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Abstract Two-photon excitation (TPE) Xuorescence life-
time imaging microscopy (FLIM) and emission spectral
imaging (ESI) are powerful tools for Xuorescence reso-
nance energy transfer (FRET) measurement. In this study,
we use these two techniques to analyze caspase-3 activation
inside single living cells during anticancer drug-induced
human lung adenocarcinoma (ASTC-a-1) cell death. TPE-
ESI of SCAT3, a caspase-3 indicator based on FRET, was
performed inside single living cell stably expressing
SCAT3. The TPE-ESI measurement was performed using
780 nm excitation which was considered to selectively
excite the donor ECFP of SCAT3 by measuring the emis-
sion ratio of 526 to 476 nm. The emission peak at 526 nm
disappeared and that of 476 nm increased after STS or buf-
alin treatment, but taxol treatment did not induce a signiW-
cant change for the SCAT3 emission spectra, indicating
that caspase-3 was activated during STS- or bufalin-
induced cell apoptosis, but was not involved in taxol-
induced PCD. Fluorescence lifetime of ECFP inside living
cells was acquired using FLIM. The lifetime of ECFP was
the same as that of the control group after taxol treatment,
but increased from 1.83 § 0.02 to 2.05 § 0.03 and

1.90 § 0.03 ns, respectively after STS and bufalin treat-
ment, which agree with the results obtained using TPE-ESI.
Taken together, TPE-FLIM and ESI analysis were proved
to be valuable approaches for monitoring caspase-3 activa-
tion inside single living cells.
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Abbreviations
ASTC-a-1 cell Human adenocarcinoma cell
ECFP Enhanced cyan Xuorescent protein
EYFP Enhanced yellow Xuorescent protein
ESI Emission spectral imaging
FLIM Fluorescence lifetime imaging microscopy
FRET Fluorescence resonance energy transfer
PCD Programmed cell death
STS Staurosporine
SCAT3 A sensor for activated caspase-3 based 

on FRET
TPE Two-photon excitation
Venus Mutation of EYFP

Introduction

Apoptosis, one of the programmed cell death (PCD), is a
highly ordered form of cell suicide (Kerr et al. 1994). The
biochemical apoptosis is activated via two well-established
pathways: death receptor-mediated pathway and mitochon-
dria-mediated pathway. Both of these pathways converge
on the activation of downstream executioner caspase-3
(Green 1998), which leads to the biochemical and morpho-
logical changes that are characteristic of apoptosis
including cell shrinkage, chromatin condensation, DNA
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fragmentation, and the formation of membrane-enclosed
apoptotic bodies containing well-preserved organelles
(Kerr et al. 1994; Sun et al. 1999). Staurosporine (STS),
which was usually used as a positive control on caspase-3
activation study (Salako et al. 2006; Rehm et al. 2002), is
known to be a powerful inducer of apoptosis in a variety of
cell types (Andersson et al. 2000; Xue et al. 2003). Bufalin,
one of the components of bufadienolides in the traditional
Chinese medicine Chan’su, selectively inhibits the growth
of various lines of human tumor cells, such as leukemia
(Masuda et al. 1995; Watabe et al. 1998) and prostatic can-
cer (Yeh et al. 2003) by inducing apoptosis. Taxol, a che-
motherapeutic agent, exhibits abroad spectrum in clinical
activity against human cancers (Day et al. 2006; Shajahan
et al. 2007). Although most reports showed a requirement
for caspase activation in taxol-induced PCD (Ling et al.
2001; Lu et al. 2005; Son et al. 2006), caspase-independent
mechanism(s) was also suggested (Chen et al. 2008; Huis-
man et al. 2002; OWr et al. 2002; Wang et al. 2008).

Fluorescence resonance energy transfer (FRET) micros-
copy has been widely used in the study of protein–protein
interactions inside intact living cells (Lin et al. 2006;
Rosales et al. 2007; Wan et al. 2008; Wu et al. 2007; Zhang
et al. 2008). FRET is a quantum mechanical process
between two Xuorophores whereby energy from an excited
donor molecule is transferred to the acceptor molecule by
means of a near-Weld dipole–dipole coupling (Förster
1948). FRET can only occur when the distance between the
donor and acceptor is less than about 10 nm, and the emis-
sion spectrum of the donor largely overlaps with the
absorption spectrum of the acceptor. The eYciency of
FRET is dependent on the inverse sixth power of the inter-
molecular separation (Stryer and Haugland 1967), making
it a sensitive technique for investigating a variety of biolog-
ical phenomena that produce changes in molecular proxim-
ity (dos Remedios et al. 1987).

FRET measurement is mainly based on intensity, spec-
tral or lifetime imaging (Jares-Erijman and Jovin 2003).
Compared with intensity measurement, emission spectral
imaging (ESI) and Xuorescence lifetime imaging micros-
copy (FLIM) have been proved to be better options to quan-
tify FRET eYciency (Pelet et al. 2006b). ESI, an imaging
modality that allows for the accurate measurement of the
abundance of Xuorophores with overlapping emission spec-
tra, is considered to be a comprehensive and photon-
eYcient method for imaging FRET eYciency in living cells
(Thaler et al. 2005). FLIM, which relies on the measure-
ment of temporally resolved Xuorescence signal, is an
advantageous means of determining FRET eYciency
because it is independent of the Xuorophore concentration
(Zhang et al. 2005). Therefore, control measurements can
be obtained from diVerent cells for FLIM. Moreover the
Xuorescence decay oVers additional information that can be

used to calculate the relative fractions of free and associ-
ated donor molecules (Becker et al. 2004; Biskup et al.
2007), which is not available with any other intensity-based
FRET measurements. The Xuorescence lifetime detection
technique based on time-correlated single-photon counting
(TCSPC) are currently well implemented, with either sin-
gle-photon (Becker et al. 2002) or two-photon excitation
(TPE) (Bird et al. 2004). Two-photo excitation is more
popularly used because of its advantage of reduced photo
damage and therefore the ability of maintaining superior
viability following prolonged exposure (Cheng et al. 2001;
Squirrell et al. 1999; Zeng et al. 2006, 2007). Combining
TPE-FLIM and TPE-ESI provides a powerful tool to obtain
accurate data of FRET eYciency in the single living cells
(Pelet et al. 2006a).

In an attempt to detect the caspase-3 activation in living
cells, Miura et al. (Takemoto et al. 2003) constructed
SCAT3, a FRET probe that consists of a donor (enhanced
cyan Xuorescent protein, ECFP) and an acceptor (Venus, a
mutant of yellow Xuorescent protein). The donor and
acceptor are linked with a caspase-3 recognition and cleav-
age sequence (DEVD) (Takemoto et al. 2003; Wu et al.
2006a, b). The activated caspase-3 cleaves the linker
DEVD, which induces a marked decrease of FRET
eYciency and a signiWcant increase of ECFP lifetime. Our
previous studies of monitoring the spatial and temporal
dynamics of caspase-3 activity were performed in a human
lung cancer (ASTC-a-1) cell line stably expressing SCAT3
using FRET technique based on intensity measurement
(Chen et al. 2007; Wang et al. 2005). In this study, we for
the Wrst time used both TPE-FLIM and ESI to study the
caspase-3 activation inside the single living ASTC-a-1 cell
stably expressing SCAT3 during taxol-, bufalin- and STS-
induced PCD.

Materials and methods

Cell culture, transfection and screening

ASTC-a-1 cells, which were obtained from the Department
of Medicine, Jinan University (Guangzhou, China), were
cultured in Dulbecco’s modiWed Eagle’s medium (DMEM,
Gibco, Grand Island, USA) supplemented with 10% fetal
calf serum (FCS) (Sijiqing company, Hangzhou, China).
Cell cultures were maintained at 37°C in a humidiWed 5%
CO2 incubator. After 24–48 h, the cells can be used for
experiments.

Plasmid DNA of SCAT3 was provided by Prof. Mas-
ayuki Miura (Takemoto et al. 2003), pBax-ECFP and
pBax-EYFP were provided by Prof. Charles and Andrew
(Valentijn et al. 2003). SCAT3, EYFP and ECFP were
transfected into ASTC-a-1 cells respectively using Lipofectin
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reagent (Carlsbad, CA). The cells stably expressing SCAT3
reporter were screened with 0.8 mg/ml G418, and positive
clones were picked up with micropipettes (Wu et al.
2006a).

Assessment of cell viability

Cell viability after anticancer drug treatment was assessed
by Counting Kit-8 (CCK-8, Dojindo, Japan) assay, accord-
ing to the supplier recommendations. Absorbance was mea-
sured at 450 nm using auto microplate reader (inWnite
M200, Tecan, Austria). Cell viability was expressed as the
percentage of viable cells relative to untreated cells using
the absorbance at 450 nm, and then the inhibitory rate (RI)
was calculated: RI = [OD450 (control group) ¡ OD450

(drugged group)]/OD450 (control group) £ 100%. All
experiments were performed in quadruple on three separate
occasions.

Detection of apoptosis

Apoptosis of cells was assessed by Hoechst33258/propi-
dium iodide (PI) dual staining. BrieXy, cells were grown on
the coverslip of a chamber. After being washed with PBS
three times, cells were stained with 10 �g/ml Hoechst33258
and 10 �g/ml PI for 20 min at 37°C in a humidiWed 5%
CO2 incubator. The cells were then washed three times with
PBS and observed under a Zeiss Laser Scanning Confocal
Microscope (LSM510, Zeiss, Germany). To measure the
Xuorescence of Hochest33342 (Ex352/Em461), the mer-
cury lamp was used to excite Hochest33258 and a Wlter set
(BP 365/12, FT 395, LP397) was inserted in the optical
path. The BP 390–465 nm bandpass Wlter was used to
record the emission Xuorescence for the Hochest33342
channel. Hoechst staining images were acquired with a
color CCD camera and PI staining images were acquired by
confocal imaging.

Confocal Xuorescence imaging and photobleaching
of the acceptor of SCAT3

Fluorescence imaging and photobleaching of the receptor
of FRET were performed using the Laser Scanning Confo-
cal Microscope (LSM510/ConfoCor2, Zeiss, Germany).
For FRET detection, 458 nm laser line from an Argon ion
laser was used for ECFP excitation. Zeiss Plan-NeoXuar
40£, NA = 1.45 oil immersion objective lens was used.
Images were acquired through CFP and YFP Wlter channels
respectively. Here, the Wlter sets used were CFP (band pass
BP470–500 nm) and YFP (long-pass LP530 nm). 514 nm
output from an Argon ion laser was used for photobleach-
ing the receptor of SCAT3 Venus. The condition (37°C, 5%
CO2) was sustained during the measurement. All the quan-

titative analysis of the Xuorescence images was performed
using Zeiss Rel3.2 image processing software.

One-photon emission spectra detection

Cells stably expressing SCAT3 were cultured for 24 h in
96-well Xat-bottomed microtiter plates at 5 £ 105 per well
in DMEM medium supplemented with 10% fetal calf
serum. The emission spectra of the SCAT3 were detected
by auto microplate reader (inWnite M200, Tecan, Austria).
The excitation wavelength of SCAT3 was 430 nm and the
scanning range of Xuorescence emission was from 456 to
600 nm, and the step size was 2 nm.

Two-photon excitation Xuorescence spectral and lifetime 
imaging

TPE Xuorescence imaging was performed using a Leica
TCS SP2 Confocal Laser Scanning Microscope (Leica
Microsystems Heidelberg GmbH, Mannheim, Germany).
The output from a Ti:Sapphire femtosecond pulsed laser
(Coherent Mira 900F, Coherent Inc., USA) is delivered into
the microscope for TPE of the sample. The wavelength of
the femtosecond laser was tuned to 780 nm for the excita-
tion of the donor ECFP in the cells. In this work, a 40£/1.2
oil immersion Xuorescence objective lens (Leica HC PLAN
APO PH2) was used. For ESI, a wavelength scanning of the
confocal microscope produced a stack of 2D x–y images at
diVerent emission wavelengths ranging from 450 to
600 nm, with each step being 5 nm. Fluorescence of ECFP
was detected by a microchannel plate photomultiplier tube
(MCP-PMT) (R3809U-50, Hamamatsu Photonics, Japan)
and its lifetime was measured using a time-correlate single
photon counting (TCSPC) module (SPC-150, Becker and
Hickl GmbH, Germany). A bandpass Wlter was placed in
front of the MCP-PMT for detecting Xuorescence only
from the ECFP. The FLIM data were processed using the
SPCImage software by Becker & Hickl GmbH. For FLIM-
FRET measurement, the Xuorescence lifetime of the donor
alone (�D) and also in the presence of the acceptor (�DA)
were measured. If FRET occurs, �DA will be diVerent from
�D and this diVerence can be used to calculate FRET
eYciency E as E = 1 ¡ �DA/�D. The major advantage of
FLIM is that it permits an internally calibrated measure-
ment of FRET. Also, as only donor emission is monitored,
factors that aVect the quantum yield of the acceptor can be
disregarded.

Statistics

Results were expressed as mean § standard deviation (SD).
Student’s t test was used to compare the mean diVerences
between samples using the statistical software SPSS
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version 10.0 (SPSS, Chicago). Throughout the work, P val-
ues less than 0.05 were considered to be statistically signiW-
cant. And all charts were drawn using software Origin
version 6.0.

Results

Inhibition of cell viability by taxol, bufalin and STS

To investigate the cytotoxicity of taxol, bufalin and STS,
ASTC-a-1 cells were treated with 70 �M taxol for 24 h,
0.1 �M bufalin for 48 h, and 1 �M STS for 12 h, respec-
tively. Cell viability was assessed by CCK-8 assay. As is
shown in Fig. 1a, the OD450 values for control and taxol,
bufalin and STS treatment are 2.14 § 0.0091, 0.70 §
0.0976, 0.35 § 0.0186 and 0.94 § 0.0865, respectively.
The inhibitory rates of ASTC-a-1 cells proliferation are
corresponding to 0, 67.29, 83.64 and 56.07%, respectively.
The results showed that ASTC-a-1 cells proliferation were
signiWcantly inhibited by taxol (P < 0.001), bufalin
(P < 0.001) and STS (P < 0.001).

Figure 1b showed the confocal images of ASTC-a-1
cells after treatment with 70 �M taxol for 24 h, 0.1 �M buf-
alin for 48 h, and 1 �M STS for 6 h, respectively. Com-
pared with control, cells treated with anticancer drugs
showed shrinkage and ovalisation, and the nuclei condensa-

tion stained by Hoechst33258 was given in Fig. 1c. How-
ever, the cells were hardly stained by PI even in those
strongly stained by Hoechst (data not shown), implying that
the cell membrane was intact.

These data demonstrated that taxol, bufalin and STS
induced cell death in PCD but not necrosis in the ASTC-a-1
cells.

Emission spectral analysis of caspse-3 activation inside 
single living cell after taxol, bufalin and STS treatment

ASTC-a-1 cells stably expressing SCAT3 were conWrmed
by both acceptor photobleaching and emission spectra
assay, as described in our previous studies (Chen et al.
2007, 2008). Figure 2a gives the Xuorescence images of
two ASTC-a-1 cells stably expressing SCAT3 for the ECFP
and Venus channels. SCAT3 distributed evenly in both
nuclei and cytoplasm (Fig. 2a). The Venus in the rectangle
area in Fig. 2a was selectively bleached by the maximal
514 nm laser. Compared with the cell (on right in Fig. 2a)
without photobleaching, there was a marked decrease of
intensity in Venus channel after bleaching, which coincided
with an increase of ECFP (Fig. 2b). Furthermore, Fig. 2c
shows one-photon emission spectrum of SCAT3 inside liv-
ing cells excited by 430 nm light. Bimodal emission peaks
of SCAT3 were observed around 476 or 526 nm, which is
consistent with the previously published results (Chen et al.

Fig. 1 Inhibition of taxol, bufa-
lin and staurosporine (STS) on 
the cell viability. a OD450 values 
illustrating cell viability for the 
control, taxol, bufalin and STS 
treatment groups. The results are 
expressed as mean § SD from 
at least four independent 
experiments. *P < 0.001 when 
compared with the control. 
b Confocal DIC images of cells 
for the control, taxol, bufalin and 
STS treatment. Scale Bar 20 �m. 
c Hochest33258 Xuorescence 
images of cells for the control 
and taxol, bufalin and STS treat-
ment. MagniWcation: £400
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2008; Takemoto et al. 2003; Wang et al. 2008). These data
conWrmed that FRET exists between ECFP and Venus
probes in the SCAT3 FRET reporter in living ASTC-a-1
cells.

Because of spectral overlap, the light used for the excita-
tion of ECFP also excites Venus (Patterson et al. 2001). To
lower this bleed-through, many studies oVered various
approaches to selectively excite ECFP with TPE wave-
length, which was considered to be 785 nm by measuring
the ratio of 535 to 480 nm emissions of cameleon at saturat-
ing calcium level in vitro (Fan et al. 1999). In this study,
TPE emission spectra of SCAT3 inside the single living
cell were acquired from twenty ASTC-a-1 cells stably
expressing SCAT3 excited with 760, 770, 780, 790, 800,
810, 820 and 830 nm respectively. The ratio of 526 to
476 nm emissions did change with excitation wavelength,
and reached the minimum at 780 nm (Fig. 3a), implying

that 780 nm, which may selectively excite ECFP, is the
optimal TPE wavelength for SCAT3. To further conWrm
the selective excitation of ECFP by 780 nm, we used
780 nm laser to excite the cells expressing EYFP-only
which can be excited eYciently by 514 nm laser (Fig. 3b;
upper panel), the emission in EYFP channel was hardly
detected even using the maximum laser (Fig. 3b, lower
panel). Thus the emission spectra for ECFP and SCAT3
were obtained using excitation with the 780 nm laser line in
this study.

In order to conWrm whether the autoXuorescence of cells
lead to a contamination for the detection upon excitation
with 780 nm, the comparison of Xuorescence intensity
between a cell expressing ECFP-only and a similar cell not
expressing ECFP was shown in Fig. 3c. The Xuorescence
intensity of a cell not expressing ECFP (Fig. 3c; Cell 1) is
hardly detected compared with a similar cell expressing
ECFP-only (Fig. 3c; Cell 2) at the same excitation condi-
tions. These results show that the possibility of contamina-
tion by autoXuorescence of cells can be excluded.

Representative emission spectra of ECFP from a living
ASTC-a-1 cell expressing ECFP (Fig. 3d) is shown in
Fig. 3e. Figure 3d also shows typical Xuorescence images
of some living cells stably expressing SCAT3 in absence
and presence of the 1 �M STS for 6 h, 0.1 �M bufalin for
48 h, and 70 �M taxol for 24 h, respectively. The corre-
sponding emission spectra of SCAT3 inside living cells in
Fig. 3d are shown in Fig. 3e. Compared with the control,
the emission peak at 526 nm disappeared but the emission
increased markedly at 476 nm after STS or bufalin treat-
ment. The emission ratio of 526 to 476 nm changed from
1.35 to 0.92 or 0.91, indicating that caspase-3 was activated
during STS- or bufalin-induced apoptosis. In contrast, taxol
treatment did not induce a signiWcant change of SCAT3
spectra (Fig. 3e; taxol), suggesting that caspase-3 was not
involved in taxol-induced PCD, which is in accordance
with previously published results (Chen et al. 2008; Wang
et al. 2008).

FLIM analysis of caspse-3 activation inside single living 
cell after taxol, bufalin and STS treatment

FLIM method was used to further conWrm these observa-
tions. All samples were illuminated with femtosecond
pulsed laser of 780 nm, which is the optimal wavelength for
selectively exciting ECFP as described above. The Xuores-
cence emission from ECFP was then selectively recorded
using an interference Wlter (460–500 nm), as described in
“Materials and methods”. The same specimens were subse-
quently used for FLIM analysis after ESI. Figure 4a gives
the FLIM images of cells expressing ECFP and SCAT3,
respectively. Two typical time-resolved Xuorescence
decays (Fig. 4b; upper panel) corresponding to the pixels

Fig. 2 ASTC-a-1 cells stably expressing SCAT3. a Confocal Xuores-
cence images of ECFP and Venus channels for cells stably expressing
SCAT3. Scale bar 10 �m. b Dynamics of the Xuorescence intensity in
both ECFP and Venus channels for the acceptor Venus photobleaching
area (rectangle area) and the control without photobleaching (circle
area) in Fig. 2a. All initial intensity is normalized to 100. c Emission
spectra of SCAT3 in living cells excited with 406–436 nm
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marked by arrows in Fig. 4a were Wtted using a single expo-
nential decay model, which was good enough for photon
data Wtting (Fig. 4b; lower panel). The Xuorescence decay
proWles show that the lifetimes in cells expressing ECFP
only and SCAT3 are quite diVerent, which indicates that
donor ECFP experience diVerent excited state quenching
mechanisms in cell expressing ECFP only (Fig. 4b; ECFP)
and cell expressing SCAT3 (Fig. 4b; control). The ECFP
lifetime histograms are shown in Fig. 4c, the mean Xuores-
cence lifetime of ECFP over the whole cell expressing
ECFP was 2.45 ns, which is consistent with previous
results (Pepperkok et al. 1999; van Kuppeveld et al. 2002).
In order to verify whether STS or Bufalin treatment lead to
a change of the photophysics of ECFP, the lifetime of
ECFP was measured in living cells expressing ECFP only
after STS or Bufalin treatments, and the results showed that
STS and Bufalin do not make a signiWcant change of ECFP
lifetime (data not shown). The lifetime of the donor ECFP
in the cells stably expressing SCAT3 was 1.85 ns (Fig. 4c;
control). STS or bufalin treatment induced the increase of
the lifetime of donor ECFP from 1.85 to 2.21 or 2.01 ns
(Fig. 4c; STS, bufalin). In contrast, taxol did not induce sig-
niWcant increase of Xuorescence lifetime of ECFP (Fig. 4c;
taxol). The Xuorescence lifetimes of ECFP from 40 to 50
diVerent cells in at least three independent experiments
were listed in Table 1. The lifetime of the ECFP after taxol
treatment was the same as that of the control

(1.83 § 0.02 ns). However, the lifetime of the donor ECFP
signiWcantly increased from 1.83 § 0.02 to 2.05 § 0.03 or
1.90 § 0.03 ns after STS (P = 0.001) or bufalin (P = 0.045)
treatment, and the FRET eYciency decreased from 24.38%
(Control) to 15.29% (STS) or 21.49% (Bufalin). These
results further demonstrated that caspase-3 was activated
during STS- or bufalin-induced apoptosis, but was not
involved in the taxol-induced PCD.

Discussion

Our results revealed that FRET based on FLIM and ESI
analysis can be used to quantitatively monitor caspase-3
activation inside single living cells during anticancer drug-
induced cell death. These results obtained from the FLIM
and two-photo excitation ESI analysis are in accordance
with previously published data of the caspase-3 activation
using intensity and spectral analysis in living ASTC-a-1
cells stably expressing SCAT3 (Chen et al. 2007, 2008;
Wang et al. 2005). However, intensity-based FRET signal
is contaminated by donor crosstalk and acceptor bleed-
through because of the spectral overlap. Many correction
algorithms have been published to recover the FRET
eYciency with good success, but they require multiple sets
of images with varying excitation and detection conditions,
as well as with reference samples that contain only one of

Fig. 3 Two-photon excitation (TPE) emission spectral analysis in sin-
gle living ASTC-a-l cell. a Emission ratio of 526 to 476 nm in single
living ASTC-a-l cells stably expressing SCAT3 with diVerent TPE
wavelength. The results are expressed as mean § SD from total 20
cells in at least three independent experiments. b Confocal Xuores-
cence images (EYFP channel) and BF images (BF channel) of the cells
expressing EYFP only excited with 514 nm (upper panel) and 780 nm
(lower panel) laser, respectively. Scale bar 8 �m. c A proWle of the

Xuorescence intensity from a cell expressing ECFP-only (Cell 2) and a
similar cell not expressing ECFP (Cell 1). Excitation wavelength:
780 nm. Scale bar 20 �m. d Confocal Xuorescence images of the cell
expressing ECFP and the cells stably expressing SCAT3 for the con-
trol, STS, bufalin and taxol treatment. Scale bar 8 �m. e Emission
spectra of ECFP and SCAT3 inside single living cell corresponding to
Fig. 3b. All intensity of the spectra at 510 nm is normalized to 100
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the Xuorophore (Berney and Danuser 2003; Gordon et al.
1998; Xia and Liu 2001). In contrast, FLIM and ESI do not
encounter such complex correction schemes (Clegg et al.

1993; Neher and Neher 2004), and they can be used to
quantitatively obtain the FRET eYciency at single living
cell level.

Fig. 4 FLIM analysis for ECFP 
in single living ASTC-a-1 cells. 
a FLIM images of the cells 
expressing ECFP and the cells 
stably expressing SCAT3. 
b Time-resolved Xuorescence 
lifetime decays (upper panel) 
and the residuals (lower panel) 
of the Xuorescence intensity of 
ECFP corresponding to the 
pixels marked by the arrows in 
Fig. 4a. c Histograms of the 
lifetimes of ECFP distribution 
for the whole cell expressing 
ECFP and that for the cells 
stably expressing SCAT3 for the 
control, taxol, bufalin and STS 
treatment
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ESI analysis has been widely used to measure FRET (Gal-
vez et al. 2008; Thaler et al. 2005), and quantitative FRET
eYciency can be calculated through spectral Wtting method
based on donor-acceptor pair emission spectra (Thaler et al.
2005). The spectral Wtting method has the advantage of
removing all the emission bleed-through and it is only
required to selectively excite donor as eYciently as possible.
To lower the acceptor bleed-through between ECFP and
EYFP (Venus), it is necessary to verify which wavelength
can selectively excite ECFP with TPE. Fan et al. 1999 found
that the wavelength of 770–810 nm, especially at 785 nm,
can selectively excite ECFP by measuring the ratio of 535 to
480 nm emissions of the calcium indicator cameleon at satu-
rating calcium level in vitro. Cameleon, a calcium indicator
based on FRET, consist of ECFP-CaM fused to M13-EYFP
via a Gly–Gly spacer (Miyawaki et al. 1997). Venus, a vari-
ant of EYFP, is highly resistant to change in H+ and Cl¡ con-
centration in vitro and insensitive to environmental eVects in
living cells more than EYFP (Nagai et al. 2002). In this
study, we measured the ratio of 526 to 476 nm emissions of
SCAT3 in single living ASTC-a-1 cell stably expressing
SCAT3 using TPE wavelengths from 760 to 830 nm, and
found that 780 nm may selectively excite ECFP (Fig. 3a).

Our results also demonstrated that two-photon ESI could
be used to analyze the caspase-3 activation in single living
cell. Figure 2c graphically displays the emission spectra of
SCAT3 inside living cells using auto microplate reader
upon one-photon excitation with 406–436 nm light as in
our previous study (Chen et al. 2008; Wang et al. 2008).
For the bimodal emission peaks (Fig. 2c) to take place, two
conditions had better to be met. First, there are more than
1 £ 106 cells in each well of 96-well plate. Second, the
transfection eYciency of SCAT3 is more than 30%.
Although this approach is widely used in our previous
study (Chen et al. 2008; Wang et al. 2008), it is still hard to
implement in single living cell study using confocal
microscopy. Because one-photon excitation would require
wavelengths of 430–440 nm, which are not available from
the Argon ion or Krypton ion lasers most commonly found

in confocal microscopes. Thus the tunable Ti: sapphire
laser (typically 700–1,050 nm) is a universal replacement
in TPE microscopy for all these separate one-photon excita-
tion sources. Moreover, the near infrared light used for TPE
is less harmful to living cells and generally has a better pen-
etration in living tissues.

FLIM is considered to be one of the most reliable methods
for FRET measurement in living cells (Suhling et al. 2005).
Spectral Wtting method can exclude the experimental artifact
due to emission bleed-through and it has been proved to be
good for ECFP–EYFP analysis (Thaler et al. 2005). However,
it might be hampered with severe excitation spectral overlap
existed in some FRET pairs. One main advantage of FLIM is
that it could not be aVected by excitation cross-talk, because
FLIM-FRET only exploits the decrease of the donor lifetime
with the eYciency of the energy transfer and the lifetime does
not depend on the concentration of the Xuorophores. It is nec-
essary to selectively detect donor Xuorescence using FLIM. In
this study, the interference Wlter (460–500 nm) was used to
selectively record the Xuorescence emission from ECFP. The
other main advantage of FLIM is that the FRET eYciency can
be obtained from a single donor lifetime image (Table 1).
These results demonstrated that FLIM was also available for
caspase-3 activation analysis.

In this study, we for the Wrst time used TPE FLIM and
ESI to monitor caspase-3 activation inside single living
ASTC-a-1 cell stably expressing SCAT3 during anticancer
drug-induced cell death. These results demonstrated that
caspase-3 was activated during STS- or bufalin-induced
apoptosis, but was not involved in the taxol-induced PCD.
Meanwhile, TPE FLIM and ESI analysis were also proved
to be two valuable approaches for the detection of caspase-
3 activation in single living cell.
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