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Simultaneous two-color stimulated Raman
scattering microscopy by adding a fiber amplifier
to a 2 ps OPO-based SRS microscope
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Stimulated Raman scattering (SRS) microscopy is a labelfree chemical imaging technique. Two-color imaging is often
necessary to determine the distribution of chemical species
in SRS microscopy. Current multi-color SRS imaging methods involve complicated instrumentation or longer data
acquisition time or are limited to transmission imaging.
In this Letter, we show that by adding a simple fiber amplifier to a 2 ps laser source and optical-parametric-oscillatorbased SRS setup, one can achieve simultaneous two-color or
frequency modulation SRS microscopy. The fiber amplifier
can generate a wavelength tunable laser of 10 nm around
the Stokes laser wavelength at 1031 nm with average power
greater than 200 mW. In vivo and ex vivo lipid–protein
imaging of mouse brain and skin is demonstrated. To further
demonstrate the potential of this technique in high-speed in
vivo imaging, white blood cells in a blood stream are imaged
in a live mouse. © 2017 Optical Society of America
OCIS codes: (170.3880) Medical and biological imaging; (180.4315)
Nonlinear microscopy; (110.4234) Multispectral and hyperspectral
imaging;

(060.2320) Fiber optics amplifiers and oscillators;

(180.5655) Raman microscopy.
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Stimulated Raman scattering (SRS) is an emerging label-free
subcellular-resolution chemical imaging technique [1–3]. By
coherent excitation of molecular vibration, the distributions
of proteins, lipids, nucleic acids, cholesterol, etc., can be
mapped out in cells and tissues with high resolution [1–7].
SRS is suitable for in vivo high-speed chemical imaging with
a frame rate up to the video rate [8,9]. In most of the SRS
imaging applications, imaging at more than one Raman band
is necessary [4,7,10–15], among which two-color SRS imaging
is mostly used. For example, in SRS-based label-free histology,
the distributions of lipids and proteins are mapped with Raman
signals of CH2 and CH3 vibrations, respectively [10,12,14].
For imaging a specific chemical, on- and off-resonance coherent
0146-9592/17/030523-04 Journal © 2017 Optical Society of America

Raman imaging is typically performed to confirm the Raman
origin of the signal and to remove the non-resonance background, which is especially prominent in coherent anti-Stokes
Raman scattering microscopy [4,11,13,16–19].
To take advantage of the spectral information in Raman
spectroscopy, several multi-color or hyperspectral SRS imaging
techniques have been developed [5,9,20–28]. With these techniques, spectral information in the imaging area is mapped out
in a relatively short time. However, the spectral information
comes at the cost of the imaging speed, the complexity of
setups, or the limitation in light collection mode. Multi-color
SRS microscopy performed by imaging different colors
sequentially requires a much longer data acquisition time
[7,10,12,14,23,28]. In grating-based multi-color imaging techniques, the lasers can only be collected after they transmit
through the sample [22,26]. However, an epi-detected scheme
is necessary for thick and non-transparent samples or in vivo
imaging tasks.
Since two-color imaging is very commonly used in SRS
microscopy, and in vivo imaging is often speed demanding,
we developed a simultaneous two-color SRS (STC-SRS) setup.
The STC-SRS setup was based on a conventional SRS
setup. In a conventional setup (Fig. 1(a), excluding the part
in the box enclosed by dashed line), an optical parametric oscillator (OPO) (Levante Emerald, A.P.E. Berlin) was pumped
by the second-harmonic generation output of a 2 ps laser source
(3.2 W at 515.5 nm, Emerald Engine Basic Duo, A.P.E.
Berlin). The OPO generated a laser tunable from 690 to
960 nm. The OPO output beam was then overlapped temporally and spatially with the IR output of the 2 ps laser source
(∼1 W at 1031.2 nm). The combined beam was sent to a laser
scanning microscope for SRS imaging. In SRS, the IR output
beam of the laser source is called Stokes, and the OPO output is
called pump. The Stokes was synchronously modulated at
20 MHz by an electro-optic modulator (EOM). Full modulation depth can be achieved at 20 MHz, which is a quarter of
laser repetition rate, because quarter-wave voltage of the EOM
can be achieved four times in a sine cycle, and the four
consecutive pulses experienced −λ∕4, −λ∕4, λ∕4, and
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Fig. 1. (a) Laser setup for the two-color simultaneous SRS. PBS,
polarizing beam splitter; EOM, electro-optic modulator; DM,
dichroic mirror; λ∕2, half-wave plate. λ∕4, quarter-wave plate; PC,
polarization controller; SMF, two-meter single-mode fiber; TF,
tunable filter; WDM, wavelength-division multiplexer; Yb, 20 cm
ytterbium gain fiber. (b) Pulse delaying scheme of two Stokes lasers
and the pump laser. τ is 1/(laser repetition rate) and τ ∼ 12.5 ns.
(c) Spectral broadening of the 2 ps pulses at 1030 nm in the two-meter
SMF with different average powers of lasers with 20 MHz modulation.
(d) Wavelength tunability of the Yb fiber amplifier.

λ∕4 phase shift from the EOM before an offset by the quarter-wave plate to 0, 0, λ∕2, and λ∕2. When the combined
beam was focused on the sample, the SRS process in the focal
region caused a gain of power for the Stokes beam (i.e., stimulated Raman gain, SRG) and a loss of power for the pump beam
(i.e., stimulated Raman loss, SRL). In our case, we measured
the SRL with an amplified photodiode and a lock-in
amplifier [29].
In the STC-SRS setup shown in Fig. 1(a), there were two
Stokes (Stokes 1 and Stokes 2) and one pump. The Stokes 2
laser was generated by sending the normally deserted vertically
polarized pulses from the PBS to a fiber-based frequency generator and amplifier. The IR pulses (2 ps, 1031.2 nm) first went
through two meters of single-mode fiber (1060 XP, Thorlabs).
The pulses underwent a self-phase modulation process in the
fiber [30,31]. As a result, the spectrum was broadened, and the
degree of broadening depended on the pulse energy in the fiber
[Fig. 1(c)]. Then the laser was spectrally filtered by a customized tunable filter (Agiltron) with 1 nm bandwidth. The filtered
laser was then amplified in a 20 cm ytterbium gain fiber
(F-DF1100, Newport) pumped by a 450 mW 976 nm
single-mode laser diode. A wavelength division multiplexer
(WDM) was used to combine the filtered seed laser and the
976 nm pump laser. The wavelength of the output beam could
be tuned between 1020 and 1040 nm by adjusting the input
power of the SMF and the center wavelength of the tunable
filter [Fig. 1(d)].
The Stokes 2 laser generated from the fiber amplifier was
spatially overlapped with the Stokes 1 laser from the 2 ps laser
source using a PBS. Then, the two Stokes lasers were combined
with the pump using a dichroic mirror. The polarization of two
Stokes was adjusted by a half-wave plate, so that each Stokes
laser’s polarization partially aligned with the polarization of
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the pump laser. The delays of two Stokes lasers were adjusted
so that they temporally overlap with pump laser pulses. Since
the input laser of the fiber amplifier was modulated, the second
Stokes laser was also modulated at 20 MHz, and we optimized
the length of the fiber and optical path so that the modulation
phases of the two Stokes lasers were exactly 90 deg different, as
shown in Fig. 1(b). This allowed us to perform phasesensitive detection with a lock-in amplifier and to acquire
the Raman signals generated by both Stokes lasers simultaneously from the orthogonal X (in-phase) and Y (quadrature)
outputs of the lock-in amplifier.
The STC-SRS imaging was performed on an upright laser
scanning microscope (Olympus FV300/BX-61 WI). The laser
beam was focused on the sample with an 25x water immersion
objective (Olympus XL Plan N 25x/1.05 N.A.). For transmission SRS imaging, the laser transmitted through the sample was
collected by a high numerical aperture (1.4) oil immersion condenser. The transmitted Stokes lasers were blocked by a bandpass filter (ET890/220m, Chroma), and the pump laser was
detected by a silicon photodiode (PDB-C609-2, Advanced
Photonix, Inc.) with a filtered trans-impedance amplifier
[29]. The electrical signal was demodulated by a lock-in amplifier. The X and Y outputs were sent to the data acquisition
card of the microscope and visualized in the computer. For epidetected SRS imaging, a laser beam went through a PBS and a
quarter-wave plate before being focused by the objective. The
reflected laser from the sample went back through the objective, quarter-wave plate, and was reflected by the PBS. The
pump laser in the reflected light then passed through a bandpass filter and was collected by the amplified photodiode.
First, we demonstrated the performance of the STC-SRS
system in the transmission mode by imaging a 1 mm thick slice
of the fresh mouse brain at 2850 and 2930 cm−1 . The fiber
amplifier was tuned to 1022.7 nm. The lipid and protein contrast was calculated by the decomposition method in [12]. We
took a tiling of 9 by 9 images, shown in Fig. 2(a). The green
represents lipid contrast, and the blue represents protein

Fig. 2. (a) Lipid–protein STC-SRS tiling of fresh 1 mm thick mouse
brain slice in transmission mode, a pixel dwell time of 4 μs, and a scale
bar of 250 μm. The green and blue colors represent lipid and protein
contrasts, respectively. (b), (c), (d). Zoom-in images, a scale bar
of 50 μm.

Letter

Vol. 42, No. 3 / February 1 2017 / Optics Letters

525

Fig. 3. (a), (b) In vivo mouse ear skin imaging in an epi-detected
mode. Scale bar of 50 μm. Videos available in Visualization 1. (c),
(d) Ex vivo mouse brain slice imaging in an epi-detected mode.
Scale bar of 50 μm. Videos available in Visualization 2. The green
and blue colors represent the lipid and protein contrasts, respectively.

contrast. From the zoom-in images shown in Figs. 2(b)–2(d),
we could identify the cell body by weaker lipid signals and
strong protein signal. The optical powers of the three lasers
on the sample were about 150 (pump), 140 (Stokes 1), and
62 mW (Stokes 2).
Second, we demonstrated epi-detected SRS imaging with
mouse ear and brain. In vivo imaging of the mouse ear showed
stratum corneum and cellular structures in Fig. 3(a). Most of
these structures are protein rich, except for a few lipid droplets
near the hairs or at the edge of the stratum corneum. We imaged
sebaceous glands on the mouse ear, shown in Fig. 3(b). They
were rich in lipid. We also imaged the fresh mouse brain tissue
in the epi-detected mode [Figs. 3(c), 3(d)]. Even though there
was significant reduction in the signal-to-noise ratio compared
with the images taken in the transmission mode (Fig. 2), with a
higher pump power (∼400 mW) the neuron cell bodies and
myelin fibers were easily identifiable. We also took videos in
both experiments (Visualization 1 and Visualization 2), when
we scanned across a larger area of the tissues. The two colors
were perfectly aligned in these videos. Lipid–protein two-color
imaging was extensively used in recent studies of label-free histology of brain tumors with SRS [10,12,14,15]. STC-SRS will
be ideal for ex vivo and in vivo label-free histology.
At last, to demonstrate the ability of the current setup in highspeed imaging, we imaged white blood cells (WBCs) in vivo.
As the first step of this experiment, we performed ex vivo
whole blood imaging. We stained the WBCs in mouse blood
by a CD45 antibody conjugated with Alexa 488 dye (Biolegend
Cat. # 103121) to verify WBCs. The typical image of singlelayer blood cells is shown in Fig. 4(a). At the on-resonance
wavenumber (2945 cm−1 ), WBCs have strong signals, and
red blood cells (RBCs) signals are even stronger. At the offresonance wavenumber (3026 cm−1 ), the WBCs had almost
no signal, while the RBC signal remained. This was because
two-color two-photon absorption of hemoglobin in RBCs generated a strong non-resonant background at both wavenumbers
[32]. The ratio of on- and off-resonance images emphasized the
WBCs. In blood vessels other than capillaries, the blood cells
are multi-layer. Thus, we imaged thick blood smears ex vivo

Fig. 4. (a) Ex vivo mouse blood on-resonance (2945 cm−1 ) and offresonance (3026 cm−1 ) imaging. An anti-CD45 antibody was used to
label the WBCs. Alexa 488 dye conjugated to CD45 antibody was
visualized through two-photon excited fluorescence. (b) In vivo mouse
blood flow imaging in time lapse mode (c) In vivo mouse blood flow
imaging in the line scan mode. (d) Average signal level of 32 WBCs
and nearby RBCs at on- and off-resonance Raman bands. (e) Examples
of WBCs in thick mouse blood smears. Pixel dwell time was 2 μs in (a),
(b), (c), and (e).

before in vivo imaging. The SRS intensities at on- and off-resonance for 32 WBCs and their nearby RBCs were plotted in
Fig. 4(d). A statistical analysis showed that the ratios of the SRS
signals of RBCs and WBCs were significantly higher at offresonance than at on-resonance wavenumbers. A typical image
of blood cells for thick blood smear is shown in Fig. 4(e).
For in vivo blood imaging, we imaged the blood vessels
under the belly skin of mice. We exposed the blood vessels
by flipping the skin out and imaged the blood cells in transmission mode. This method has been previously used for in
vivo blood imaging [33]. Our animal imaging procedures were
approved by Institutional Animal Care and Use Committee
(IACUC) at Harvard University. Figure 4(b) shows the images
of blood cells in vivo. The ratio between on- and off-resonance
images emphasized WBCs. Because the blood was flowing in
relatively steady speed in one direction in the blood vessel, we
also used the line scan mode to image blood cells, as shown in
Fig. 4(c), where the vertical direction represents time. Based on
the statistics of data in Fig. 4(d) and the assumption that cells in
the blood vesicles were either WBCs or RBCs, we can confirm
that the cells shown in Figs. 4(b) and 4(c) were WBCs. To the
best of our knowledge, this is the first time that multi-color SRS
was used to image WBCs in the blood stream of live animals.
In vivo imaging of blood showed that STC-SRS can be very
useful for high-speed SRS imaging in live animals. Label-free
WBC detection has been achieved recently by third-harmonic
microscopy [34] and spectrally encoded reflection imaging
[35]. However, these techniques lack the chemical specificity
compared with SRS. Our method could also be extended to
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simultaneous multi-color imaging. It was reported that circulating tumor cells (CTCs) of prostate cancer are rich in lipid
[36]. We expect that, by adding one more color, it may be feasible to image the CTCs with simultaneous SRS imaging at
lipid (2850 cm−1 ), protein (2930 cm−1 ), and an off-resonance
Raman frequency.
There are several technical details worth noticing in the current setup. The two Stokes lasers were combined by a PBS with
orthogonal polarizations. Neither of the Stokes lasers can be
fully aligned with a pump in polarization to produce a maximum SRS signal. A grating-based beam combiner can solve this
problem and allows more colors to be added, but it would
increase the complexity of the optical setup. We chose a
single-mode fiber for spectrum broadening to demonstrate
the simplicity of this method and reduce splicing losses of
highly nonlinear fiber. We also found spectral broadening difficult for a 6 ps laser system, since the nonlinear effect was too
weak. The fiber laser source was stable during the imaging
period on the scale of hours, which can be seen from Fig. 2(a).
One of the advantages of this method is that the power generated from the fiber amplifier is relatively high. With singlestage amplification pumped by a 450 mW laser diode at
976 nm, the output power was 230–270 mW within the
tuning range of 10 nm from the seed laser. In fact, if the
tunability can be sacrificed, it is possible to generate a laser
at longer wavelengths to image other Raman bands (e.g.,
1060 nm for OH vibrations) by optimizing the length of
the spectrum-broadening fiber and the design of the Yb fiber
amplifier. This would allow simultaneous imaging of the lipid,
protein, and water, which will be useful for applications such as
skin imaging.
In conclusion, we have developed a simultaneous two-color
SRS microscopy system by adding a simple fiber amplifier to a
conventional OPO-based SRS imaging setup pumped by a 2 ps
laser source. We imaged a mouse brain in both forward- and
epi-detected mode and performed in vivo imaging of mouse
skin and WBCs in blood streams. We believe that STC-SRS
will be suitable for ex vivo and in vivo label-free histology
and other speed demanding chemical imaging applications.
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