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Biomolecular imaging based on far-red fluorescent
protein with a high two-photon excitation

action cross section
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The two-photon excitation action cross section of Hc-Red fluorescent proteins (Hc-RFPs) is measured and
found to be of the same order as that of enhanced green fluorescent proteins. With a 618 nm emission wave-
length in the far-red region and with an excitation wavelength around 1200 nm, Hc-RPF-based two-photon
fluorescence microscopy (2PFM) can offer deep penetration capability inside live samples and is ideal for in
vivo gene expression study and biomolecular imaging in live objects. In vivo 2PFM of the developing heart
deep inside a transgenic zebrafish embryo tagged by Hc-RFP is also successfully demonstrated. © 2006 Op-
tical Society of America

OCIS codes: 190.0190, 110.0180, 140.3580, 260.2510.
Transgenic lines carrying a tissue-specific green fluo-
rescent protein (GFP) marker with emission wave-
lengths around 510 nm have been a powerful tool for
the study of developmental biology because the spa-
tial expression of GFP makes possible the encapsula-
tion of the expression pattern of endogenous genes.1

Traditionally with a two-photon fluorescence
microscopy2 (2PFM) based on a femtosecond Ti:sap-
phire (Ti:S) laser, green fluorescence can be excited
by simultaneous absorption of two near-infrared
(NIR) photons for high-resolution three-dimensional
(3D) in vivo optical imaging. On the other hand, pre-
vious studies of human skin and other biological
specimens have suggested that longer-wavelength
light can penetrate live samples deeper, and the low-
est light attenuation (due to the combined effects of
absorption and scattering) in most biological materi-
als exists around 1200–1350-nm.3,4 It is thus highly
desirable to develop long-wavelength fluorescent-
protein-based 2PFM that would allow in vivo obser-
vations of gene expressions deep inside the develop-
ing embryos. This motivation is further strengthened
by recent reports of multiphoton damage under exci-
tation of femtosecond (fs) NIR light from a Ti:S
laser.5,6 It was found that Chinese hamster ovary
cells were unable to form clones with more than 2
mW average power under illumination by a 730–800
nm Ti:S fs laser.6 Recently the multiphoton photo-
damage induced by a NIR Ti:S fs laser has been
widely used as a precise 3D nanosurgery tool.7,8

Tanabe and Takamatsu have shown that under fs
850 nm illumination, enhanced GFP (EGFP) can
work as an effective phototoxic chromophore for inac-

9
tivation of protein’s function. On the other hand, our
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recent studies with a 1230 nm fs infrared (IR) source
have shown much reduced multiphoton damage and
prolonged viability in live biotissues.10,11 It is thus
highly desirable to find an alternative fluorescence
protein with an emission wavelength as long as pos-
sible that can be efficiently excited by fs light in the
IR regions around 1200 nm.

In this Letter, we report the measurement of the
two-photon excitation action cross section of far-red-
emitting Hc-Red fluorescent proteins (Hc-RFPs), the
value of which is found to be comparable to the maxi-
mal reported value of the highly efficient EGPF. The
studied Hc-RFP was developed by a generated trans-
genic zebrafish line that has Hc-RFP expressed in
myocardial cells. In vivo two-photon biomolecular
three-dimensional imaging of the developing heart,
tagged by the Hc-RFP deep inside the zebrafish em-
bryos without removing the chorions, was also suc-
cessfully demonstrated by using a 1230 nm fs light
source, illustrating the high potential and capability
of Hc-RFP-based 2PFM.

Hc-RFP is a fluorescent protein with an emission
peak around 618 nm that was developed by random
and site-directed mutagenesis of a nonfluorescent te-
tremeric chromoprotein from the reef coral Heteractis
crispa.12 With a bright fluorescence and a relatively
long emission wavelength compared with the com-
monly adopted Rs-Red, Hc-RFP can therefore be con-
sidered one of the most suitable choices for gene ex-
pression and protein localization studies and is
selected as our studied live marker. We have success-
fully generated a new transgenic zebrafish line by
screening from the embryos injected with DNA frag-

ment containing a heart-specific regulatory element
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of zebrafish cardiac myosin light chain 2 (cmlc2) gene
fused with a Hc-RFP and an EGFP gene.13–15 Hc-RFP
and EGFP were then expressed in the nuclei of car-
diac cells for our two-photon fluorescence (2PF) stud-
ies. For the cross-section measurement, samples with
the same Hc-RFP and EGFP concentrations were pu-
rified from transgenic zebrafish hearts co-tagged
with Hc-RFP and EGFP.13–15

The 2PF spectrum of Hc-RFP was first measured
in live transgenetic fishes using a 1230 nm fs Cr:for-
sterite laser, while the measurement of the 2PF cross
section was performed with a tunable fs optical para-
metric oscillator on purified samples. For these two
studies, fs pulses were focused by a 20� objective
(LMPlan/IR 0.4, Olympus) into samples. The fluores-
cence signal was collected with the objective, dis-
criminated from the excitation light by a filter, and
detected by a CCD-based spectrometer. Figure 1
shows the measured 2PF spectrum of Hc-RFP with
the peak emission wavelength located at �618 nm,
which matches the peak emission wavelength under
single-photon excitation.12 We measured the relation
between the collected fluorescence power and the
1230 nm excitation power. The measured fluores-
cence power was found to be in quadratic dependence
on the excitation power over the whole emission
wavelength range (570–680 nm), confirming its two-
photon nature. An example is shown in Fig. 1(b).
However, the 2PF also contains a wavelength shorter
than 610 nm, which is the theoretical 2PF limit ex-
cited with a 1230 nm laser source with a 20 nm band-
width. It was measured and found that the power de-
pendence of the emission below 600 nm was also
quadratic. This study suggests that the fluorescence
below 610 nm could be generated due to the phonon-
assisted 2PF process.

The two-photon excitation action cross section
(�TPE, defined as the product of the two-photon ab-
sorption cross section and the fluorescence quantum
yield16) of the Hc-RFP in the transgenic lines was
also measured, and its dependence on excitation
wavelength is shown in Fig. 2. Because the concen-
trations of the Hc-Red and the EGPF in the prepared
samples were the same, we excited the two-photon
fluorescence of the EGFP with the 900 nm NIR beam

Fig. 1. (a) 2PF spectrum excited with a 1230 nm fs Cr:for-
sterite laser from Hc-RFP in myocardial cells of a live ze-
brafish embryo. (b) Dependence between 618 nm fluores-
cence power (squares) and 1230 nm excitation power
measured from the Hc-RFP in myocardial cells of a live ze-
brafish embryo. The well-matched solid line is the slope
=2 fit confirming the two-photon nature of light absorption.
Note that both axes are log scaled.
from a Ti:S laser (Mira900, Coherent) for calibration.
The two-photon fluorescence of the Hc-Red was ex-
cited with an IR beam with a wavelength from 1120
to 1230 nm from an optical parametric oscillator ex-
cited by the same Ti:S laser (thus with the same rep-
etition rate). We used the measured EGFP fluores-
cence power and its reported �TPE value17 as a
reference and considered the difference between the
pulse width and the excitation volume to calibrate
the Hc-RFP �TPE,� value, where the subscript � indi-
cates the excitation wavelength. Thus the obtained
maximal value of the �TPE is 36 GM �1 GM
= 10−50 cm4 s/photon� at an excitation wavelength of
1160 nm, while the maximal reported �TPE of EGFP
is 41.2 GM under 920 nm excitation,17 indicating that
Hc-RFP is a highly efficient 2PF protein. Due to the
localized excitation property of the two-photon pro-
cesses, high two-photon excitation efficiency, and the
relatively higher penetration capability of the excita-
tion IR light and the 618 nm emission light, Hc-RPF-
based 2PFM should thus allow in vivo 3D observa-
tion deep inside live tissues with minimum
invasiveness. Also, due to the fact that the tolerable
excitation peak intensity in tissues increases signifi-
cantly as the excitation wavelength moves from the
NIR toward the 1200 nm wavelength region,5–11,18–20

Hc-RPF-based 2PFM should potentially provide bet-
ter penetration capability than EGFP-based systems
and can be an ideal replacement for the current
EGPF-based 2PFM.9

Using a fs Cr:forsterite laser with a wavelength of
1230 nm,11 we have successfully achieved in vivo
2PFM of the developed heart deep inside live trans-
genic zebrafish embryos tagged by Hc-RFP without
removing their chorions. 2PFM is similar to a previ-
ously reported higher-harmonic generation
microscope11 but with a backward collection geom-
etry for the excited fluorescence. Figures 3(a)–3(c)
show reconstructed 3D in vivo 2PF heart images
based on Hc-RFP with three different view angles
taken at the prim-16 stage, �30 h postfertilization.
The whole cellular structure of the developing heart
can be clearly identified through the 2PF of the Hc-
RPF. Our demonstration indicates that Hc-RPF-
based 2PFM with a high-resolution 3D imaging capa-
bility allows us to capture subtle developmental
information on the in vivo heart on the cellular level
occurring deep inside live embryos. With a 1230 nm

Fig. 2. Absolute two-photon excitation action cross sec-
−50 4
tions (�TPE, y axis) of Hc-RFP. 1 GM=10 cm s/photon.
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light, it is also advantageous to collect the forward-
propagating higher-harmonic generation signals11 for
simultaneous multimodal imaging.21 Figures
3(d)–3(g) also show high-resolution cross-sectional in
vivo images of the heart surface of the live transgenic
zebrafish taken at the prim-16 stage without remov-
ing its chorion. While the 2PF image reflects the dis-
tribution of the nucleus of the myocardiac cells,
second-harmonic generation provides the distribu-
tion image of the cardiac muscle fibers and third-
harmonic generation provides the image of myocar-
dial cell membrane and the interfaces between the
heart structure and its surrounding organs.

In summary, by successfully developing a zebrafish
line tagged with Hc-RFP expression in the heart, the
2PF spectrum and the two-photon excitation action
cross section of Hc-RFP were studied and measured.
The two-photon excitation action cross section of Hc-
RFP under IR light excitation was found to be com-
parable to the maximal reported value of EGFP. With
a high two-photon emission efficiency and better pen-
etration capability with the relatively longer emis-
sion and excitation wavelengths, Hc-RPF-based
2PFM thus provides a superb 3D in vivo deep tissue
molecular imaging capability, offering deep insight
into various genetic and molecular studies, including

Fig. 3. (a)–(c) Reconstructed 3D in vivo two-photon fluo-
rescence images of a live transgenic zebrafish heart taken
at 30-hpf (prim-16 stage) without removing its chorion. (a)–
(c) Images with different view angles of 0°, 60°, and 180°,
respectively, rotating along the horizontal axis. AT, atrium,
VE, ventricle. Image size, 240 �m�240 �m�180 �m. (d)–
(g) High-resolution cross-sectional in vivo images of the
heart surface of a live transgenic zebrafish taken at the
prim-16 stage without removing its chorion: (d) 2PF image,
(e) SHG image, (f) THG image, (g) combined image. Image
size, 60 �m�60 �m.
gene expression in vertebrate embryos. In vivo 2PFM
imaging of the heart structure deep inside a develop-
ing transgenic zebrafish embryo tagged by Hc-RFP is
also successfully demonstrated.
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