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Abstract. Accurate quantification of Förster resonance energy transfer (FRET) using intensity-based methods is difficult due to the overlap of fluorophore excitation and emission spectra. Consequently, mechanisms are required to
remove bleedthrough of the donor emission into the acceptor channel and direct excitation of the acceptor when
aiming to excite only the donor fluorophores. Methods to circumvent donor bleedthrough using the unmixing of
emission spectra have been reported, but these require additional corrections to account for direct excitation of the
acceptor. Here we present an alternative method for robust quantification of FRET efficiencies based upon the
simultaneous spectral unmixing of both excitation and emission spectra. This has the benefit over existing methodologies in circumventing the issue of donor bleedthrough and acceptor cross excitation without the need for additional corrections. Furthermore, we show that it is applicable with as few as two excitation wavelengths and so can
be used for quantifying FRET efficiency in microscope images as easily as for data collected on a spectrofluorometer. We demonstrate the accuracy of the approach by reproducing efficiency values in well characterized FRET
standards: HEK cells expressing a variety of linked cerulean and venus fluorescent proteins. Finally we describe
simple ImageJ plugins that can be used to calculate and create images of FRET efficiencies from microscope images.
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1

Introduction

Förster resonance energy transfer (FRET) is becoming widely
utilized to measure the proximity of molecules, structural
changes within macromolecules, as a signal of biochemical
events and as a sensor of local conditions.1–6 In FRET, one fluorophore, known as the “donor,” after being excited by an initial
photon of light (usually supplied by a laser or a filtered arc
lamp), spontaneously transfers its energy to another molecule,
the “acceptor,” by a nonradiative dipole-dipole interaction.7 The
probability of energy being transferred in this way is related to
both the spectral characteristics of the fluorophores involved and
the distance between them, making the technique useful for
proximity and structural measurements.
FRET is normally quantified by the efficiency of transfer, E,
which is the proportion of light absorbed by the donor that is
transferred in this nonradiative manner to the acceptor. While
E can be determined by measurements of the fluorescence lifetime of the donor fluorophore8–10 or of the polarization of light
emitted from the sample,11,12 the most commonly used techniques depend upon accurate measurements of the intensities
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of light emitted by one or both of the donor and acceptor
fluorophores. A requirement for FRET is that the emission spectrum of the donor overlaps with the excitation spectrum of the
acceptor, with a greater degree of overlap yielding larger transfer
efficiencies. As a consequence, the emission spectrum of the
donor usually overlaps that of the acceptor, making it difficult
to determine if light measured in the acceptor emission channel
has originated from the donor or the acceptor. The appearance of
donor fluorescence in the acceptor channel is often termed
“donor spectral bleedthrough.”
A second problem is that the excitation wavelengths of the
donor and acceptor fluorophores also generally overlap, making
it difficult to excite the donor fluorophores without also directly
exciting some of the acceptors, an issue known as either
acceptor spectral bleedthrough or cross excitation.
In practice these issues are overcome in many different ways.
One is to use donor-only samples at the same concentration as
the doubly labelled sample (either by creating a second reference sample or by photo bleaching the acceptor fluorophores
in the doubly labelled sample) and to monitor the change in
intensity in the donor emission channel that is not compromised
by acceptor emission.13–15 Acceptor photo bleaching is destructive meaning that no further measurements can be made on the
sample, and often it is difficult to bleach the acceptor without
also influencing the donor fluorophores.16 An alternative is to
use post-processing to remove bleedthrough and cross excitation
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through the use of a number of reference images determined
for donor only, acceptor only and doubly labelled samples at
different excitation and emission wavelengths (sensitized
emission).17–19
One possible way to circumvent the issue of donor spectral
bleedthrough is to take emission measurements at multiple
wavelengths so as to recreate the complete emission spectrum
of the sample. Once this is done, it can be divided into contributions from the donor and acceptor based upon the spectra of a
donor only and acceptor only sample, thus separating donor
spectral bleedthrough from acceptor emission. Notably, it is still
not possible to directly distinguish between emission from the
acceptor due to FRET and due to cross excitation as these signals
directly overlap. While such spectral measurements have previously been possible using spectrofluorometers, they have
recently become practical for microscopy with the development
of spectral detectors that are now common on commercial
microscopes, although the longer data collection times required
may limit the use in live cell studies of fast cellular interactions.
The concept of unmixing fluorescence spectra to gain FRET
efficiencies was described by Clegg,20 and more recently it has
been used to identify FRET from the relative ratio of the donor
emission peak to that of the acceptor emission peak in differing
samples.21,22 Spectral unmixing has also been used indirectly in
the quantification of FRET as a way to separate spectrally overlapping donor and acceptor signals for use in acceptor photo
bleaching or sensitized emission measurements of the transfer
efficiency.23–25 Five recent studies26–30 have shown how spectral
unmixing of the emission spectrum can be used to overcome
donor spectral bleedthrough when quantifying the FRET
efficiency. This is an ideal way to remove donor spectral
bleed through in intensity measurements; however, all these
approaches require cross excitation to be corrected in some additional manner.
Just as donor bleedthrough can be removed through unmixing of emission spectra, cross excitation can also be removed, in
principle, by unmixing of excitation spectra. That is, the contribution of the donor to emission at a given wavelength can be
distinguished from that of the acceptor by examining at what
excitation wavelengths the emission arises. Although this
approach has previously been suggested as a way to separate
spectrally overlapping fluorophores,31 it is less common due
to the lack of availability of multiple excitation wavelengths.
While a first step in this direction has been made through the
use of three intensity values to quantify FRET in a so called
excitation-emission matrix,32 to the best of our knowledge,
the complete unmixing of the combined excitation and emission
spectra has not been used to assist in the quantification of FRET.
In this manuscript we show that unmixing of the combined
excitation/emission spectra (ExEm unmixing) can be used to
accurately quantify FRET efficiency without the need for additional corrections for donor spectral bleedthrough or cross excitation. In order to develop and explain the method, we first
contrast it to the calculation of FRET obtained by unmixing
of only emission spectra (Em unmixing), presenting our own
slightly improved approach that includes a correction for cross
excitation. We are able to show that the ExEm unmixing
approach is accurate with as few as two excitation wavelengths
and is therefore applicable to data collected on any microscope
or fluorometer with a spectral detector. Both our Em and ExEm
methods can be equally well applied to microscope images on a
pixel-by-pixel basis, to average intensities of regions of interest
Journal of Biomedical Optics

in images or to individual spectra obtained from fluorometer
measurements. Furthermore, we have developed simple ImageJ
plugins to make both these methods easy to use. As the ExEm
method circumvents both the problems of donor spectral bleedthrough and cross excitation without the need for additional corrections, we believe it is a particularly appealing approach for
measuring FRET efficiency that overcomes many of the inherent
issues involved in intensity-based measurements. In addition,
the ExEm method is readily applicable to cases with more
than two types of fluorophores as it adds an extra dimension
in which to separate the overlapping spectral signatures that
can be difficult to distinguish from a single emission spectrum.

2

Theory

Before describing the details of the method, we start by graphically illustrating the principles of the spectral unmixing
approaches using a cartoon of recreated data. Figure 1 illustrates
the issues of donor spectral bleedthrough and cross excitation.
Here the emission spectrum for a sample undergoing FRET is
shown in black. This total fluorescence is a combination of
emission from the donor (blue), emission from acceptors that
were directly excited by the illuminating light (purple) and emission from the acceptor due to the presence of FRET (red). If the
emission of the acceptor is being monitored in only one channel
(e.g., at around 550 nm in the example) then the FRET signal
(red) will be compromised by the presence of donor spectral
bleedthrough and directly excited acceptor emission. Collecting
the entire emission spectrum as done in the figure allows for the
total emission to be decomposed into components originating
from the donor and acceptor as done in Em unmixing. However, with only the emission spectra, directly excited acceptors
have to be discriminated from those emitting due to FRET in a
different way.
In Fig. 2, we show how unmixing both the excitation and
emission spectra (ExEm unmixing) can circumvent both donor

Fig. 1 Illustration of how spectral unmixing of emission spectra (Em
unmixing) can be used to remove donor spectral bleedthrough. In a normal emission spectrum for a sample undergoing FRET, the total emission (black) is composed of donor emission (blue), emission from
acceptors that were directly excited (purple) and emission from acceptors due to FRET (red). Monitoring emission at only one wavelength
means that these three components cannot be distinguished. If the complete spectrum is recorded, the donor emission can be unmixed as it is
spectrally distinct from the acceptor emission, but directly excited
acceptors have to be accounted for in a different way.
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Fig. 2 Illustration of how simultaneous unmixing of excitation and emission spectra (ExEm unmixing) can be used to remove both donor spectral
bleedthrough and cross excitation. The total excitation/emission spectrum for a sample undergoing FRET (a), is composed of donor emission (b),
emission from acceptors that were directly excited (c) and emission from acceptors due to FRET (d). As none of these peaks directly overlap they
can be unmixed from one another.

spectral bleedthrough and cross excitation. In Fig. 2(a), we show
the emission spectra of a sample undergoing FRET obtained at a
number of excitation wavelengths, and again, the total emission
includes light originating from both the donor and acceptor fluorophores. However, the addition of the excitation dimension
means that emission from the donor, emission from directly
excited acceptors, and emission from acceptors due to FRET
do not coincide. Thus simple unmixing of the spectra can be
used to directly determine the FRET signal, and thus FRET
efficiency can be calculated without the need for additional corrections as has previously been required.

2.1

which will be designed to either excite the donor fluorophores
D, or acceptor fluorophores A.

SD
D
SAD
SAA
SDA
D
SDA
A

FRET by Em Spectral Unmixing

Although the focus of this manuscript is simultaneous unmixing
of both excitation and emission spectra, we start by introducing
the simpler unmixing of emission spectra. This method requires
the collection of five different spectra as listed below and shown
schematically in Fig. 3, as well as background spectra (collected
from background regions of each image or spectra taken on
blank samples) for background correction. To keep the naming
convention consistent throughout this manuscript, S refers to a
spectrum (i.e., fluorescence intensity at a number of different
wavelengths) rather than a single intensity value, while I refers
to the intensity in a single wavelength channel, in this case the
channel with maximum intensity. The superscripts describe the
samples, D for a donor only sample, A for an acceptor only sample and DA for a sample containing both donor and acceptor
fluorophores (the FRET sample). The subscripts refer to the
wavelength of excitation light used to obtain the spectra,
Journal of Biomedical Optics

B

Reference spectrum 1, donor only sample, donor
excitation
Reference spectrum 2, acceptor only sample, donor
excitation
Reference spectrum 3, acceptor only sample,
acceptor excitation
FRET spectrum, donor þ acceptor sample, donor
excitation
Acceptor spectrum, donor þ acceptor sample,
acceptor excitation
Background spectrum for each of the above. Can be
obtained from a background region of interest (ROI)
in each of the images.

The spectra should all be collected using the same instrument
settings (i.e., laser power, detection wavelengths, etc). For this
reason, the reference spectra should ideally be collected at the
same time as collecting the FRET data. Note that the two
acceptor only spectra (SAD and SAA ) should be taken on the same
sample, as should the two double-labelled spectra (SDA
D
and SDA
A ).
The process of calculating the FRET efficiency can then be
broken into the following steps as shown in Fig. 3.

026024-3

1. Background correction. Each of the reference spectra
should be corrected to remove the background signal.
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Fig. 3 Process for calculating FRET using Em unmixing.

When collecting the spectra from microscope images,
the background spectrum can be obtained simply from
the intensity of a background ROI in each of the channels used for gaining the fluorescence spectra. In a fluorometer, the background spectrum will be taken from
a blank sample (for example, containing mock transfected cells). This background spectrum can then be
either directly subtracted or unmixed from the spectra
of your sample. The first approach is appropriate if the
background is stable and the relative concentration of
cells in the sample and background are known as in the
case of collecting microscope images. When collecting spectra on a fluorometer, it is possible that the concentration of cells in the blank sample may be different
from that in the sample of interest due to differing
growth of the mock transfected cells, and thus the
background spectra should be multiplied by a factor
before it is subtracted from the sample of interest.
The value of this multiple can be determined using
Journal of Biomedical Optics
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a spectral unmixing procedure in which the spectrum
of interest is a linear combination of the background
and the signal of interest:

S ¼ cScorr þ bB

(1)

in which Scorr is a previously calculated backgroundcorrected spectrum of the sample.
The FRET spectrum SDA
D needs to also be background corrected. If you are using simple background
subtraction, that can be done at this stage. For background unmixing, this is best done at step 4 below.
2. Correct the FRET spectrum, SDA
D , to account for cross
excitation to remove fluorescence arising from the
acceptor molecules being directly excited when illuminating with the donor excitation wavelength. This is
done by an approach similar to that used by Ecker
et al.,33 but extended to quantitative measurement as
February 2013
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done by Chen et al.27 The idea is to compare the concentration of acceptor in the FRET sample compared
with that in an acceptor only sample. The amount that
the donor excitation excites the acceptor fluorophores
in the FRET sample can then be determined from the
amount that this arises in the acceptor only sample.
We expect that the intensity emitted in an acceptor
only sample when it is excited with donor excitation is
a small fraction of that found when exciting with
acceptor excitation. Ideally, we would also expect that
this fraction would be the same, irrespective of the
brightness of the specific sample being studied. In this
case the cross excitation component of the FRET spectrum will be

Ccx ¼

SDA
A
SA :
SAA D

reference spectra to find the scalar coefficients d
and a best satisfying the equation below, noting that
the background spectrum is included only if it has not
already been subtracted from the spectrum of the
FRET sample
D
A
SDA
corr ¼ dSD þ aSD þ bB:

5. A final complication arises when using PMT detectors
as these can respond differently to different wavelengths of light. Most notably these respond nonlinearly to the intensity of the incident light for faint
samples in the red, but such nonlinearity is less
obvious at shorter wavelengths. Such differing
responses of the detector can change the relative
brightness of the donor and acceptor fluorophores and
alter the calculated FRET efficiency. In our case, good
results were obtained for bright samples, but the apparent FRET efficiency decreased with sample brightness
as described in the results section. To allow for fainter
samples to be included, the relative brightness of the
fluorophores needs to be corrected for the spectral
response of the detectors at each intensity. In this case
a correction factor, GðIÞ, was determined for each
intensity value as described in the results, and the
coefficient in Eq. (6) corrected according to

(2)

However, as noted in the results section and previously described by Chen et al.,27 we found this was
not strictly true due to the nonlinear response of the photomultiplier tube (PMT) detectors to different incident
light levels. Although a linear response is expected when
using wide field illumination and charge-coupled device
(CCD) cameras,27,28 to allow for the possibility of nonlinear responses, we follow the lead of Chen et al. Rather
than define the cross excitation fraction by a single number, we find it preferable to define a function that relates
the brightness of the sample (in this case measured by
the intensity under acceptor excitation) to the intensity
of the acceptor only sample when excited by acceptor
excitation divided by the intensity when using donor
excitation. We call this the instrument response function,
FðIÞ ¼ ðI AA ∕I AD Þ, which includes the specific response of
the instrumentation being used as a function of the sample with acceptor excitation I AA . Following the lead of
Chen et al.,27 we calculate this correction by dividing the
pixels in the acceptor only images into intensity ranges
and calculating the correction ratio for each range.
Once this function has been determined, the crossexcitation component of the FRET spectrum can be
determined as:

Ccx ¼

1
SDA
A :
FðI DA
A Þ

(3)

This can be removed from the FRET spectrum to give
DA
cx
SDA
corr ¼ SD − C :

(4)

3. Normalize the two reference spectra such that the area
under each entire spectrum equals the quantum yield
(Q) of that fluorophore:

QD
D
SD
D ¼ SD × P D
SD
λ

QA
SAD ¼ SD
D×P A .
SD

a ¼ GðIÞa:

(7)

6. Calculate the FRET efficiency using

E¼

a
.
dþa

(8)

Whilst very similar to the method of Chen et al.,27 we
use unmixing not only to remove the cross excitation,
but also when calculating the coefficients used to determine the FRET efficiency [Eq. (6)] rather than using the
intensities in a single channel. This approach also allows
for a direct extension to the ExEm method described
below.

2.2

FRET by ExEm Spectral Unmixing

The ExEm method essentially reduces to the Em method when
only two excitation wavelengths chosen as the donor and
acceptor excitation wavelengths are used. However, the
ExEm approach is simpler (even when only two excitation
wavelengths are employed) as no cross-excitation correction
is required. Four spectra are required for this method, with
the fluorescence intensity recorded at a number of excitation
and emission wavelengths. The subscript denoting the excitation
wavelength is dropped in the following equations as each spectrum includes multiple excitation wavelengths.

(5)

λ

4. Deconvolute the FRET spectrum into contributions
from donor and acceptor fluorescence using the two
Journal of Biomedical Optics

(6)
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SD
SA
SDA
B

Reference spectrum 1, donor only sample
Reference spectrum 2, acceptor only sample
FRET spectrum, donor þ acceptor sample
Background spectrum
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FRET is then calculated using the following procedure
illustrated in Fig. 4:

SS ðλex ; λem Þ ¼

×

λex λem

Q
SA ¼ SA × P PA
λex λem

SA

hX

i

i
SA ðλ2 ; λem Þ ;

(10)

λ2

in which Ss ðλex ; λem Þ is the intensity of sensitized
emission at excitation wavelength λex and emission
wavelength λem ; SD ðλex ; λ1 Þ is the intensity of donor
emission at excitation wavelength λex and emission
wavelength λ1 ; and SA ðλ2 ; λem Þ is the intensity of
acceptor emission at excitation wavelength λ2 and
emission wavelength λem . This reference sensitized
emission spectrum should itself be normalized to
the quantum yield of the acceptor, QA . This is done
most easily by normalising SD to 1 and SA to QA
before calculating SS .

2. Normalize the reference spectra. The volume under the
donor only spectra should equal the quantum yield of
the donor, QD ; the volume under the acceptor only
spectra should equal the acceptor quantum yield , QA .

SD

SD ðλex ; λ1 Þ

λ1

1. Background correction. The background should be
removed from each spectrum, either by subtraction
or unmixing as above. For microscopy images, the
background can be taken from a ROI in each sample,
while for fluorometer measurements this will be made
on a separate control sample.

Q
SD ¼ SD × P PD

hX

:

4. Deconvolute the double-labelled spectra into contributions from donor fluorescence, direct acceptor fluorescence and sensitized emission to find the three scalar
coefficients d and a and f best satisfying the equation
below, noting that the background spectrum is only
included if it has not previously been subtracted from
the spectra from the double-labelled sample

(9)

3. Create a reference sensitized emission spectrum.
Sensitized emission will present itself as fluorescence
occurring with the donor excitation wavelengths and
the acceptor emission wavelengths. A reference sensitized emission spectrum can be created by combining
the normalized donor only and acceptor only spectra
according to:

SDA ¼ dSD þ aSA þ fSS þ bB:

(11)

5. If required, correct for the spectral response of the
detectors according to the intensity of the sample as
for the Em method.

f ¼ GðIÞf:

(12)

6. Calculate the FRET efficiency

E¼
2.3

f
:
dþf

(13)

Unmixing Algorithm

The removal of background spectra, the determination of the
relative acceptor concentrations in the acceptor only and
FRET samples, as well as the separation of the corrected
FRET spectrum into contributions from donor and acceptor
fluorescence, requires the unmixing of a complex spectrum into
contributions from two or more reference spectra. Techniques
for doing this are now commonly implemented in microscope
software, but it can be done simply using standard linear algebra. Using the example in Eq. (6) with no background unmixing,
we can set δðλÞ as the difference between the sum of the reference spectra and the FRET spectrum:
D
A
δðλÞ ¼ SDA
corr ðλÞ − ½dSD ðλÞ þ aSD ðλÞ:

(14)

Now the task is to find the values of d and a that minimize
δðλÞ by minimizing the value of ϵ defined as:

ϵ¼

X
δðλÞ2 .

(15)

λ

Fig. 4 Process for calculating FRET using ExEm unmixing.
Journal of Biomedical Optics

This can be done in many ways using standard matrix techniques. Here we minimize ϵ by finding its derivative, setting it
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equal to zero and solving the resulting equations using GaussJordan elimination for both the Em and ExEm methods.

3

Experimental Methods

Human embryonic kidney (HEK293FT) cells were maintained
at 37°C in 5% CO2 and complete media (Dulbecco’s modified
Eagle’s medium (DMEM) containing 0.3 mg∕ml glutamine,
100 IU∕ml penicillin and 100 μg∕ml streptomycin (Gibco) supplemented with 10% foetal calf serum (FCS) and 400 μg∕ml
Geneticin (Gibco). Transient transfections were carried out
24 h after cell seeding using Genejuice (Novagen) according
to the manufacturer’s instructions in six-well plate format
(0.3 μg cDNA/well). Experiments were performed 48 h posttransfection.
Transfected HEK293FT cells were fixed with 4% (weight/
volume) paraformaldehyde/5% (weight/volume) sucrose for imaging on a Nikon A1 laser scanning confocal microscope using
a Nikon PlanApo VC 60× NA 1.4 oil-immersion objective lens.
The samples were illuminated with either a 405 or 488 nm solidstate laser to excite the cerulean (donor) and venus (acceptor)
proteins, respectively. Images were taken in spectral mode,
with data separated into 24 wavelength channels at 10 nm intervals between 420 and 660 nm.
For measurement on the spectrofluorometer, cells were suspended in phenol red-free DMEM buffer, placed in a 1 cm pathlength cuvette and emission spectra obtained on a Varian Cary
Eclipse Spectrofluorometer from intensities recorded at 56 different emission wavelengths between 430 and 650 nm for each
of 44 different excitation wavelengths between 380 and 552 nm.

4

Results

The ExEm unmixing method described here was tested by determining the FRET efficiencies for five well-characterized FRET
standards for which the FRET efficiency has previously been
determined using a number of techniques. Three of the FRET
standards involve cerulean and venus fluorescent proteins joined
by linkers of 5, 17, or 32 amino acids termed C5V, C17V, and
C32V, respectively.34 The last two involve either two cerulean
proteins joined to one venus (CVC) or two venus joined to one
cerulean (VCV).35

In addition to the FRET standards expected to display FRET
values greater than 0.3, we include a non-fretting sample consisting of a mixture of cells expressing either Cerulean or Venus
cDNA. In this sample, the donor and acceptor are far from each
other (in separate cells), making FRET extremely unlikely.
However, light collected from the sample will contain emission
from both donor and acceptor. Thus analyzing the emitted light
provides a good test that the unmixing procedure can separate
the donor and acceptor fluorescence and find no sensitized emission. When using the fluorometer, the two cell samples were
mixed in a sample cuvette so that the recorded spectrum
included emission from both cell samples. For the microscope
data, pairs of ROIs (one of a cell expressing Cerulean and one of
a cell expressing Venus) are combined.
Each of these constructs was expressed in HEK293FT cells,
and the FRET efficiency was determined using each of the methods described here as summarized in Table 1 and described in
more detail below.

4.1

FRET from ExEm Spectral Unmixing of
Fluorometer Data

Examples of the ExEm spectra obtained on the fluorometer are
shown in Fig. 5, including the sensitized emission spectrum
obtained from convoluting the donor and acceptor spectra as
described in Eq. (10). The spectra obtained for the “Mix” sample, which included cells expressing either cDNA for cerulean
only or venus only mixed in the sample cuvette, shows the donor
and acceptor peaks, but the third sensitized emission peak is not
present, indicating that no FRET is taking place. In contrast,
each of the C5V, C17V, VCV, and CVC samples clearly
show three peaks corresponding to emission directly from the
donor, directly excited acceptor and sensitized emission. As
described in the introduction, in contrast with Em emission
spectra in which the sensitized emission and directly excited
acceptor emission overlap, in the ExEm case a new third peak
appears when FRET is taking place making the presence of
FRET unambiguous. The relative intensity of the donor and sensitized emission peaks can be used to obtain the FRET efficiencies, which are reported in Table 1. These data also show
excellent agreement with reported values indicating the

Table 1 FRET efficiencies ±standard error in the mean determined for each of the methods described here and the values reported in the literature by
Koushik et al.34 and Chen et al.35 Numbers in brackets refer to the number of independent cells used to obtain the average FRET efficiency. Standard
errors are not given for the fluorometer data as these are obtained from only one set of spectra for each situation.
FRET efficiency
Fluorometer

Microscope

Sample

ExEm

ExEm

Em

Reported value

C5V

0.42

0.44  0.01 (134)

0.43  0.01 (134)

0.43  0.0234

C17V

0.38

0.38  0.01 (32)

0.39  0.02 (32)

0.38  0.0334

C32V

0.30

0.34  0.02 (75)

0.33  0.01 (75)

0.31  0.0234

VCV

0.73

0.63  0.04 (30)

0.60  0.04 (30)

0.69  0.0135

CVC

0.36

0.41  0.02 (106)

0.42  0.02 (106)

0.40  0.0135

Mix

0.00

0.00  0.01 (54)

−0.01  0.03 (54)
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Table 2 FRET efficiency determined for C5V with ExEm spectral
unmixing using different amounts of data based upon the numbers
of excitation wavelengths. All results make use of the complete number
(56) of emission wavelengths.
Number of
excitation
wavelengths

Fig. 5 Example spectra from ExEm spectral unmixing of data collected
on a spectrofluorometer. ExEm spectra are shown for (a) cerulean only;
(b) venus only; (c) the sensitized emission spectrum obtained from convoluting the donor only and acceptor only spectra; (d) a mixture of cells
expressing either venus or cerulean only; (e) C5V; (f) C17V; and (g) VCV
and (h) CVC. Contours are shown at intensity levels of 1, 2, 4, 6, 8, 12,
16, 24, 32, 48 and 64.

feasibility of using the ExEm unmixing approach for quantifying FRET efficiencies.

4.2

How Many Excitation Wavelengths Are
Required?

The ExEm spectra obtained from the fluorometer involve 44
different excitation wavelengths and 56 different emission
wavelengths. While it is easy to collect such data on a spectrofluorometer in which the excitation wavelength can be changed
at will, this may not be so easy if the method was to be used on a
microscope. Thus it is important to know how many different
excitation wavelengths are required to accurately determine the
FRET efficiency using ExEm spectral unmixing.
To answer this question, smaller quantities of data were
extracted from the ExEm spectra, and calculations were made
just using these. Surprisingly, as can be seen in Table 2, accurate
results were obtained with as few as two excitation wavelengths,
including those used in collecting the microscope data. This suggests that the ExEm approach could be extended to microscope
data without the need for a large number of excitation wavelengths. Although the fact that good results can be obtained
with such little data may seem surprising, it is worth noting
that relatively good results have been obtained both here
and elsewhere using the Em unmixing method with only two
Journal of Biomedical Optics

FRET
efficiency

Wavelengths
used

44

0.418

22

0.418

11

0.419

7

0.417

5

0.412

4

0.422

420, 464, 508, 552

3

0.414

424, 472, 520

3

0.412

428, 480, 532

3

0.416

432, 488, 544

3

0.420

404, 460, 508

2

0.412

408, 508

2

0.418

420, 508

2

0.414

404, 488

excitation wavelengths. Better results should be expected
from the ExEm method when given the same amount of data
as the Em method, as there is no need for cross excitation
corrections.

4.3

FRET from Spectral Unmixing of Microscope
Data

Spectral unmixing of the microscope data can be performed in
two ways, both of which are implemented in our ImageJ plugins
described below. The first is to calculate the FRET efficiency of
each pixel of the image (Fig. 6), to produce an image of FRET
efficiencies. The FRET efficiencies in ROIs in the image, corresponding with each of the cells being imaged, can then be
averaged. Alternatively, intensities can be averaged within
each ROI in the microscope images resulting in a single set
of spectra for each cell, as depicted in Fig. 7, which can be
unmixed to calculate the average FRET efficiency for each
cell. While the first method allows a graphical representation
of FRET occurring in the cell and is good for visualizing regions
in the cell with different FRET efficiencies, the second approach
of first averaging intensities in an ROI before calculating FRET
provides slightly more reliable quantitative results which are less
prone to movement or noise. Thus we report the values obtained
in this second approach in Table 1.
To test if the ExEm unmixing algorithm could be used to
quantify FRET from microscope images obtained at two excitation wavelengths, we analyzed spectral images of the cerulean-venus constructs expressed in HEK cells. An example of
the ExEm spectra constructed from the microscope data is
shown in Fig. 7. While these may not look as informative as

026024-8

February 2013

Downloaded From: http://biomedicaloptics.spiedigitallibrary.org/ on 10/18/2015 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx

•

Vol. 18(2)

Mustafa et al.: Quantitative Förster resonance energy transfer efficiency measurements. . .

Fig. 6 Construction of FRET image: (a) An excerpt of a 512 × 512 pixel
confocal microscope image of HEK293FT cells expressing the C5V construct. Each pixel is approx 0.415 μm across and a 10 μm scale bar is
shown. The color represents fluoresence intensity using the ImageJ
lookup table “fire.” (b) A FRET efficiency image created using the
ExEm unmixing method for each pixel. Scale bar shows coloring of efficiency values.

the spectra pictured in Fig. 5, it is evident that the C5V sample
has three high-intensity regions corresponding with donor emission, sensitized emission, and directly excited acceptor
emission.
Using the ExEm unmixing method, it is possible to directly
calculate the FRET efficiency of each of the cells in the microscope images to compare with reported values. In our case, however, an additional instrumental correction is required to allow
pixels of all intensities to be included. To illustrate this, in Fig. 8
we show the FRET efficiency for each of the C5V cells, determined using the ExEm spectral unmixing method with no correction for the spectral sensitivity of the detectors. Clearly, at
both the level of individual pixels [Fig. 8(a)] or within ROIs
encompassing each cell [Fig. 8(b)], the calculated FRET efficiency changes dramatically as a function of the total brightness
of the pixel or ROI. That is, fainter parts of the images have a
lower FRET efficiency than brighter parts. A similar effect has
previously been reported by Chen et al.27 and Levy et al.30 who
noted that the PMT detectors on common microscopes do not
respond linearly to different incident light intensities, and that
this response may differ depending on the incident wavelength.
In our case, the detectors show a much greater deviation from
Journal of Biomedical Optics

linearity in the red part of the spectrum (longer wavelengths)
than in the blue (shorter wavelengths). As a consequence, the
acceptor emission appears less intense relative to the donor
emission in faint cells compared with bright cells as can be seen
in the emission spectra plotted in Fig. 8(c). As can be seen in
Fig. 8(a), the efficiency values approach a constant value at high
intensities, so it is possible to gain accurate results by using only
the brightest parts of the images. However, if reliable results are
to be obtained independent of the pixel brightness, then a correction for the spectral response of the instrument is required. It
is worth noting that while this nonlinear response is common in
most PMT detectors, it may not be to the level reported here
if the instrument has been well precalibrated and linearized.
Furthermore, such nonlinearity is not generally present for
CCD cameras which are more common on wide field microscopes. Thus the instrument spectral response correction may
not be required in many cases.
While the spectral response can be calibrated using a light
source with a well characterised intensity versus wavelength
output,30 such a source is not often readily available. The spectral response can also be corrected by noting that for a sample
with fixed donor to acceptor stoichiometry, as in any one of the
FRET samples used here, the ratio of donor to acceptor intensity
should not change with pixel brightness. Thus deviations from
this constant value represent the different response of the detector to different wavelengths of incident light. To apply this correction, one set of images was chosen as a control and the pixels
were divided into intensity ranges based upon the brightness in
one channel representing acceptor emission with either donor or
acceptor excitation. The ratio of the total donor emission to
acceptor emission [characterized by the coefficients d and f
in Eq. (11)] was calculated for each pixel intensity range,
then normalized to the ratio in the 10 brightest pixel intensity
ranges and stored in a table we call the spectral response function, GðIÞ. The normalization to the brightest channels is done
as the detector response appears linear for all wavelengths in
these bright channels. The data in the spectral response table
represents the amount by which the acceptor intensity needs
to be multiplied to account for the nonlinear response of the
detectors such that the ratios will be the same as in the bright
pixel intensity ranges. Thus the correction can be applied during
the FRET calculation by multiplying the coefficient f in
Eq. (11) by the spectral response correction corresponding to
the intensity of the pixel for which the calculation is being
made, f → f × GðIÞ, before proceeding to calculate the FRET
efficiency.
An example of the calculated spectral response correction is
shown in Fig. 9. It can be seen that the poor response of the
PMTs to red light means that the intensity of the acceptor is
underestimated by up to 1.6 fold in the faint pixels. To demonstrate the effectiveness of the spectral response correction, the
FRET efficiencies determined in ROIs corresponding to 134 different cells expressing C5V are plotted in Fig. 8(b) with and
without the spectral correction. The clear dependence of efficiency on ROI intensity that is present prior to spectral response
correction is removed when the correction is applied. This can
be seen even more clearly in Fig. 9(b) where we show the
average FRET efficiency calculated from the ROIs shown in
Fig. 8(b), using only the ROIs that have an average intensity
above the value shown on the x-axis. Without the spectral
response correction, the FRET efficiency only converges to a
stable value for ROIs with an intensity greater than 2000.
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Fig. 7 Example data from ExEm unmixing of microscope data. ExEm spectra are shown for (a) cerulean only; (b) venus only; (c) the sensitized emission
spectrum found from convoluting the cerulean and venus spectra; and (d) the C5V construct.

Fig. 8 FRET efficiency calculations without instrument spectral response correction: (a) The FRET efficiency calculated at each pixel of an image of
HEK293FT cells expressing C5V is plotted versus the acceptor emission intensity of the pixel (in the wavelength channel representing the peak in
acceptor emission). The average FRET efficiency for each pixel intensity value is shown by the red line. (b) The FRET efficiency calculated in ROIs
corresponding to cells expressing C5V are shown without (red) and with (black) instrument spectral response correction as a function of the average
acceptor emission intensity in the ROI. (c) Emission spectra found for ROIs corresponding to cells expressing C5V under 405 nm excitation, normalized
to the intensity of maximal donor emission. Each line corresponds with the spectrum found for an ROI with different emission intensity in the donor
channel as indicated in the legend. (d) The FRET efficiency calculated in ROIs corresponding to cells expressing C5V are plotted against the calculated
unquenched donor:acceptor ratio. The faintest ROIs are shown in red and blue, while the bright ROIs presenting robust data are shown in black.
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The FRET efficiency values obtained using ExEm spectral
unmixing of the microscope data, averaged over all the imaged
cells, are given in Table 1. The results are in close agreement
with the previously reported values for these samples and
those obtained from unmixing the fluorometer data. The negative control is also calculated to have no FRET taking place.
4.3.1

Fig. 9 Instrument spectral response correction: (a) The spectral response
correction [GðIÞ] related to the normalized ratio of donor to acceptor
emission intensities in a sample with fixed FRET efficiency is plotted
against the maximal acceptor emission intensity of each pixel.
(b) The average FRET efficiency for cells expressing C5V is shown
using only ROIs that have average acceptor intensity above the
value shown on the x-axis, before (red) and after (black) instrument
spectral response correction.

While it is difficult to completely account for the detector efficiency for the faintest cells, good results are obtained for all
ROIs with intensity above 500.
Random association of fluorophores can produce a systematic change in FRET efficiency with fluorophore density due to
the presence of inter-molecular FRET.36,37 Such a behavior is
not expected in our system given the likely expression levels
of the constructs. The dependence of FRET efficiency upon
fluorescence intensity seen in our raw data appears to be due
to the spectral sensitivity of the detectors rather than increasing
fluorophore association. This is supported by the FRET efficiency being constant for all the bright ROIs and the change
in efficiency with brightness being mostly removed after spectral correction. To further support this claim, we plot the FRET
efficiency calculated for ROIs shown in Fig. 8(b) versus the
unquenched (calculated) donor:acceptor ratio [Fig. 8(d)]. While
there is some scatter in the individual values about unity, there is
no systematic trend in the results as would be expected if intermolecular FRET was occurring. The tail of high D:A ratios is
almost completely from the low intensity ROIs (red), indicating
that they do not provide robust data.
Journal of Biomedical Optics

Em unmixing of microscope data

As a final test of the ExEm spectral unmixing algorithm, we
compare the results with those obtained using our version of
the Em unmixing approach, which only unmixes emission spectra. In this case an additional cross-excitation correction is
required to remove the signal of the directly excited acceptors
from the FRET signal. As described in the theory section, this
can be done by observing the proportion of acceptors excited
with donor excitation compared with those excited with
acceptor excitation in an acceptor only signal accounting for
the instrument response of the detector. While the instrument
response correction used when doing the cross-excitation correction has a common origin as the spectral response correction
described earlier (the nonlinear response of the PMT detectors),
this second correction only accounts for the response of the
detectors at the acceptor emission wavelengths, while the spectral response correction contains the relative response of both the
donor and acceptor emission wavelengths. As for the ExEm
unmixing algorithm, a spectral response correction is also
required for the Em method when using PMT detectors. Thus
the Em method requires cross excitation correction and two
instrument response corrections when using PMTs. In contrast,
the ExEm method requires no corrections for the fluorometer
data or CCD detectors and only one instrument response correction when using PMTs.
The FRET efficiency values obtained with ExEm unmixing
show general agreement with that obtained using the Em
approach as shown in Table 1. Notably, the ExEm approach
yields more reliable results for faint pixels and is closer to
the reported values for the VCV construct.

5

ImageJ Plugins

A plugin for ImageJ called “Fretty” has been developed to
expediate the analysis of microscope images using the methods
described here. This contains two methods, one for each of the
Em and ExEm spectral unmixing approaches, the graphical
interfaces of which are shown in Fig. 10. The final FRET analysis can either be applied on a pixel-by-pixel basis to create a
FRET image, in which each pixel contains the FRET efficiency
at that location, or to calculate the FRET efficiency within
regions of interest. The plugin is available from the authors
or through the ImageJ plugin repository. A detailed user guide
is provided on our website (karri.anu.edu.au), so we give only a
brief description of the use of the ExEm unmixing program here.
For each sample, the emission spectra needs to be collected
using a spectral detector for at least two excitation wavelengths.
These images are combined into stacks, ordered such that all the
emission wavelengths for one excitation are found in sequence
before moving to the next excitation wavelength. Reference
spectra can be automatically generated once regions of interest
in either the donor only or acceptor only image have been drawn
using the ImageJ ROI manager. The spectral response function
can also be automatically created from data from a FRET sample
once the number of intensity bins to be used in generating the
response function has been specified and ROIs have been drawn
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Fig. 10 Screen shots of the graphical interfaces for the ImageJ plugin Fretty for FRET analysis of microscope images using ExEm (a) and Em (b) spectral
unmixing.

around the foreground regions of the image. The reference spectra and spectral response function can be saved for later use
(ideally a new set should be created each time new FRET
data are collected).
Analysis of FRET images is straightforward once a stack
containing data from a FRET sample has been created. If creating a FRET image, then the transfer efficiency will only be calculated for pixels whose intensity is above a designated
threshold to avoid background regions showing up in the image.
In this case, no ROIs need to be drawn and a new image will be
generated in which each pixel value represents the FRET efficiency at that position. If calculating FRET in ROIs, then these
must first be drawn on the image with the ROI manager, and
once the analysis is complete a results table will be generated
listing the average FRET efficiency value in each ROI.

6

Discussion

A number of recent studies have used spectral unmixing of
emission spectra to aid the quantification of FRET. By doing
so, they explicitly account for donor spectral bleedthrough, but
acceptor cross excitation has to be accounted for through an
additional correction. The methods differ in exactly how this
correction is determined and each has its strengths. The Em
method presented here follows these approaches with close
similarities to the corrections of Ecker et al.,33 and Chen
et al.27 An advantage of both our method and that of Chen
et al. is that they can account for nonlinear instrument responses
Journal of Biomedical Optics

that otherwise yield different FRET efficiencies for cells of different intensities. In addition, unlike the method of Thaler et al.26
the concentrations of the reference samples need not be known.
The ExEm method described here involves the unmixing of
both excitation and emission spectra and so directly accounts for
both donor spectral bleedthrough and acceptor cross excitation
without the need for additional corrections. An advantage of this
approach is that the presence of FRET can be unambiguously
determined by the appearance of a third peak in the spectra,
which does not overlap the donor only or acceptor only spectra.
While we initially expected that the ExEm approach would
require the use of a large number of different excitation wavelengths, we found that better results were obtained with this
method than with Em spectral unmixing when using only two
excitation wavelengths. ExEm spectral unmixing is considerably more elegant than the Em approach for quantifying
FRET efficiencies, as it does not require specific cross-excitation
corrections and recognises FRET by the presence of a spectral
peak that does not overlap either the donor or acceptor signals.
In hindsight, it is not surprising that it outperforms the Em
approach when given the same data. The availability of multiple
lasers, tunable gratings with arc lamp excitation, or tunable
white lasers will make the simpler ExEm approach even more
appealing in the future, as the use of additional excitation wavelengths will make the approach even more accurate.
A particularly promising future application of the ExEm
method described here is in studies with more than two
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fluorophores present, such as when examining the interactions
of three different proteins. The unmixing of both excitation and
emission wavelengths is particularly helpful for separating the
signals from multiple overlapping fluorophores. This could be
useful, for example, when FRET is simultaneously taking place
between different types of fluorophores, such as in three-color
FRET where the acceptor for transfer from another fluorophore
can act as a donor for transfer to a third fluorophore.38–43
Unmixing of both the excitation and emission wavelengths
would allow for robust analysis without making any assumptions about how each excitation wavelength excites each fluorophore type.
One issue with the methods described here is that while the
contributions from free acceptors can be distinguished from
those involved in DA pairs undergoing FRET, free donors cannot be identified and this can compromise FRET values.44,45
Approaches to overcome this include adding additional data
such as lifetime measurements44 or additional calibration.30,45
FRET is being ever more commonly utilized for examining protein-protein interactions, the composition of macromolecular
complexes, examining protein structure and conformational
changes, and as an indicator of biochemical events.6 The methods and user interfaces described here add to the arsenal of scientists needing to accurately quantify FRET efficiencies, and we
envisage them being useful for a range of applications in both
microscopy and spectrometry.
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