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Abstract Fluorescence lifetime imaging microscopy (FLIM)
based on time-correlated single photon counting (TCSPC) is a
widely used method for fluorescence resonance energy trans-
fer (FRET). Here we report a feasible add-on approach to
upgrade a commercial two-photon FLIM microscope into a
single-photon FLIM microscope which provides optimal
FLIM-FRET imaging of FRET pairs consisting of cyan fluo-
rescent proteins (CFPs) as the donor and yellow fluorescent
proteins (YFPs) as the acceptor. The capability of the
upgraded system is evaluated and discussed, and the imaging
performance of the system is demonstrated using FLIM-
FRETexperiments with a representative CFP-YFP FRET pair
(mCerulean-mCitrine).
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Introduction

Forster resonance energy transfer (FRET) is a famous phys-
ical phenomenon which involves non-radiative energy
transfer from excited fluorophore (called donor) to a nearby

fluorophore (called acceptor) if this donor/acceptor pair
(called FRET pair) is separated in a sufficient close distance
(FRET distance, typically<10 nm) [1]. More importantly,
the efficiency of this kind of energy transfer (FRET efficien-
cy) depends on the FRET distance. Therefore, with the use
of FRET pair labeled proteins, FRET microscopy offers
unique opportunities for studying protein–protein interac-
tions which are thought to play an important role in regu-
lating many cellular signaling pathways [2].

In the past decades, various methods have been devel-
oped to quantify the FRET efficiency. Among them, fluo-
rescence lifetime imaging microscopy (FLIM) is widely
accepted to be the most rigorous method for determining
the FRET efficiency, since FLIM-FRET method is based on
the measurement of the of the fluorescence lifetime of the
donor in the presence of FRET, which can be determined
precisely without cross-talk artifacts [1, 2]. However, sever-
al limitations prevent the FLIM method from being the
dominant approach for FRET imaging, while the most se-
vere limitation comes from the specialized FLIM instrumen-
tation which is expensive to obtain [2]. For example, as the
most common implementation with laser scanning confocal
microscopy (hereafter called confocal microscopy), time-
domain FLIM requires at least two expensive components:
time-correlated single-photon counting (TCSPC) module
and laser with short pulse duration (typically tens of pico-
seconds or less) [1]. Therefore, attempts to extend the im-
aging capacity of existing FLIM-FRET system would be of
great beneficial to expand the application fields of the
FLIM-FRET method.

On the other hand, cyan fluorescent proteins (CFPs),
such as Cerulean, are widely used as donor fluorophores
in FRET microscopy when paired with yellow fluorescent
proteins (YFPs) such as Citrine or Venus. And, great pro-
gresses have been made to develop better CFP variants
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which show simultaneously large extinction coefficients,
high quantum yields, and single exponential fluorescence
lifetime [3]. Therefore, combining improved CFP-YFP
pairs with FLIM method would be highly desirable for
FRET experiments. However, as pointed out by Piston et
al. [4], FLIM-FRET imaging of CFP-YFP pairs is not
convenient since the optimized excitation wavelength
(approximately 425 nm) is not found on most commer-
cial confocal systems. For a technology replacement,
Piston et al. suggested two-photon FLIM-FRET method
which requires a tunable femtosecond Ti:Sapphire laser
operating at 820 nm [4].

Unfortunately, although two-photon microscopy is su-
perior for deep tissue (>100 μm) imaging, on thinner
specimens the high light intensity within the focal volume
(up to terawatts per square centimeter) can potentially
induce undesirable destructive multi-photon effects [5].
In contrast to two-photon microscopy, conventional con-
focal microscopy typically employs a light intensity in the
range of kilowatts per square centimeter. If the excitation
wavelength in confocal microscopy is carefully chosen to
be within the visible range, most photodestructive effects
(in particular, UVA effects) can be avoided. Since the
average size of suspended eukaryotic cells is <30 μm in
diameter and would be even smaller when they are spread
out on cover glasses [6, 7], it would be advantageous to
use confocal microscopy to study dynamic protein inter-
actions inside these living cells.

In this paper, we provided a feasible add-on approach to
convert a commercial two-photon FLIM system into a
single-photon FLIM-FRET system, while the functionality
of the old system is still maintained. The FLIM-FRET
imaging performance of the upgraded system was evaluated
and discussed systematically.

Materials and Methods

Cell Culture

HeLa cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM, Invitrogen) supplemented with 10 % fetal
bovine serum (FBS) and maintained in humidified incubator
at 37 °Cwith 5%CO2. The cells were seeded in 35-mm glass-
bottomed dishes (LabTek) for confocal imaging 1 day before
the transfection. Plasmids were transfected into Hela cells
using Lipofectamine 2000 (Invitrogen) transfection reagent
according to manufacturer’s protocol. Plasmids for expressing
mCerulean (mCer) alone, mCerulean-mCitrine pair seperated
by a short (mCer-short-mCit, 12-amino-acid) or a long (mCer-
long-mCit, 135-amino-acid) linker, and unlinked mCerulean
and mCitrine (mCit) were used, respectively. Live cell imag-
ing was performed 20 h after the transfection.

Fluorescence Lifetime Imaging Microscope

The microscope was upgraded from a commercial two-photon
FLIM system and was shown in Fig. 1. The fundemental light
from a tunable Ti:Sapphire laser (Mai Tai, Spectral-Physics;
100 fs pulse width, 80 MHz repetition rate) was focused by a
double-convex lens (f=38.1 mm) into a second-harmonic
generation (SHG) crystal (BBO, thickness=0.5 mm, Castech
Inc, China). The frequency-doubled laser (SHG laser) after the
BBO crystal was collimated and expanded with another
double-convex lens (f=100 mm), cleaned by an infrared cut-
off filter (BG39), and sent to an Olympus FV1000 scan head
via the dichroic mirror which was previously designed for
coupling a 405 nm LD laser (DM2, after shifting the fiber
connector to a farer position). The SHG laser was reflected by
DM3 which was designed for coupling infrared laser for two-
photon excitation, reflected again by DM4 which was
designed for separating excitation laser and fluorescence
emission (see Results and Discussions for further informa-
tion), and focused into biological samples by an Olympus
60x/NA1.42 oil immersion objective lens equipped in an
Olympus IX 81 inverted microscope. Note that the beam
diameter of the SHG laser was expanded to fill the back
aperture of the objective lens through the combination of the
two double-convex lenses. With tuning the Ti:Sapphire laser
from 780 nm to 870 nm, one-photon excitation from 390 nm
to 435 nm (limited by the transmission curve of DM2) can be
obtained from this configuration.

Fluorescence signal was collected by the same objective
len, guided back to the FV1000 scan head, passed through
DM4, coupled into a multi-mode fiber (UV 800/880, A. R.
T. Photonics GmbH, Core diameter=800 μm, Length=1 m)
via a confocal detection port in the FV1000 scan head, and
spreaded into 16 spectral channels via the polychromator
inside a PML-Spec multi-spectral detection system (Becker
& Hickl). To minimize scattered laser, a bandpass filter
(FF01-554/211-25, Semrock) was placed between the
multi-mode fiber and the PML-Spec. The electronic signal
generated from the PML-Spec detection system was sent to
a SPC-830 TCSPC module (Becker & Hickl) for further
analysis. The SPCM software provided by Becker & Hickl
was used to allow fluorescence lifetime imaging during the
scanning process. Lifetime decay curves were analyzed with
the SPCImage (Becker & Hickl).

Data Analysis

The FRET efficiency (E) can be measured by the following
well-known equation consisting of the lifetime values of the
interacting (τFRET) and noninteracting donor (τD) [8].

E ¼ 1� tFRET
tD

ð1Þ
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The standard deviation of E (σE) can be obtained using
error propagation formula [9].

σE

E

� �2
¼ σtFRET

tFRET

� �2

þ σtD

tD

� �2

ð2Þ

Results and Discussion

Optimizing the Excitation and Emission Wavelengths
for CFP-YFP FRET Pair

To maximize FRET measurement accuracy, it is of great
beneficial to optimize the excitation wavelength. Previously,
Piston et al. [4] employed a complicated method, which is
based on the measurement of five different excitation or
emission spectra, and calculated that the optimal excitation
wavelength is ~427 nm for the mCer-mCit pair. In this
study, we are interested to develop a much simpler method
which presents similar results as that from Piston et al.

We notice that, basically, the optimized excitation locates
at the wavelength that maximizes donor excitation and
minimizes direct excitation of the acceptor. In other words,
the optimized wavelength for the mCer-mCit FRET pair
should be located at the peak of the normalized donor
(mCer) excitation spectra (ExnormalizedmCer λð Þ ) divided by the

normalized acceptor excitation spectra ( ExnormalizedmCit λð Þ ).
Therefore, since the crossover point between ExnormalizedmCer λð Þ
and ExnormalizedmCit λð Þ is located at 475 nm (see Fig. 2a), the
optimal excitation wavelength should be at a wavelength
lower than 475 nm. The exact value for this optimal wave-
length can be easily obtained by plotting the ratio of E

xnormalizedmCer λð Þ to ExnormalizedmCit λð Þ as a function of wavelength
(Fig. 2b), which has a peak at ~427 nm. In comparison with
the wavelength obtained by Piston et al., our method pre-
sents almost the same value while is surprisingly simple.

It is also important to determine a suitable emission
wavelength range which maximizes the detection of donor
fluorescence and minimizes the detection of acceptor

fluorescence. In a similar way to the determination of
optimal excitation wavelength, the optimal emission
wavelength range can be obtained by finding the cutoff
wavelength from the normalized donor (mCer) emission
spectra (Emnormalized

mCer λð Þ) divided by the normalized accep-

tor emission spectra (Emnormalized
mCit λð Þ). Therefore, it can be

easily estimated from Fig. 2a that the detection wave-
length should locate at<525 nm (the crossover point
between Emnormalized

mCer λð Þ and Emnormalized
mCit λð Þ ). A further

Fig. 1 Illustration of the single-
photon TCSPC FLIM system.
L: Lens; Lens1: focal length=
38.1 mm, diameter=25.4 mm;
Lens2: focal length=100 mm,
diameter=25.4 mm; M: mirror;
F: filter; BE: beam expander;
BBO: second-harmonic
generation (SHG) crystal; DM:
dichroic mirror; SYNC:
synchronization signal from Ti:
Sapphire laser

Fig. 2 a The excitation and emission spectra of the proteins alone
(from Roger Tsien’s Lab). b Optimized excitation and emission wave-
lengths for the mCer-mCit FRET pair, and the transmission curve of
the most suitable DM4
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calculation of the ratio of Emnormalized
mCer λð Þ to Emnormalized

mCit

λð Þ confirmed that the detection wavelength should be<
493 nm. Here we recommend the red cutoff wavelength
with a ratio>0.5 (Emnormalized

mCer λð Þ Emnormalized
mCit λð Þ�

) to guar-
antee sufficient high fluorescence contribution from the
donor. On the other hand, the blue cutoff wavelength can
be estimated where the intensity is 50 % of the emission
peak. For the mCer-mCit FRET pair, the blue cutoff
wavelength was calculated to be ~465 nm (see Fig. 2a).
Therefore, the optimal emission wavelength range for the
mCer-mCit FRET pair is 465–493 nm.

Converting a Two-Photon FLIM into a Single-Photon FLIM
System

Considering that a pulse laser (hundreds of picoseconds or
shorter [10]) is necessary for TCSPC FLIM imaging and the
optimal excitation wavelength for the mCer-mCit FRET pair
is 427 nm, the fundemental laser from the tunable Ti:
Sapphire laser (which is already available in the commercial
two-photon microscopy) was frequancy-doubled by a fa-
mous second-harmonic generation crystal BBO (see details
in the Materials and Methods section and following sec-
tions). In this case, we avoided the purchase of new expen-
sive pulse lasers, though an additional electronic delay cable
may be required to compensate the optical path difference
between the two-photon and single-photon FLIM systems.

Then, it is necessary to consider how to introduce the
SHG laser into the FV1000 system which has three laser
ports: DM1 for VIS lasers (including 458–515 nm Argon
ion laser, green (543 nm) and red (633 nm) HeNe lasers),
DM2 for UV laser (405 nm laser diode) and DM3 for NIR
laser (~700–1000 nm from the Ti:Sapphire laser). Taking
the optimal excitation wavelength for the mCer-mCit FRET
pair into consideration, DM2 was chosen to import the SHG
laser. To maintain the function of the original FLIM system,
the fiber connector for the LD405 laser was adjusted slightly
far away from the FV1000 scan head, and a flip mirror was
placed before DM2 and the LD405 fiber connector to switch
between LD405 and the SHG laser.

Inside the scan head of commercial FV1000 system, four
dichroic mirrors (DM4) are available for reflecting LD405
laser and passing through fluorescence emission. We mea-
sured the transmission curves of these dichroic mirrors
(Fig. 3) and found that DM 458/515 is suitable for FLIM-
FRET imaging of the mCer-mCit pair which requires an
optimal excitation wavelength of 427 nm and an emission
wavelength range of 465–493 nm.

For our fluorescence detection system, the detection wave-
length of the multi-spectral detector (PML-Spec) covers from
300 nm to 800 nm through adjusting the angle of the grating
inside, while at each grating position fluorescence signal with

a bandwidth of ~200 nm spreads successively into 16 sepa-
rated spectra channels. Taking the optimal excitation and
emission wavelengths for the mCer-mCit FRET pair (see
above) and the FLIM detector parameters into consideration,
the FLIM-FRETmeasurement is performed at the wavelength
range of 470–495 nm in this study.

It is worthy to note that the system conversion shown
above is not only suitable for the Olympus FV1000. For
other commercial two-photon microscope systems which
also consist of ports for coupling UV and visible lasers,
system upgrade can be performed with similar procedures.

Characterizing the Available Laser Power
in the Single-Photon FLIM System

It would be necessary to evaluate whether the available SHG
laser power is sufficient for single-photon FLIM imaging.
Notice that the maximum available SHG laser power after
passing through a microscope objective (Pmax

SHG) is the product
of the maximum laser power of fundamental near-infrared
femtosecond laser (Pmax

NIR ), the frequency doubling efficiency
(ΦSHG) and the transmission efficiency of the optical system
(Tsystem), that is, Pmax

SHG ¼ Pmax
NIR � ΦSHG � Tsystem. For our fem-

tosecond laser, Pmax
NIR is up to 1.5 W. Maximum ΦSHG was

obtained (Fig. 4a) by adjusting the level angle and pitch
angle of the BBO crystal. We found that for a SHG laser at
~430 nm (which is close to the optimal excitation wave-
length of the mCer-mCit FRET pair), the maximum PSHG is
130 mW (Fig. 4b) and the maximum Tsystem is 7.26 %
(Fig. 4c).

It should be noted that the transmission efficiency of the
optical system depends not only on the transmission curves
of DM4 (Fig. 3), but also other optical elements inside the
optical path (especially DM2 which designed to reflect only
UV laser, Fig. 1). In fact, we found that the transmission
efficiency of the optical system drops rapidly at wavelength

Fig. 3 Transmission curves of DM4 sets

546 J Fluoresc (2013) 23:543–549



longer than 420 nm when DM 405/488 was used as DM4.
Therefore, for FLIM-FRET imaging of the mCer-mCit
FRET pair, it is better to use DM 458/515 as DM4, which
provides higher transmission efficiency for 430 nm laser

(Fig. 4c) and 465–495 nm fluorescence emission (Fig. 3).
For FLIM imaging using wavelength>435 nm, it may be
necessary to use the other laser port (DM1) to couple the
SHG laser into the FV1000 scan head. Nevertheless, in the
current configuration of our single-photon FLIM system, the
excitation laser is available in the wavelength range from
390 to 435 nm. And confocal imaging is usually performed
using<5 % of the available SHG laser. Note that this SHG
wavelength range is currently limited to the available fun-
damental laser output from our femtosecond Ti: Sapphire
laser. A much broader range (350–500 nm) is possible with
the combination use of a properly working femtosecond
laser and a suitable laser port (for coupling the SHG laser).

Characterizing the Imaging Performance
of the Single-Photon FLIM System

The imaging performance of a single-photon TCSPC FLIM
system not only depends on the available laser wavelength
and power, but also on field illumination evenness and
Instrumental Response Function (IRF). After centering the
SHG laser spot to the center of the illumination field [11],
we characterized the field illumination evenness of the
single-photon FLIM system and found that the intensity at
the far end of the fluorescence image drops to~75 % of the
peak intensity in the center (Fig. 5).

Fig. 4 The SHG efficiency (a), maximum SHG laser power (b), and
transmission efficiency of the optical system (c). The SHG efficiency is
the ratio of SHG laser power (blue rectangulars in b) and fundamental
laser power (red circles in b). The transmission efficiency of the optical
system is the laser power after passing the Olympus 60x/NA1.42
objective divided by the SHG laser power before entering the
FV1000 scan head. Note that the transmission efficiency of the optical
system depends on different DM4

Fig. 5 Characterizing field illumination evenness. a Transmission
image (left) and fluorescence image (right) of dilute fluorescein in
water. b The line profiles of the area indicated by the black arrows in
(a). Scale bar: 50 μm
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We also characterized the IRF of the single-photon FLIM
system by replacing the fluorescein solution with a cover slice
which reflects a small amount of 430 nm laser to the detection
system. The IRF was found to have the full width at half-
maximum (FWHM) of 191 ps (Fig. 6), which is close to the
reported value in the literature (150–200 ps) [12]. Finally, we
note that it is better to leave enough time channels before the
rising of the IRF signal (1.5~2 ns in our FLIM setup), so that
lifetime measurements can be performed more accurately. If
the rising of the IRF signal locates before 1 ns, it is hard to
obtain accurate lifetime values in FLIM experiments.

To verify the accuracy of our single-photon FLIM sys-
tem, we measured the lifetime of Rhodamine B in water as
the standard sample at room temperature (25 °C). In our
result, the lifetime of Rhodamine B is 1.53 ns (Fig. 7),
which is close to the reported values [13]. This demonstrates
that we can obtain the accuracy lifetime using our single-
photon FLIM system.

Imaging mCerulean-mCitrine FRET Pair
with the Single-Photon FLIM System

To demonstrate the imaging capability of our single-photon
FLIM system, we performed FLIM-FRET experiments in

HeLa cells expressing mCer, mCerulean-short-mCitrine
(with 12 amino acids), mCerulean-long-mCitrine (with 135
amino acids), and coexpressing mCerulean and mCitrine
(mCer+mCit). The excitation wavelength was 430 nm,
and the fluorescence emission was detected in a wavelength
range between 470 nm and 495 nm. Results are shown in
Fig. 8. The measured mean fluorescence lifetime of mCer is
close to the reported values [4, 14].

Fluorescence lifetime distribution curves clearly show
that mCer alone has the longest lifetime, while the mCer-
mCit pair separated by a short linker exhibits the shortest

Fig. 6 IRF measurement of our single-photon FLIM system. The
excitation laser was 430 nm

Fig. 7 Verifying performance of FLIM using Rhodamine B in water.
Excitation wavelength was 430 nm, and emission band was 470–
670 nm. The measure lifetime data of Rhodamine B (blue circles) were
fit (red line) using single exponential model

Fig. 8 FLIM-FRET imaging of HeLa cells expressing mCerulean and
mCitrine. a Bright field, intensity and lifetime images. b Fluorescence
lifetime distribution curves. Scale bar: 50 μm

Table 1 Average fluorescence lifetime and FRET efficiency

Sample Mean±SD (ns) E±SD

mCer 2.48±0.03 —

mCer+mCit 2.40±0.02 0.03±0.02

mCer-long-mCit 2.27±0.05 0.08±0.03

mCer-short-mCit 1.85±0.03 0.25±0.02

E: FRET efficiency. SD: standard deviation. Values were from at least
10 cells
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lifetime. Using the data analysis procedure described in
the Materials and Methods section, FRET efficiency in
the four samples can be obtained from the lifetime
values (Table 1). The FRET efficiencies observed for
the mCer-mCit pair were consistent with linker length,
with shorter linkers generating higher FRET efficiencies
[4]. And it was consistent with the result using the
acceptor photobleaching method (data not shown).
These findings clearly verified the FLIM-FRET imaging
capability of our single-photon FLIM system.

Conclusion

In this paper, we reported a feasible approach to up-
grade a commercial two-photon FLIM system into a
single-photon FLIM system. Through FLIM-FRET im-
aging in HeLa cells expressing mCerulean and mCitrine,
we verified that the upgraded system is capable of
performing single-photon FLIM-FRET imaging for pop-
ular CFP-YFP FRET pairs. We also provided a simple
method to determine the optimal excitation and emission
wavelengths for the mCer-mCit FRET pair. Comparing
to the reported method, our method presents almost the
same value while is surprisingly simple.
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