FLIM images of
Figure 3G before EGF stimulation the entire cell is
blue, which corresponds to the free state of the biosensor. After addition of EGF the population of donor
quenched in the pixels located toward the cell perimeter increases with time (see Supporting Information
Fig. S1A for FLIM analysis of this region of interest).
This indicates an increase in the number of molecules
undergoing FRET in those pixel locations and therefore
an increase in Rac1 activity. We next calculated the
normalized FRET ratio in each pixel of the images in
Figure 3A using the GP function and compared the
localization of FRET detected by this method to the
FRET localization we observed with the FLIM analysis.
The GP function calculates the difference in
intensity between the FRET and donor ﬂuorescence
intensity images, which are normalized to the total ﬂuorescence intensity; mathematically this limits a GP
value between 11 and 21. As seen in Figure 3H before
Microscopy Research and Technique
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Fig. 3. FRET detection of a Rac1 dual chain biosensor. A: CyPetRac1 before and after EGF stimulation (donor). B: Phasor plot of
CyPet-Rac1 experiment: cluster selected within the cyan cursor corresponds to an average lifetime of 2.61 ns. C: Painted FLIM image of
CyPet-Rac1. D: Intensity images of COS7 cell transfected with
both donor (CyPet-Rac1) and acceptor (YPet-PBD) before and after

EGF stimulation (donor channel). E: Phasor plot of CyPet-Rac1 and
YPet-PBD experiment. F: FRET efﬁciency calculator of CyPet-Rac1
and YPet-PBD experiment G: Painted FLIM image of this CyPetRac1 and YPet-PBD experiment. H: Average GP of CyPet-Rac1
and YPet-PBD before and after EGF stimulation. I: Painted GP
images of the CyPet-Rac1 and YPet-PBD experiment.

EGF stimulation the average GP value is 20.2 (GP of
the free state of this speciﬁc biosensor). With time after
EGF stimulation, the average GP value increases to a
maximum of 0.5 (GP of the bound state of the biosensor). The spatial localization of each GP distribution
and thus relative level of FRET activity is shown in
Figure 3I. The derived GP images indicate that the
perinuclear region of the cell is in an activated state
over the duration of the experiment (even before EGF
stimulation), and the lower right hand periphery of the
cell experiences an incremental increase in FRET with
time (see Supporting Information Fig. S1A for GP analysis of this region of interest). This localization of biosensor activity is markedly different from that shown
by the FLIM analysis. This is because intensity based
analysis is sensitive to large differences in the sub cellular concentration of biosensor components, here
causing the low concentration of donor ﬂuorophore in
the perinuclear region (Fig. 3D) to be erroneously read

as quenching of donor ﬂuorescence due to FRET. Control studies using the inactive (CyPet-T17N-Rac1) and
constitutively active (CyPet-Q61L-Rac1) donor chain
with the acceptor chain (YPet-PBD) showed only uniform low or high FRET respectively in both FLIM and
GP analysis (Supporting Information Fig. S2).

Microscopy Research and Technique

Single Chain Biosensor FRET Detection
Here, we measure the FRET activity of two single
chain RhoA biosensors (each designed for different subcellular localization) using the phasor and GP methods
of analysis. We compare the results obtained to dual
chain biosensor FRET detection. The ﬁrst single chain
RhoA biosensor tested employs ECFP (donor) and Citrine (acceptor), built into a chain that connects RhoA
(the targeted protein) with RBD (a small RhoA binding
domain derived from Rhotekin, the afﬁnity reagent),
leaving the C terminus free so that the protein is
subject to normal regulatory pathways that control
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Fig. 4. FRET detection of a single chain RhoA biosensor, with
normal subcellular localization. A: Intensity images of COS7 cell
transfected with (RBD-Citrine)-1L-(ECFP-RhoA) before and after
LPA stimulation (donor channel). B: Phasor plot of (RBD-Citrine)-1L-

(ECFP-RhoA) experiment. C: FRET efﬁciency calculator of (RBDCitrine)-1L-(ECFP-RhoA) experiment. D: Painted FLIM image of
this (RBD-Citrine)-1L-(ECFP-RhoA) experiment. E: Painted GP
images of an (RBD-Citrine)-1L-(ECFP-RhoA) experiment.

localization (i.e., binding of Guanine Nucleotide Dissociation Inhbitors, GDI). The rhotekin fragment binds
only to the activated state of RhoA, which is induced
here by LPA stimulation. Upon activation, the distance
and orientation between the ECFP and Citrine is
altered such that the FRET efﬁciency of the biosensor
is enhanced. We measure concomitantly the lifetime
and intensity image of the RhoA biosensor in the donor
and FRET channels, following the experimental set up
speciﬁed under the Materials and Methods section and
then compare the FRET localization obtained by the
two analyses.
Figure 4A, depicts the donor intensity channel of a
COS7 cell transfected with the RhoA single chain
biosensor before and after LPA stimulation. The phasor distribution of this experiment is depicted in Figure 4B and the unquenched donor phasor position is
marked within the cyan circle. As can be seen the

phasor distribution of this experiment does not
extend from the donor phasor but instead from an
origin that is right shifted to a shorter lifetime along
the superimposed FRET trajectory depicted in Figure
4C. This corresponds to the low FRET state of the
biosensor and is calculated to a have a FRET efﬁciency of 4% as consequence of the residual FRET
interaction inherent to the single chain design. Further shifted to the most quenched lifetime along the
FRET trajectory is the high FRET state of this biosensor, which is calculated to have an efﬁciency of
35%. Thus, this RhoA single chain design enables a
higher FRET efﬁciency than the coefﬁcient derived
by FLIM for the dual chain Rac1 biosensor, but at
the expense of sensitivity. The residual FRET signal
that is present even when the RhoA is in the off
state decreases the dynamic range.
Microscopy Research and Technique
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Fig. 5. FRET detection of a RhoA-kRas single chain biosensor,
with constitutive membrane localization. A: Intensity images of
COS7 cell transfected with (RBD-Citrine)-1L-(ECFP-RhoA-kRas)
before and after LPA stimulation (donor channel). B: Phasor plot of
(RBD-Citrine)-1L-(ECFP-RhoA-kRas) experiment. C: FRET efﬁciency

calculator of (RBD-Citrine)-1L-(ECFP-RhoA-kRas) experiment. D:
Painted FLIM image of this (RBD-Citrine)-1L-(ECFP-RhoA-kRas)
experiment. E: Painted GP images of (RBD-Citrine)-1L-(ECFP-RhoAkRas) experiment.

The line that connects the high FRET phasor to
the low FRET state gives the fractional population of
biosensor active, above the baseline FRET signal in
any one pixel. As with the dual chain biosensor analysis we pseudo color the cell images with a palette
deﬁned by the series of colored cursors, which extend
from the low FRET state (inside the blue circle) toward the high FRET state (red circle). In this color
scheme pixels highlighted in blue correspond to 0%
high FRET, green to 22% high FRET, yellow to 38%
high FRET, and red to 67% high FRET. The pseudo
colored FLIM images show the pixels at the leading
edge (top right hand corner) and within the back protrusions of the cell (bottom left hand corner), to show
an increase in the population of high FRET state
with time after LPA addition (see Supporting Information Fig. S1B for FLIM analysis of this region of

interest). This indicates an incremental increase in
the number of molecules undergoing FRET in those
pixel locations, which agrees spatially with where the
literature reports RhoA activity to occur upon cell
migration (Machacek et al., 2009). The GP analysis of
this experiment (Fig. 4E) reveals analogous FRET
localization to that obtained with the FLIM analysis.
The agreement of the data derived from the two techniques relates to the fact that with a single chain
design the two components of the biosensor are
ensured to distribute equally throughout the cell.
The second single chain RhoA biosensor tested places
the ﬂuorophores in the same positions as that
described for the ﬁrst, but the C terminus is now modiﬁed by attachment of a lipid motif from K-Ras in place
of the wild-type RhoA lipid modiﬁcation motif. This
modiﬁcation causes constitutive membrane localization

Microscopy Research and Technique
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through prevention of RhoA regulation by GDI, which
regulate reversible membrane localization. Figure 5A
depicts the donor intensity channel of a COS7 cell
transfected with the RhoA membrane bound single
chain biosensor, before and after LPA stimulation. The
phasor distribution of this experiment is depicted in
Figure 5B, and the unquenched donor phasor position
is marked within the cyan circle. The phasor distribution of this experiment extends from the right shifted
low FRET state of the biosensor (calculated to a have a
FRET efﬁciency of 7%) toward the high FRET state
(calculated to have an efﬁciency of 39%). However,
upon closer inspection of the phasor distribution along
the line that connects the low FRET to high FRET phasor, we see that the baseline population of high FRET
biosensor present is not equal to 0% (blue cursor). In
any one pixel, we have 9% (green cursor) to 74% (red
cursor) active biosensor. When we pseudo color the cell
images with the palette deﬁned by the cursors in Figure 5C, we see that the pixels along a broad section of
the cell membrane experience FRET before and after
LPA stimulation (Fig. 5D). The GP analysis of this
experiment (Fig. 5E) reﬂects this baseline FRET interaction and active biosensor localization (see Supporting
Information Fig. S1C for FLIM and GP analysis of this
region of interest).
DISCUSSION
Detection of FRET by an intensity-based ratiometric
method of analysis is advantageous for several reasons:
it can be performed on almost every ﬂuorescence microscope and has a good signal to noise ratio, which
enables the detection of rapid changes in biochemical
concentrations and spatial dynamics. The fundamental
problem of ratiometric analysis is that in practice it is
very sensitive to the ﬂuorescence artifacts inherent in
both a cellular environment and in biosensor designs.
Linear un-mixing cannot accurately separate the nonresponsive additional ﬂuorescent species (i.e., which
arise from differential photobleaching or incomplete
protein expression) from the on and off FRET states of
the optically active biosensor since these species have
the same spectra. For example as demonstrated upon
GP analysis of the dual chain Rac1 biosensor, the propensity of the donor and acceptor chains to distribute
unequally resulted in the perinuclear region of the cell
exhibiting a FRET signal that originated from the comparatively low expression level of donor in this zone.
Intensity based analysis of a biosensor FRET signal is
thus vulnerable to reporting a spatial localization of
FRET that is not indicative of the actual biosensor
activity, and is unable to determine the exact biochemical concentrations involved in the cellular event being
probed.
Given that biosensors are designed to report on such
molecular detail, biosensor FRET detection requires a
method that is more quantitative, and for this reason
ﬂuorescence lifetime imaging (FLIM) is considered advantageous. We show here that FRET detection by the
phasor approach to FLIM is able to unequivocally
determine the local concentration of the free and bound
state of a dual chain biosensor, the low and high FRET
species of a single chain biosensor in each pixel of an

image, and thus provide a quantitative map of the biosensor activity as a function of time. The robustness of
the phasor method is demonstrated by the fact that
irrespective of a dual or single chain design, the map of
Rac1 and RhoA activity derived is in agreement with
the localization reported in the literature upon growth
factor stimulation. We also show that the physical
properties intrinsic to each biosensor design can be
accurately characterized by phasor analysis and thus
inform biosensor optimization at the developmental
stage. For example, the dynamic range of the Rac1
dual chain biosensor is higher than that of the two
RhoA single chain designs, which exhibit residual
FRET before activation; preventing detection of low
level protein activity.
Thus, in conclusion, we believe that the phasor
approach to FLIM is an essential tool not only for the
experimental use of FRET biosensors but also for their
advancement. It is a reliable method of FRET detection
that can accurately determine in vivo the spatiotemporal dynamics of single or dual chain biosensors independent of other sources of ﬂuorescence. We believe
that as biosensors become more sophisticated and are
multiplexed with other ﬂuorescent molecular tools, the
ability of the phasor approach to transform each
molecular species into a two dimensional coordinate
system, which distinguishes independent mixtures
from changes in lifetime due to FRET, without having
to resolve the decay at each pixel into the individual
exponential components, will be imperative.
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