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Introduction

Supercontinuum (SC) light sources have attracted much 
attention due to their capability in improving imaging techniques.  
Thanks to the broadband spectral profile and high spatial 
coherence of SC, high axial resolution for optical coherence 
tomography (OCT)1,2 and high fluorescence efficiency for 
confocal microscopy3–5 are demonstrated.  Furthermore, 
ultrabroad spectral profile ranging from ultraviolet (UV) to 
visible or near infrared (NIR) can significantly simplify 
electronic and/or vibrational resonance spectroscopic systems or 
multicolor flow cytometric apparatus.6–9

Among the reported SC light sources, the sub-nanosecond 
fiber-based system is one of the most appropriate solutions from 
the viewpoints of compactness, cost-effectiveness and 
user-friendliness.  It is widely recognized as the compact and 
low-cost “white-light laser”.  Typical SC generation is performed 
by launching monochromatic laser pulses into a photonic crystal 

fiber (PCF).  The SC spectrum is constructed all along the PCF 
through the combined contribution of various third-order 
nonlinear optical effects such as self-phase modulation (SPM), 
cross-phase modulation (XPM), parametric four-wave mixing 
(FWM), modulation instability (MI), stimulated Raman 
scattering (SRS), and soliton effects.10  The SC generation is 
strongly dependent on the specific structure of the PCF.  The 
size of silica core, the diameter of air holes and their arrangement 
in the cladding region enable us to control dispersion property 
of the light propagation through the PCF.  In particular, 
small-core PCFs spatially confine the laser pulses over large 
propagation length, while tailoring the zero-dispersion 
wavelength of the PCF can temporally confine the pulses 
without spreading.  Both spatial and temporal confinement of 
the laser pulses in the PCF core drives various nonlinear optical 
processes and promotes the wavelength conversion, resulting in 
the SC generation.

The first demonstration of visible continuum generation in a 
PCF was performed in 2000 by propagating 100-fs pulses from 
a Ti:sapphire laser oscillator near the zero-dispersion wavelength 
of the fiber.11  Later, white-light SC generation in a PCF was 
reported using 60-ps12 and 0.8-ns13 pump laser sources 
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respectively.  The latter experiment was the first demonstration 
of SC generation by using a passively Q-switched microchip 
laser.  Continuous-wave (CW) visible SC generation was 
demonstrated much later, based on the trapping of dispersive 
waves by infrared solitons.14,15

The spectral profile of SC can also be tailored by the pumping 
scheme.  Dual-wavelength pumping enables us to obtain 
homogeneous spectral broadening, smooth spectral profile, and 
single mode operation in the visible range.16,17  By using the SC 
light source with dual-pumping scheme, we have reported the 
first demonstration of Raman optical activity (ROA) by coherent 
anti-Stokes Raman scattering (CARS) in the visible range.18

The SC has been widely used in microscopic imaging.  Thanks 
to high photon density, we can perform multimodal, multiphoton, 
and multiplex spectroscopic imaging (M3 spectroscopic 
imaging).  So far, CARS, second harmonic generation (SHG), 
third harmonic generation (THG), and third-order sum frequency 
generation (TSFG) imaging have been reported by our group.19,20  
In the present study, we have extended our microscopic system 
further by launching another multiphoton channel, two-photon 
excitation fluorescence (TPEF).

TPEF microscopy is one of the most established techniques in 
multiphoton microscopy (MPM).21  It has been widely used in 
life sciences to visualize intracellular molecules with intrinsic 
three-dimensional resolution.  Recently, three-photon,22 
four-photon,23 and even five-photon24 excitation fluorescence 
microscopic techniques have been reported.  Typical TPEF 
microscopy employs femtosecond mode-locked Ti:sapphire 
laser.  Owing to NIR excitation, large penetration depth and low 
photodamage are expected.  For fulfilling an electronic 
resonance condition, however, we need to tune the laser 
wavelength for each intracellular molecule.  Since the 
two-photon allowed electronic state is different from the 
one-photon allowed state in general, the conventional absorption 
spectrum does not coincide with the two-photon absorption 
spectrum.  In order to find the two-photon excitation resonance, 

the application of the SC light source is one of the simplest 
ways.  Due to the ultrabroadband two-photon excitation, the 
electronic resonance condition should be automatically satisfied.  
A similar strategy has been employed in multiplex CARS 
microspectroscopy for fulfilling vibrational resonance 
conditions.25,26  In the present study, we performed tri-modal 
(CARS, TSFG, and TPEF) multiplex spectroscopic imaging.  
First, we show the proof-of-principle experiment using 
polystyrene beads.  Next, we applied this technique to living 
cells.

Experimental

Sample preparation
Polystyrene beads of 1-μm in diameter with and without 

orange fluorophore were purchased from Life Technologies and 
Polyscience, respectively.  We made a mixture of these two 
types of beads, and sandwiched them with two cover slips.  
Mouse L929 fibroblastic cells were cultured on 3.5 cm 
glass-base dishes.  The medium was D-MEM (Gibco) with 10% 
FBS (Gibco).  Before the measurement, the culture was washed 
by phosphate buffered saline (PBS) and the medium was 
replaced by 2 – 3 mL PBS.  In order to observe the TPEF signal 
from living cells, we used MitoTracker Orange CMTMRos 
(MTO; Life Technologies).  The final concentration of MTO 
was about 200 nM.  We followed the staining protocol published 
by the manufacturer.

Apparatus
The M3 spectroscopic imaging system was developed by our 

group and has been already reported elsewhere.19,20  Figure 1 
shows the simple schematic of the system.  A Q-switched 
microchip Nd:YAG laser is used as a light source.  The center 
wavelength, temporal duration, and repetition rate are 1064 nm, 
800 ps, and 33 kHz, respectively.  First, a 1064-nm radiation 

Fig. 1　Schematic of M3 spectroscopic microscope (color version of figure is available online).
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(fundamental) is divided into two.  One is used for ω1 laser 
(namely, pump and probe laser).  The other is introduced into a 
PCF.  Ultrabroadband SC ranging from visible to NIR is used as 
ω2 laser (Stokes laser).  After removing spectral components 
shorter than 1064 nm from the SC using a long-pass filter, ω1 
and ω2 radiations are superimposed by a notch filter, and then 
introduced into a modified inverted microscope (Nikon: 
ECLIPSE Ti).  Incident radiations are tightly focused onto a 
sample by the first objective lens.  The sample is placed upon a 
piezo electric stage (PZT, Mad City Lab: Nano-LP200) for 
raster scanning.  The forward propagating signals of nonlinear 
optical processes are collected by the second objective lens.  
The signals are then divided into NIR and UV-visible 
components by a dichroic mirror.  For the transmitted NIR 
spectral component, collinear propagating ω1 and ω2 radiations 
are blocked by a short-pass filter and a notch filter.  The CARS 
signal is then introduced into a spectrograph (Princeton 
Instruments: LS785) and detected by a CCD camera (Princeton 
Instruments: PIXIS 100BR).  On the other hand, the reflected 
visible component contains TSFG and TPEF signals.  After 
passing through a short-pass filter, the signals are detected by a 
spectrograph (Princeton Instruments: SpectraPro 300i) and a 
CCD camera (Princeton Instrument: PIXIS 100BR eXcelon).  
Exposure time was 50 ms per pixel.  Bright field image and 
one-photon fluorescent image of samples are captured by a 

microscope-attached digital camera.  Light sources for each 
image are a halogen lamp and a mercury lamp, respectively.  
For data analysis, maximum entropy method (MEM) and 
singular value decomposition (SVD) analysis were applied in 
order to retrieve denoised multiplex CARS spectra.27–29

Results and Discussion

Proof of principle experiment
In order to confirm the feasibility of multimodal imaging with 

TPEF and other nonlinear optical processes, we chose 
fluorescent beads as a test sample.  The results of the mixture of 
non-fluorescent polystyrene beads (NFB) and fluorescent beads 
(FB) are shown in Fig. 2.  As it was clear from the comparison 
of the bright field image (Fig. 2(a)) with the one-photon 
(conventional) fluorescence image (Fig. 2(b)), the bead at the 
top side was an FB, and the other two beads at the bottom side 
were NFB.  Typical spectral profiles in the visible region at the 
FB and NFB positions are shown in Fig. 2(c).  Based on our 
previous study,19 the broadband signal around 400 nm was 
assigned as TSFG.  Concerning the spectrum at the FB position, 
the other broadband signal was observed at around 560 nm.  
Since the spectral profile and the peak position coincided with 
those provided by the bead manufacturer (Life Technologies), 

Fig. 2　Simultaneous imaging of FB and NFB with TSFG and TPEF.  (a) Bright field image, and (b) 
one-photon fluorescence image of the sample.  (c) Typical obtained spectra from FB and NFB.  (d) 
TSFG, and (e) TPEF image.  (f) Intensity plot along the white broken line in (d) and (e).  The white bar 
shown in (d) indicates 5 μm (color version of figure is available online).
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we could safely assign that this broadband signal was TPEF 
from FB.  The results of multimodal imaging using TSFG and 
TPEF are shown in Figs. 2(d) and 2(e).  In the TSFG image 
(Fig. 2(d)), all three beads were visualized.  On the other hand, 
we could recognize only one FB in the TPEF image (Fig. 2(e)) 
at the top side.  The difference between Figs. 2(d) and 2(e) 
originated from the different contrast mechanism of each 
nonlinear optical process.  TSFG is capable of label-free 
imaging, and takes place at an optically inhomogeneous area 
such as the interface of two layers with different refractive 
indices.  The detailed signal generation mechanism has been 
already explained in our previous report.30  In the present case, 
the refractive indices difference between the polystyrene beads 
and surrounding air provided the image contrast of TSFG.  
Since the bead diameter was 1 μm, it approximately 
corresponded to a point source for the multiphoton processes.

In contrast to TSFG, TPEF only visualized FB at the top.  
Since TPEF required fluorophore for signal generation, NFB 
was not visualized by TPEF.  It is reasonable that the FB showed 
fluorescence through the two-photon excitation (TPE) with the 
1064-nm radiation, because half of the excitation wavelength 
(1064 nm) corresponds to 532 nm, which is shorter than that of 
the fluorescence of FB in this study (around 560 nm).  It should 
be noted that the TPEF image of FB did not show a round shape 
(see Figs. 2(d) and 2(e)).  It was probably caused by the 
photobleaching effect of fluorescent dyes loaded on the bead.  
Since the raster scanning was performed from the bottom to the 
top, it is reasonable that the intensity of the TPEF signal from 
the bottom was larger than that from the top due to the 
photobleaching effect.  Figure 2(f) shows the intensity profiles 
of TSFG and TPEF of FB along the white broken line in 

Figs. 2(d) and 2(e).  It should be emphasized that the full-width 
at the half maximum (FWHM) of the signal intensity at the FB 
were different between TSFG and TPEF.  The FWHMs were 
0.82 and 1.1 μm for TSFG and TPEF, respectively.  In other 
words, the spatial resolution of TSFG was better than that of 
TPEF.  The difference of the FWHM can be explained mainly 
by the difference of the order of nonlinearity and by the different 
signal generation mechanisms.  It is well known that a 
higher-order nonlinear process provides higher spatial resolution 
both in the axial and the lateral directions.  In the present study, 
TPEF is the second order and TSFG is the third order nonlinear 
optical process.  It is thus reasonable that the spatial resolution 
of TSFG was better than that of TPEF as shown in Fig. 2(f).

Imaging of mammalian cells
Next we measured L929 cells stained by MTO (see Figs. 3(a) 

and 3(b)).  Typical spectral profiles due to various nonlinear 
optical processes in both UV-visible and NIR regions are shown 
in Figs. 3(c) and 3(d).  In the UV-visible spectrum (Fig. 3(c)), 
we can recognize two broad bands.  One around 400 nm was 
assigned as TSFG, and the other around 580 nm was assigned 
as TPEF from MTO.  The spectral profile of the TPEF signal 
was consistent with the fluorescence spectral data provided by 
the manufacturer.  The three spectral profiles in Figs. 3(c) and 
3(d) were obtained at the positions indicated by each colored 
cross in the bright field image (Fig. 3(a)).  The TPEF signal 
reflected the fluorescence intensity of MTO at each point.  In 
the NIR region, multiplex CARS signals were detected 
(Fig. 3(d)).  In the present study, M3 spectroscopic imaging with 
CARS, TSFG and TPEF was successfully demonstrated.  To the 
best of our knowledge, this is the first report of simultaneous 

Fig. 3　An L929 fibroblast stained with MTO; bright field image (a), and one-photon (conventional) 
fluorescence image (b).  Spectral profiles in visible (c), and NIR (d) regions.  The insets in (d) are 
expanded spectra in the fingerprint region.  The bottom axis of NIR spectra is converted into Raman 
shift.  Colored crosses in (a) indicate the positions where corresponding spectra shown in (c) and (d) 
were obtained (color version of figure is available online).
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spectroscopic detection of the multiplex CARS and TPEF using 
a nanosecond laser source.  As mentioned in the experimental 
section, multiplex CARS spectra shown in Fig. 3(d) were 
obtained after data processing using MEM and SVD analysis.  
MEM is one of the phase retrieval techniques.  Raw CARS 
spectra are severely distorted due to coherent interference 
between the vibrationally resonant and nonresonant terms.  
MEM retrieves Im[χ(3)] spectra, which correspond to the 
resonant term in CARS spectra.  The information contained in 
Im[χ(3)] spectra is the same as that in spontaneous Raman 
spectra.27,29  In other words, Im[χ(3)] spectra is linear to the 
number of molecules, and we can apply the well-established 
band assignment to Im[χ(3)] spectra.  On the other hand, SVD 
analysis is used for noise reduction.28  Spectra shown in Fig. 3(d) 
is Im[χ(3)] spectra after above mentioned data processing.

Im[χ(3)] spectra provide rich molecular structural information.  
A large band was observed around 2900 cm–1.  This band is 
composed of CH3 stretch (2932 and 2871 cm–1) and CH2 stretch 
(2847 cm–1) vibrational modes.  Orange and blue spectra in 
Fig. 3(d) showed the CH2 stretch band larger than that in the 
red.  It is noticeable that TPEF of MTO was also detected in the 
orange and blue spectra.  Since the band intensity of the CH2 
stretch vibrational mode corresponds to the amount of lipid 
molecules,31,32 this result indicates mitochondria, or adjacent 
mitochondria, contain relatively higher quantity of lipids.  In the 
fingerprint region (800 – 1800 cm–1), many Raman bands 
corresponding to molecular skeletal vibrations were observed.  
For example, the band around 1650 cm–1 was assigned as the 
superposition of cis C=C stretch and amide I mode bands of 
proteins.  Although the peak position of this band in three 
spectra in Fig. 3 was similar to each other, the shape and the 
sharpness of the band were slightly different.  Namely, orange 
and blue spectra gave sharper bands than that in the red.  The 
sharp C=C stretch band is characteristic of unsaturated lipid 
molecules.  Thus the difference of the band shape is consistent 
with the assignment of the CH stretch bands.  There was another 
large band around 1450 cm–1.  This band was assigned as the 
CH bend mode, which was decomposed mainly into CH3 
degenerate deformation (1456 cm–1) and CH2 scissors 
(1440 cm–1) modes.  In the fingerprint region, we could 
recognize the position-specific small bands.  For example, a 
weak shoulder band was observed around 1480 cm–1 in particular 
in the red spectrum.  This band was assigned as the purine ring 
stretch mode.32,33  This band can be used as the marker band of 
nucleic acid because adenine or guanine, kind of nucleic acid 
bases, contain purine ring.  Purine ring also gives a band at 
1580 cm–1, and this was also detected in the red spectrum.  Thus 
the position at the red cross corresponded to the inside of the 
nucleus.  It is reasonable that no or very weak TPEF signal was 
detected from the position at the red cross (see Figs. 3(a) – 3(c)), 
because no mitochondria exists inside the nucleus.  Moreover, 
the red spectrum showed many other characteristic bands such 
as PO2– stretch (1096 cm–1), breathing mode of phenylalanine 
residue (1003 cm–1).

Based on these assignments, multimodal images that 
correspond to the distribution of various molecular species can 
be constructed by calculating the intensity of the Raman band in 
Im[χ(3)] spectra through curve fitting.  The multimodal images 
are shown in Fig. 4.  Each image corresponds to (a) TSFG, (b) 
TPEF, (c) purine ring stretch (nucleic acid), (d) CH3 degenerate 
deformation (protein and lipid), (e) CH2 scissors (lipid), and (f) 
phenylalanine residue (protein), respectively.  The cell shown in 
Fig. 4 is the same as that in Fig. 3.  TPEF image (Fig. 4(b)) well 
coincided with the one-photon (conventional) fluorescence 
image in Fig. 3(b).  Due to the low signal-to-noise ratio, contrast 

of TPEF image was not as good as the one-photon fluorescence 
image.  It should be emphasized, however, that the TPEF, CARS 
and TSFG were obtained from the same position simultaneously, 
because three nonlinear processes take place with the same 
excitation light source, namely the nanosecond laser source.  
This enables us to perform spatially correlated combinational 
spectral analysis of CARS, TSFG and TPEF signals.  For 
example, CARS at the CH2 scissors mode (Fig. 4(e)) gave high 
image contrast at cellular cytoplasm.  It is worthwhile to note 
that the spatial pattern of CH2 and TPEF images were similar to 
each other.  In general, CARS or Raman images at CH2 bend 
and stretch vibrational modes were widely used to detect lipid 
droplets inside the adipocytes.34–36  In the case of fibroblasts, 
however, formation of lipid droplets depends on various 
conditions such as the composition of culture medium.  In the 
present study, no droplet-like structure was observed in Fig. 4(e).  
Therefore, the coincidence of CARS at the CH2 scissors mode 
and TPEF images means that membrane-rich mitochondria 
provided relatively large intensity at the CH2 bend/stretch mode 
in the CARS signal.

In contrast to the other images, the TSFG image (Fig. 4(a)) 
showed a unique spatial pattern.  That is to say, only the edge 
part of the cell was visualized.  In order to investigate the reason 
for the unique contrast in the TSFG image, we measured the 
axial direction (XZ) images of another L929 cell.  Figure 5 is 
the XZ direction images of (a) TSFG, (b) CARS at CH2 stretch 
(2847 cm–1), (c) CARS at purine ring (1580 cm–1) and (d) CARS 
at phenylalanine residue (1003 cm–1), respectively.  TSFG image 
(Fig. 5(a)) clearly showed that the boundary of the cell and 
surrounding medium or glass was visualized.  As mentioned in 
the proof-of-principle section, TSFG is sensitive to the optical 
heterogeneity such as the interface between two layers with 
different refractive indices.  Therefore, TSFG visualized the 
interface between cell cytoplasm and medium, namely boundary 
of the cell.  From the morphological point of view, the boundary 
of a cell corresponds to a plasma membrane.  We could thus 
conclude that the XY image (Fig. 4(a)) visualized the cellular 
membrane.  Plasma membrane-sensitive TSFG imaging enables 
spatially correlated membrane-selective CARS spectral analysis.  
In other words, our system can evaluate the molecular property 

Fig. 4　M3 spectroscopic imaging of an L929 cell. (a) TSFG, (b) 
TPEF, (c) purine ring stretch (1480 cm–1), (d) CH3 degenerate 
deformation (1456 cm–1), (e) CH2 scissors (1440 cm–1), and (f) 
phenylalanine residue (1003 cm–1).  The white bar in (a) indicates 
10 μm (color version of figure is available online).
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of a plasma membrane such as the composition of different lipid 
molecules through detailed Im[χ(3)] spectral analysis.

Conclusions

Exploring mulimodality of nonlinear optical imaging is of great 
importance because the combinational analysis of multiple 
nonlinear processes possibly provides more detailed molecular 
information on biological samples.  In this study, we 
demonstrated that the subnanosecond white-light laser source 
was applicable to M3 spectroscopic imaging with TSFG, CARS 
and TPEF.  In the proof-of-principle experiment, we showed 
simultaneous imaging of polystyrene beads with TSFG and 
TPEF.  The spatial resolution of TSFG was shown to be higher 
than that of TPEF mainly due to the difference of the order of 
nonlinearity.  In the application to live cell imaging, we 
succeeded in M3 spectroscopic imaging with TSFG, CARS and 
TPEF.  Each image provided various molecular information due 
to the different contrast mechanisms.  In particular, TPEF 
selectively visualized mitochondria inside a living L929 cell 
stained by MTO, and TSFG visualized a plasma membrane.  It 
is notable that TPEF spectra of MTO and fluorescent beads 
showed different spectral profiles.  This result indicates that 
spectral TPEF detection enables multicolor TPEF imaging using 
similar but spectroscopically different fluorophers based on 
spectral analysis.  Since there is no need to tune the excitation 
wavelength, two-photon excitation using the SC light source is 
powerful in the spectroscopic imaging.  Therefore, our M3 
spectroscopic imaging would open new frontiers in bio-analysis, 
and become a promising tool for medical imaging.
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