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Abstract: Simultaneous spectral unmixing of excitation and emission spectra (ExEm
unmixing) has the inherent ability to resolve donor emission, fluorescence resonance energy
transfer (FRET)-sensitized acceptor emission and directly excited acceptor emission. We here
develop an ExEm unmixing-based quantitative FRET measurement method (EES-FRET)
independent of excitation intensity and detector parameter setting. The ratio factor (rx),
predetermined using a donor-acceptor tandem construct, of total acceptor absorption to total
donor absorption in excitation wavelengths used is introduced for determining the
concentration ratio of acceptor to donor. We implemented EES-FRET method on a wide-field
microscope to image living cells expressing tandem FRET constructs with different donor-
acceptor stoichiometry.
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1. Introduction

Fluorescence resonance energy transfer (FRET) microscopy has become an invaluable tool
for monitoring intracellular dynamic spatio-temporal activity of biochemical events during
signal transduction. Improvements in the spectral characteristics of genetically encoded
fluorescent proteins (FPs) and FPs-biosensors enable FRET-based visualization of dynamic
signaling events to measure the protein-protein interaction of Bel-2 family proteins during
cell apoptosis [1,2] and the structural changes of fibroblast growth factors receptor
dimerization on different ligands binding [3] as well as the dependence of mitochondrial
calcium uptake from the cytosolic Ca*" signals [4] within living cells. FRET microscopy
based on multiple pairs of FP-fusions has been developed to simultaneously visualize
multiple molecular events within single live cells [5-7].

Quantification of FRET needs to resolve three spectral components: direct donor
fluorescence, direct acceptor fluorescence and FRET-sensitized acceptor fluorescence [5].
However, overlapping spectra between donor and acceptor, including donor spectral
bleedthrough (donor emission into acceptor channel) and acceptor excitation cross (direct
excitation of acceptor fluorophores by donor excitation), is inevitable for FP-FRET pairs [8].
The overlapping emission spectra of donor and acceptor can be easily resolved by spectral
unmixing of emission spectra (Em unmixing) [9-13]. However, the FRET-sensitized and
direct acceptor emission cannot be resolved by Em unmixing due to the same emission
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spectra. Therefore, donor spectral bleedthrough can be overcome by Em unmixing, but the
acceptor excitation cross must be corrected using additional manner [13—16]. Simultaneous
spectral unmixing of excitation and emission spectra (ExEm unmixing) has the inherent
ability to resolve donor emission, FRET-sensitized acceptor emission and direct acceptor
emission [5,6,17,18]. Thus ExEm unmixing is capable of simultaneously resolving the donor
spectral bleedthrough and acceptor excitation cross without additional correction.

With the improvements of commercial confocal microscope with spectra detector, Em
unmixing-based FRET quantification has been widely utilized to image biochemical events in
single live cells [13,15,19]. Recently, Mustafa and associates demonstrated that ExEm
unmixing with as few as two excitation wavelengths could be used for quantitative FRET
measurement, and for the first time implemented ExEm unmixing-based quantitative FRET
measurement on a laser scanning confocal microscope with two different excitations to image
the FRET efficiency (F) of a genetically encoded FRET construct in living HEK cells [18].
Rigorous system calibration and signal correction are required for almost every quantitative
FRET measurement on confocal microscope due to the mutable status of confocal microscope
[20-22]. On the contrary, our and other studies demonstrated that the status and performance
of wide-field microscopes were stable in quite a long time (at least three months) [13,20,22].
Recently, we for the first time developed a spectral wide-field microscope by integrating a
liquid crystal tunable filter (LCTF) into a wide-field microscope, and successfully performed
an Em unmixing-based FRET measurement on this spectral wide-field microscope [23].

In this report, we develop an ExEm unmixing-based quantitative FRET measurement
method, termed as EES-FRET. In sharp contrast to the ExEm-FRET method proposed by
Mustafa and associates [18], EES-FRET method adopts complete instrumental calibration
including the excitation intensity spectrum (wavelength-dependent excitation intensity) and
the emission-spectral response (optical transfer function of the emission light path) of system.
In addition, we introduce a ratio factor (rk) of total acceptor absorption (K,) to total donor
absorption (K)) in all excitation wavelengths used for the determination of concentration ratio
(R¢) of acceptor to donor. We implemented EES-FRET method on our spectral wide-field
microscope to obtain the quantitative £ and R images of living HepG2 cells expressing FPs-
based constructs with different acceptor-donor stoichiometry.

2. Theory
2.1 Basic equations for EES-FRET method

To keep the naming convention consistent throughout this manuscript, S without superscript
represents the unit-area-normalized excitation-emission spectra, while S with superscript
refers to the unit-area-normalized excitation or emission spectra of sample (ex denotes
excitation spectra and em denotes emission spectra). For simplicity, we describe in Table 1
symbols and notations used throughout the report.



Research Article Vol. 24, No. 14 | 11 Jul 2016 | OPTICS EXPRESS 16040

Optics EXPRESS

Table 1. Compilation of Symbols Used in the Article.

Sy Unit-area-normalized excitation spectrum of X (D for donor, 4 for acceptor)
Sy"  Unit-area-normalized emission spectrum of X (D for donor, 4 for acceptor)
Sx Unit-area-normalized excitation-emission spectral signature of X (D for donor, 4 for acceptor, S for

donor-acceptor sensitization): Sp = S ex D® Sem D, SA =S ex AQ Sem A, Ss =S ex D® S em A,
®: Outer product

Sps Image-stack: Excitation-emission spectrum of FRET sample

Ky Total X (D for donor, 4 for acceptor) absorption in all excitation wavelengths used: fex ex(A)dA

(ex(%) is the extinction coefficient of X at wavelength 1)

rx The ratio of total acceptor absorption to total donor absorption in all excitation wavelengths used:
K/Kp
C, Concentration of y (d for free donor, a for free acceptor, da for the paired donor-acceptor)

C t Concentration of total X (D for donor, 4 for acceptor)

Oy  Quantum yield of X (D for donor, 4 for acceptor)

ro Quantum yield ratio of acceptor to donor: Q./Op

Wy  Weight of component X (D for donor, 4 for acceptor, S for donor-acceptor sensitization)
E FRET efficiency of the paired donor-acceptor

E., Apparent FRET efficiency (related to total donor): EC./C t D

Rc Concentration ratio of acceptor to donor: C t 4/Ct D

Considering a FRET sample containing free donor and free acceptor as well as FRET
pairs, the net excitation-emission spectrum (Sp,) can be linearly resolved into four excitation-
emission components from free donor, the paired donor, the FRET-sensitized acceptor and
the direct-excited acceptor as follow,

SIM = CA/ KI) Ql) : SI) + Cda KI) (1 - E) Ql) : Sl) + Cda KI)EQA : SS + C; KA QA : SA * (1)

Where, E is FRET efficiency of the paired donor-acceptor in FRET sample; C, is the
concentration of free donor, C,, is the concentration of the paired donor-acceptor, and C f 4 is
the concentration of total acceptor; Kp and K, are the total donor absorption and total acceptor
absorption respectively in all excitation wavelengths used; Qp and Q, are the quantum yield
of donor and acceptor, respectively; Sp, Sy and Sg are the unit-area-normalized excitation-
emission spectral signatures of donor, acceptor and donor-acceptor sensitization, respectively,
and they are the outer product of the excitation spectra (S ex X, X = D and A) and the
emission spectra (S em X, X = D and A) measured from donor-only and acceptor-only sample,
respectively [5,18]:

S, =85 ®S
5,=5; 7. @
S =8 @S

Sorting these terms in Eq. (1) according to the three spectral signatures introduced above:

SIM = KI) Ql) (CI,) - ECA/{I ) : Sl) + Cdu KI)EQA : SS + C; KA QA : SA (3)

:VI/I).SI)+VV.\'.S.\'+VVA.SA’
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where CtD (CtD = C,;+ Cy,) is the concentration of total donor, and
VI/I) = KI)QI) (Cl') - Ecdu )
VVS = EKI)QA CA/{I (4)
W~1 = KA QA C;
are the apparent concentrations (weights) of donor, donor-acceptor sensitization and acceptor,

respectively, and they are extracted from Sp, [Eq. (3)] by spectral unmixing, specifically by
fitting the data using the least-squares method. From Eq. (4), we can obtain

W
C =—=—+EC,, ®)]
KI)QI)
W
EC, =——, (6)
KI)QA
W
Cl=—". @)
‘ KAQA

Therefore, the formulae of apparent FRET efficiency (£,,) normalized to donor
concentration and total concentration ratio (Rc) of acceptor to donor are

E =E—%=—F7"— ()

Ro=—tme—t )

where rx = K,/Kp and rp = Q.4/Op.
2.2 Determination of ry factor using a donor-acceptor tandem sample
According to Eq. (9), we can predetermine ¢ factor using a donor-acceptor tandem construct

with known R as follow:

o (10)

2.3 Process of quantitative EES-FRET measurement

As shown in Fig. 1, the process of quantitative EES-FRET measurement can be broken into
following three steps.
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Fig. 1. Scheme of quantitative EES-FRET measurement. Tandem: a tandem construct with
known acceptor-donor concentration ratio.

Step 1: Measurement of excitation-emission spectral signatures (Sp, S, and Ss)

The excitation spectra for donor (Sex D) and acceptor (Sex A) are obtained by recording the
emission of donor-only and acceptor-only sample respectively at a settled emission
wavelength with different excitations. The emission spectra for donor (Sem D) and acceptor
(Sem A) are obtained by measuring the emission spectral images of donor-only and acceptor-
only sample respectively with a settled excitation wavelength. After background correction
(background is removed from each spectrum), the excitation spectra should be corrected with
excitation intensity spectrum and the emission spectra should be corrected with emission-
spectral responses. All spectra should be normalized to unit area. Then, three unit-areca-
normalized excitation-emission spectral signatures (Sp, S, and Ss) are calculated according to
Eq. (2).

Step 2: Determination of rx factor

The excitation-emission spectrum (image-stack: Sp, (Tandem)) of a donor—acceptor tandem
construct (a donor—acceptor pair connected by a polypeptide linker) with known acceptor-
donor concentration ratio (Rc) is firstly measured by recording the emission-spectral images
with different excitations, and then is spectrally unmixed into the contributions of donor
(weight: Wp (Tandem)), donor-acceptor sensitization (weight: Wy (Tandem)) and acceptor
(weight: W, (Tandem)). The ry factor is calculated according to Eq. (10).

Step 3: Calculate E,,, and R¢ of FRET sample

The excitation-emission spectrum (image-stack: Spy (FRET sample)) of FRET sample is
measured by recording the emission spectral images with different excitations. Three
contributions (weights: Wp, W and W,) to the Sp, (FRET sample) are obtained by spectral
unmixing. Both £,,, and R are then calculated according to Eq. (8) and Eq. (9), respectively.
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3. Materials and methods
3.1 Spectral wide-field microscope for quantitative EES-FRET measurement

To perform EES-FRET method, we added two cubes to the filter-cube wheel in our recently
developed spectral wide-field microscopic FRET imaging system with an E455Ipv2 dichroic
mirror (455 nm dichroic mirror, D455) (Chroma, America) [23]. As depicted in Fig. 2, one of
the added cubes has a BP470/40 (Carl Zeiss, Germany) bandpass excitation filter and a
FT495 (495 nm dichroic mirror, D495) (Carl Zeiss, Germany) dichroic mirror, and another
one has a BP510/17 (Carl Zeiss, Germany) bandpass excitation filter and a DFT520 (520 nm
dichroic mirror, D520) (Carl Zeiss, Germany) dichroic mirror. ET405/20x (Chroma,
America) and BP436 (Carl Zeiss, Germany) bandpass excitation filters share the same 455
nm dichroic mirror (D455). The DD, A4 and DA cubes are retained in the wide-field
microscope for three-cube-based quantitative FRET measurement [24-26]. We can push or
pull the secondary cube to alternatively implement quantitative EES-FRET measurement (a)
using CCDI or three-cube-based quantitative FRET measurement (b) using CCD2.

. sample
excitation neutral

filters density filter <
3
=
=
= D 455
= AA 470
-
= DD 510

DA
cube filters

sl 7 =
o BpE NI
—_ s

Fig. 2. Illustration on the spectral wide-field microscope. 405: ET405/20x bandpass excitation
filter (405 nm excitation); 436: BP436/20 bandpass excitation filter (436 nm excitation); D455:
E455Ipv2 dichroic mirror (455 nm dichroic mirror, D455); 470: a cube contains a BP470/40
bandpass excitation filter (470 nm excitation) and a FT495 dichroic mirror (495 nm dichroic
mirror, D495); 510: a cube contains a BP510/17 bandpass excitation filter (510 nm excitation)
and a DFT520 dichroic mirror (520 nm dichroic mirror, D520); DD: a cube contains filters for
donor excitation and donor emission; AA: a cube contains filters for acceptor excitation and
acceptor emission; DA: a cube contains filters for donor excitation and acceptor emission;
LCTF: liquid crystal tunable filter (Varispec LCTF, VIS-10-20-STD, CRI, Cambridge);
CCD1: CCD camera for quantitative EES-FRET measurement; CCD2: CCD camera for three-
cube-based quantitative FRET measurement; a: for CCD1 detection; b: for CCD2 detection.

3.2 Microscopic imaging

According to the expression level of FPs, excitation intensity was attenuated to 0.5% or 1%
by regulating the intensity of metal halide lamp and/or choosing different neutral density
filters. For EES-FRET method, bandpass excitation filters of ET405/20x, BP436/20,
BP470/40 and BP510/17 were used to select four excitation wavelengths of 405 nm (405 nm
excitation), 436 nm (436 nm excitation), 470 nm (470 nm excitation), and 510 nm (510 nm
excitation), respectively, by pushing/pulling the mobilizable three-hole plan or/and shifting
the filter-cube wheel [Fig. 2]. For emission spectral imaging of donor and acceptor, cells
expressing Cerulean-only (donor-only) or Venus-only (acceptor-only) were excited with 436
nm excitation and emission wavelength range was from 464 to 607 nm by using LCTF.
Emission at 503 nm was recorded for the detection of donor excitation spectrum, and
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emission at 529 nm was recorded for the detection of acceptor excitation spectrum. For
excitation-emission spectral imaging of FRET samples, emission spectral range from 464 to
555 nm was spectrally scanned for the 405 nm and 436 nm excitations by using LCTF.
Emission spectral range from 503 to 555 nm, and from 529 to 555 nm was spectrally scanned
for the 470 nm excitation and 510 nm excitation, respectively. When emission was spectrally
scanned with a step resolution of 13 nm using LCTF, the corresponding spectral images with
each excitation were acquired with emCCD. For simplicity, we introduce image-stack (Sp,) to
denote the excitation-emission spectral image of FRET sample. In this report, an image-stack
(Sp4) contains 24 images including eight emission spectral images with 405 nm excitation,
eight emission spectral images with 436 nm excitation, five emission spectral images with
470 nm excitation and three emission spectral images with 510 nm excitation. enCCD was
typically run in 4 x 4 binning mode and background was removed based on the average
reading in a non-fluorescent cell area of each image.

3.3 Cell culture, transfection and plasmids

Human hepatocellular carcinoma (HepG2) cells were obtained from the Department of
Medicine, Jinan University, Guangzhou, China. Cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM, Gibco, Grand Island, New York) containing 10% fetal calf serum
(Sijiging, Hangzhou, China) at 37°C under 5% CO, in a humidified incubator.

For transfection, cells were cultured in DMEM containing 10% FCS in a 30-mm glass
dish at 37°C under 5% CO, in a humidified incubator. After 24 h, when the cells reached 70%
to 90% confluence, plasmid was transfected into the HepG2 cells for 24-48 h by using
Lipofectamine 2000 (invitrogen, Carlsbad, American) in vitro transfection reagent.

Cerulean (C) and Venus(V)-kras plasmids were purchased from Addgene Company
(Cambridge, Massachusetts). The FRET-standard constructs, including CTV (C-TRAF-
Venus, the TRAF is a tumour necrosis factor receptor-associated factor domain including 229
amino acid), C32V (Cerulean-32-Venus, Addgene plasmid 29396), CVC (Cerulean-5-Venus-
5-Cerulean, Addgene plasmid 27788) and VCV (Venus-5-Cerulean-5-Venus, Addgene
plasmid 27788), were kindly provided by the Vogel lab (National Institutes of Health,
Bethesda, Maryland) [11,27].

4. Results and discussion
4.1 Calibration of instrument
4.1.1 Excitation intensity spectrum

We calibrated the excitation intensity spectrum of our spectral wide-field microscope by
recording the emission intensity at 630 nm of 7 g/l rhodamine B in ethylene glycol at different
excitations. Background from ethylene glycol solvent without rhodamine B was subtracted.
The measured excitation intensity spectrum of rhodamine B solution should be the excitation
intensity spectrum of our instrument due to the constant quantum yield and emission
maximum (=630 nm) of this concentrated rhodamine B solution in the excitation wavelength
range from 250 to 600 nm [28]. Figure 3(a) showed the relative excitation intensity at 405
nm, 436 nm, 470 nm and 510 nm excitations used in this study under different attenuation
degrees (Transmission: T = 0.25%, 0.5% and 1%, respectively), and normalization of these
relative excitation intensity showed the same excitation intensity spectrum (data not show) of
our system at different attenuation degrees. We measured the excitation intensity spectra of
our system under T = 0.25% for six times from 16 December to 20 December [Fig. 3(b)], and
found that the excitation intensity spectra exhibited a modest shake for every starting up.

As the best-known quantum counter, the concentration of rhodamine B solution should be
not less than 3 g/l [28] because the excitation spectrum from 250 to 600 nm of low
concentrated rhodamine B solution is not constant. Considering the solubility of rhodamine B
in ethylene glycol and fluorescence quenching in high concentration solution, the
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concentration of rhodamine B solution should not be too high. Rhodamine B should be
dissolved in ethylene glycol completely to avoid influence of inhomogeneity in solution.

Regulating excitation intensity is usually necessary for obtaining good images of cells
expressing different levels of FPs. Since EES-FRET method is dependent on the excitation
intensity spectrum, we thus had better control excitation intensity by regulating the intensity
of metal halide lamp rather than the neutral density filters according to the expression level of
FPs in cells due to independence of the excitation intensity spectrum of our system on the
intensity of metal halide lamp. Difference of excitation intensity spectra for every starting up
the system [Fig. 3(b)] may be largely due to the instability of the power supply voltage.
Therefore, we must calibrate the excitation intensity spectrum once the system is restarted. In
reality, this calibration is very easy to be finished within 1 min.

() (b)

012.16 night
1 B ©T=0.25% 1 ° $12.17 noon
0T=0.5% & 12.17 night
0.8, A AT=1% 4 v 12.18 noon
0.8 2 012.18 night
%0.6 2 © 12.20 night
g |a ) Los6
= 0.4 A =
-9 a 8 A
02} © L4 o 0.4 s
° ° @
0
400 420 440 460 480 500 520 Jo0 420 440 460 480 500 520
Excitation Wavelength (nm) Excitation Wavelength (nm)

Fig. 3. Excitation intensity spectra measured by recording the emission intensity at 630 nm of
7 g/l rhodamine B in ethylene glycol with 405, 436, 470 and 510 nm excitation, respectively.
(a) Excitation intensity spectra (normalized to the maximum excitation intensity) measured
under three attenuation degrees (Transmission: T = 0.25%, 0.5% and 1%). (b) Normalized
excitation intensity spectra measured from 16 December to 20 December under T = 0.25%.

4.1.2 Emission-spectral responses

Emission-spectral response, the optical transfer function of emission light path, indicates the
spectral response of our system to different emissions. We calibrated the emission-spectral
responses of our spectral wide-field microscope using a precalibrated light source (LS-1-
CAL, Ocean Optics, Dunedin FL). The standard intensity spectrum of the LS-1-CAL was
multiplied the nominal wavelength to transform them from energy units to values related to
photon counts (photon spectrum) [Fig. 4(a)], and the emission-spectral response of our system
with D455 was obtained by comparing the ratio between the measured and standard spectra of
CLS-1-CAL just as described previously [22,23]. Figure 4(b) showed the emission-spectral
responses of our system with different dichroic mirrors: D455, D495 and D520. We repeated
this calibration for our system with D455 for 15 days and obtained the same response [Fig.
4(c)], demonstrating the stability of our imaging system.

Different excitations share the same emCCD and LCTF, thus different emission-spectral
responses of our system with different dichroic mirrors are only related to the different
dichroic mirrors having different spectral transmittance. Since 405 nm and 436 nm excitations
share the same D455, our system with the two excitations has the same emission-spectral
response. Because ExEm method can be achieved with as few as two excitation wavelengths
[18], 405 nm and 436 nm excitations may be enough for our EES-FRET method. In this case,
we just need to measure the emission-spectral responses of our system with D455. Although
we here demonstrated the stability of our system with D455 for only 15 days, our wide-field
microscope had been proved to be stable at least 3 months [22]. Therefore, we need not
measure the emission-spectral responses for subsequent measurement once our system is
calibrated. However, periodical calibration for the unchanged device can ensure the precision
of quantitative measurement.
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Fig. 4. Emission-spectral responses of the spectral wide-field microscope. (a) Standard
emission spectra of a precalibrated light source (LS-1-CAL). Open circles: intensity spectrum.
Shaded circles: photon spectrum. (b) Emission-spectral responses (obtained by comparing the
ratio between the measured and standard emission spectrum of the LS-1-CAL) of our system
with different dichroic mirrors: D455, D495 and D520. (c) 13 emission-spectral responses of
our system with D455 measured from 12 December to 28 December.

4.2 Normalized excitation-emission spectral signatures

To obtain the excitation-emission spectra of donor and acceptor as well as donor-acceptor
sensitization in living HepG2 cells, the cells were separately expressed with Cerulean (C) or
Venus (V). We measured the excitation spectrum of donor by detecting the emission intensity
at 503 nm of living HepG2 cells expressing Cerulean with different excitations, and also
measured the excitation spectrum of acceptor by detecting the emission intensity at 529 nm of
living HepG2 cells expressing Venus with different excitations [Fig. 5(a), left]. The two
excitation spectra calibrated by the excitation intensity spectrum [Fig. 3(a)] were normalized
to unit area. We measured the emission spectra of both Cerulean and Venus in living HepG2
cells with 436 nm excitation [Fig. 5(a), right], and the two emission spectra calibrated by the
emission-spectral response [Fig. 4(b)] were normalized to unit area. According to Eq. (2), we
calculated the outer product of the excitation spectra and the emission spectra of donor and
acceptor [Fig. 5(a)] to obtain the corresponding normalized excitation-emission spectral
signatures of donor (Sp) and acceptor (S;) as well as donor-acceptor sensitization (Ss),
respectively [Fig. 5(b)].
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Fig. 5. Three excitation-emission spectral signatures. (a) Excitation spectra of Cerulean (Sex
D) and Venus (Sex A) (Left), and emission spectra of Cerulean (Sem D) and Venus (Sem A)
(Right). These spectra were measured by recording the excitation and emission spectra of
living HepG2 cells separately expressing donor (Cerulean) and acceptor (Venus). (b) Fitted
pseudo-color images of three excitation-emission spectral signatures (Sp, Ss, Ss) from the
excitation and emission spectra (a) using Eq. (2).

Although two different excitations have been demonstrated to be enough for quantitative
EES-FRET measurement [5], the fewer the excitations and emission wavelengths, the larger
the error of the derived quantities due to the fitting procedure is going to be. However, the
more the excitations, the more the measurement time should be required. We have previously
performed a time-lapse images of living HepG2 cells expressing FPs with T = 1% of 436 nm
excitation for 3 min, and found that this excitation did not induce significant photobleaching
[22]. Considering rapidness and accuracy of measurement, we here chose emission
wavelength range of 464 nm to 555 nm instead of total emission wavelength range, and four
excitations of 405 nm, 436 nm, 470 nm and 510 nm for quantitative EES-FRET
measurement. In reality, less time should be required when we only use 405 nm and 436 nm
excitations to accomplish EES-FRET measurement on our system, because the two
excitations share the same D455. In fact, the 405 nm and 436 nm excitations had been used to
accomplish quantitative lem-spFRET measurement on our system [23].

Although the excitation-emission spectral signatures (Sp, S, and Ss) are independent of the
excitation intensity of our system and the parameter settings of detector as well as the
expression levels of FPs due to the spectral correction using the excitation intensity spectrum
and emission-spectral responses, they may be related to the physiological environments of a
specific cell line. Therefore, once they are determined for a given FP-pair and cell line, we
need not prepare donor-only and acceptor-only samples to measure them for subsequent
FRET measurements. In reality, we found that the emission spectra of CFP/Cerulean and
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YFP/Venus in Huh-7 cells were very similar to the spectra of those FPs in human lung
adenocarcinoma ASTC-a-1 cells [22,29].

Precise measurement of the excitation and emission spectra of both Cerulean and Venus is
required for the accurate measurement of excitation-emission spectral signatures. Because of
the emission peak at 503 nm for Cerulean and at 529 nm for Venus, we measured the
excitation spectra of Cerulean and Venus by detecting the emission intensity at 503 nm and
529 nm respectively with different excitations. Considering the strong absorbability of
Cerulean at 436 nm and the better absorbability of Venus at 436 nm than that at 405 nm, we
measured the emission spectra of both Cerulean and Venus in living HepG2 cells with 436
nm excitation. To reduce the effect of background and autofluorescence on the fluorescence
signal of FPs, we chose the cells expressing high levels of FPs to measure the above spectra.
In addition, the signal from blank cells without FPs as background is subtracted from the
fluorescence signal of cells expressing FPs. We recently evaluated the effect of
autofluorescence in HepG2 cells on the spectra of FPs, and found that the autofluorescence of
HepG2 cells is very low, and the concentration of FPs did not influence the measured spectra
of FPs [16, 22].

4.3 Determination of ri factor

We used CTV plasmid as the donor-acceptor tandem sample to measure the ratio (7¢) of total
Venus absorption to total Cerulean absorption in all excitations used on our spectral wide-
field microscope. A representative raw excitation-emission spectral image (image-stack, Spy
(tandem)) of living HepG2 cells expressing CTV is shown in Fig. 6(a). After correction with
excitation intensity spectrum and emission-spectral responses, the Sp, was linearly unmixed
into the three contributions (weights: Wp, Wy and W) of Sp, S, and Ss [Fig. 5(b)], and the ry
factor was calculated according to Eq. (10), where the quantum yield ratio (ry) of Venus
(0.57) to Cerulean (0.62) is ro = 0.57/0.62 = 0.919 [30,31]. Figure 6(b) showed the
corresponding pixel-to-pixel pseudo-color rx image and Fig. 6(c) showed the corresponding
histogram indicating a peak value about 1.96. The average peak rgx value of Venus to
Cerulean in living HepG2 cells was 1.9 + 0.06 from 15 histograms including at least 60 cells.

Although K and K, depend not only on the absorption spectra of donor and acceptor but
also on the excitation intensity, r¢ is only related to the absorption spectra of donor and
acceptor in all excitations used for a given cell line. Therefore, we can directly obtain the rx
by measuring the excitation-emission spectrum of a donor-acceptor tandem construct instead
of measuring the Kp and K. In contrast to the use of two extinction coefficient ratios of
acceptor to donor at two excitations in emission-spectral unmixing-based FRET method
[12,16], we here introduce rx in EES-FRET method for the determination of R., which makes
EES-FRET method more robust and accurate. Similar to the spectral signatures (Sp, S, and
Ss), once ry is predetermined, we need not to measure it for subsequent FRET measurements
for a given specific cell line and FP-pairs as well as excitation wavelengths used, even when
we change emission optical path because it is independent of emission properties of imaging
system [16].
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4.4 Microscopic EES-FRET imaging of living cells expressing tandem constructs

To validate EES-FRET method, we implemented this method on our spectral wide-field
microscope to obtain the FRET images of living HepG2 cells separately expressing C32V,
CVC and VCV. Three representative spectral image-stacks of living cells separately
expressing C32V, CVC and VCV construct were shown in Fig. 7(a). Figure 7(b) exhibited the
measured (upper panel) and fitted (lower panel) excitation-emission spectra for the brightest
pixel in Fig. 7(a). Figures 7(c) and 7(d) showed the pixel-to-pixel pseudo-color E images
[Fig. 7(c)] of Fig. 7(a) and the corresponding £ histograms [Fig. 7(d)] exhibiting the peaks of
~37% for C32V and ~50% for CVC as well as ~70% for VCV. Figures 7(e) and 7(f) showed
the pixel-to-pixel pseudo-color R images [Fig. 7(e)] of Fig. 7(a) and the corresponding R¢
histograms [Fig. 7(f)] exhibiting the peaks of ~0.95 for C32V, ~0.48 for CVC and ~1.9 for
VCV, in agreement with the corresponding theoretical values of 1, 0.5 and 2. The statistical £
and R values from 10 frames including at least 40 cells were 42.3% + 3.1% and 0.97 + 0.07
for C32V, 52.8% + 5.4% and 0.49 + 0.28 for CVC and 70.24 + 6.7% and 1.95 = 0.8 for VCV.
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Fig. 7. Microscopic EES-FRET imaging of living cells expressing constructs with different
donor-acceptor stoichiometry. (a) Representative spectral image-stacks (Sp4) for living HepG2
cells expressing C32V, CVC and VCV, respectively. (b) The measured and fitted excitation-
emission spectra of the brightest pixel in (a). (c and d) Pixel-to-pixel E images (c) and
histograms (d) corresponding to (a). (e and f) Pixel-to-pixel Rc images (e) and histograms (f)
corresponding to (a).

Considering the low transmittance of LCTF and the exact match between emCCD and
LCTF, we chose a relative long expose time of 300 ms for enCCD imaging and time interval
of 2000 ms for both emCCD imaging and LCTF operation. It thus took about 70 s to perform
the EES-FRET measurement [Fig. 7]. During this period, the mobility of living cells may lead
to a mismatch of spectral image and the nonuniform £ image [Fig. 7(c), middle] just as
described previously [23]. However, compared with the £ and Rc images we recently
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obtained by using Em unmixing-based FRET measurement [23], EES-FRET method obtained
more uniform and stable £ and Rc images [Figs. 7(c)-7(f)], indicating that EES-FRET method
had a better robustness. Fast measurement is especially important for quantitative live-cell
FRET measurement. The theoretically shortest time to perform an EES-FRET measurement
on our system is about 1 s. In reality, we can complete an EES-FRET measurement within 10
s on our spectral wide-field microscope for the cells expressing high levels of FPs.

5. Conclusions

We here developed an ExEm unmixing-based quantitative FRET measurement method (EES-
FRET method). This method is independent of excitation intensity and parameter settings of
detector including the exposure time and gain factor. Therefore, we can adjust the excitation
intensity or the exposure time and gain factor of detector to obtain good images for
quantitative EES-FRET measurement in the live cells expressing various levels of FPs.
Implementation of EES-FRET method on our spectral wide-field microscope for live cells
expressing FRET constructs with different stoichiometry exhibit stable FRET images. To our
knowledge, this is the first report about the implementation of ExEm unmixing-based
quantitative FRET measurement method on a wide-field microscope, which should expand
the application range of live-cell FRET microscopy.
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