COL 18(12), 121702(2020)

CHINESE OPTICS LETTERS

December 2020

Molecular vibrational imaging by stimulated
Raman scattering microscopy: principles and
applications [Invited]

Yasuyuki Ozeki (/)72 )*

Department of Electrical Engineering and Information Systems, The University of Tokyo, Tokyo 113-8656, Japan
*Corresponding author: ozeki@ee.t.u-tokyo.ac.jp
Received June 28, 2020; accepted August 11, 2020; posted online September 28, 2020

The recent development of stimulated Raman scattering (SRS) microscopy allows for highly sensitive biological
imaging with molecular vibrational contrast, opening up a variety of applications including label-free imaging,
metabolic imaging, and super-multiplex imaging. This paper introduces the principle of SRS microscopy and the
methods of multicolor SRS imaging and describes an overview of biomedical applications.
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Raman scattering is an inelastic scattering of light by
molecular vibrations, providing us with the vibrational
spectrum of molecules. It has been applied to biological
imaging to acquire the spatial distribution of biomole-
cules. However, the applications of Raman imaging have
been limited by its long acquisition time ranging from tens
of minutes to hours due to the quite weak intensity of
Raman scattering. Recently, coherent Raman scattering
(CRS) microscopy? using two-color and/or broadband
laser pulses drastically improved the imaging speed and
sensitivity of Raman imaging. Among various methods
of CRS microscopy, stimulated Raman scattering (SRS)
microscopy allows for high-speed and sensitive imaging of
biological samples with molecular vibrational contrast®Y.
Although the original implementation of SRS microscopy
was able to detect the SRS signal only at a specific vibra-
tional frequency, various methods of multicolor SRS im-
aging are available nowadays22, allowing us to detect
molecular vibrations at multiple frequencies to identify
tiny spectral differences between different biomolecules.
Furthermore, combined with recently developed Raman
probes, SRS microscopy is finding novel applications
such as metabolic imaging™™¥ and super-multiplex
imaging™2, which have been difficult with previous
imaging methods such as fluorescence microscopy.

This paper introduces the principle of SRS microscopy
and multicolor SRS imaging methods and reviews the
recent applications of SRS microscopy.

Figure 1 schematically illustrates Raman scattering and
CRS including SRS¥. As shown in Fig. 1(a), when mole-
cules are irradiated with light at an optical angular fre-
quency of w,, Raman scattering generates light having
a frequency of wg, which is reduced by the vibrational fre-
quency wp of the molecules (i.e., wg = @, — wp). Since
molecules have various vibrational resonance frequencies
reflecting the vibrational bonds in the molecules, the spec-
trum of Raman scattering is composed of various peaks,
as schematically shown by the green line in Fig. 1(b).
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CRS is an interaction between two-color light and mole-
cules, as shown in Fig. 1(c). When molecules are irradiated
with light at a frequency of wg (Stokes) in addition to light
at a frequency of w, (pump), the probability of Raman
scattering increases in proportion to the number of pho-
tons of the Stokes light (Ng) compared with spontaneous
Raman scattering. As a result, the intensity of the pump
light decreases, and the intensity of the Stokes light in-
creases [Fig. 1(d)]. The former effect is called stimulated
Raman loss (SRL), and the latter effect is called stimu-
lated Raman gain (SRG). Both effects are also called
SRS. Quantitatively, the number of photons of spontane-
ous Raman scattering Ny in the bandwidth of the Stokes
pulses is proportional to the number of photons of pump
pulses (N,),i.e., Np = oN,, where ¢ is a proportional con-
stant [Fig. 1(b)]. The number of photons generated or an-
nihilated by SRS is ANggrg = NpNg = 6N,Ng [Fig. 1(d)].
In parallel with SRS, new light is generated at frequencies
of 2w, — wg and 2wg — w,,. These are called coherent anti-
Stokes Raman scattering (CARS) and coherent Stokes
Raman scattering (CSRS), respectively.
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Fig. 1. Schematics and optical spectra of (a), (b) spontaneous
Raman scattering and (c), (d) CRS. Adapted and modified
from Ref. [3].
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Currently, SRS and CARS are two major mechanisms
used in CRS microscopy. In principle, SRS and CARS pro-
vide us with the same spectroscopic information and have
comparable signal-to-noise ratios?. Nevertheless, their
features are apparent nowadays. SRS can obtain a Raman
scattering signal at a specific vibrational frequency, while
the system is more complex because it requires a low-noise
laser light source and a dedicated detector to acquire SRS
as a slight intensity change of the pump light. In contrast,
CARS appears at a frequency different from that of pump
light and, therefore, can be detected with a general high-
sensitivity detector or a spectrometer without being sig-
nificantly affected by the intensity noise of the laser
source. However, it is known that CARS interferes with
an electronic four-wave mixing signal, giving rise to so-
called non-resonant background, which distorts the CARS
spectrum and makes it difficult to interpret the CARS sig-
nal. Recently, it has become possible to acquire broadband
CARS spectra using a broadband laser and to correct the
spectral distortion through signal processing. For these
reasons, it is now recognized that SRS is advantageous
for accessing a narrow part of the spectrum, while CARS
is advantageous for acquiring a broadband spectrum.

Figure 2 shows a schematic diagram of a typical SRS
microscope’. Two synchronized pulse lasers are used as
light sources. Typically, the pulse width is 2-7ps as a
result of compromise between the signal-to-noise ratio
(which increases as the pulse width gets shorter2:2)
and spectral resolution (which gets higher as the spectral
width becomes narrower). The typical repetition rate of
the pulses is 80 MHz. Typical wavelengths of pump pulse
and Stokes pulse range from 700 nm to 1100 nm. The op-
tical power of pump and Stokes pulses irradiating the sam-
ple is several tens of milliwatts (mW). After the Stokes
pulse train is intensity-modulated, it is combined with
the pump pulse train and sent to a microscope through
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Fig. 2. Typical schematic of SRS microscope. PD, photodiode.
Adapted and modified from Ref. [3].

a laser scanning system based on a two-axis galvanometric
scanner (GS). Then, the pulses are focused on a sample
with an objective lens. When SRS occurs in the focal vol-
ume, the intensity modulation of the Stokes light is trans-
ferred to the pump light through SRL. The magnitude of
the intensity modulation to be transferred is typically 10~
of the original pulse intensity (the value of which is based
on the author’s experience and matches with those intro-
duced in Ref. [4]), but it varies depending on the type and
concentration of molecules in the focal volume. To obtain
an SRS signal, the transmitted light is collected by an-
other objective lens. Then, the pump pulse is extracted
by an optical filter and received by a photodiode (PD),
and its output signal is demodulated by a lock-in ampli-
fier. Typical spatial resolution is about 0.3 pm (which can
be further improved by using pulses at shorter wave-
lengths)2 and wavenumber resolution is 3—20 cm—!1¢24,

Recently, several methods of multicolor SRS micros-
copy are available, where SRS signals at various vibra-
tional frequencies are acquired to conduct SRS imaging
of multiple constituents and analyze tiny spectral features.
Figure 3 schematically illustrates the methods of multi-
color SRS microscopy?, which can be categorized into
wavelength scanning, spectral focusing, wavelength multi-
plexing, and modulation-frequency multiplexing. The de-
tails of each method are described below.

In the wavelength scanning method, SRS images are ac-
quired successively while changing the laser wavelength
[Fig. 3(a)]®2. In this method, it is crucial to use a
high-speed wavelength-tunable pulse source because the
imaging speed is limited by the tuning time. One of the
advantages of this method is the flexibility in data acquis-
ition. For instance, by continuously scanning the laser
wavelength, the SRS spectrum can be obtained in every
pixel so that tiny spectral signatures can be detected.
We can also discretely change the laser wavelength to re-
duce the number of spectral points and the acquisition
time if a priori knowledge about the sample is available.

The spectral focusing method achieves spectral imaging
using two-color chirped femtosecond pulses [Fig. 3(b)]%,
which are obtained by passing two-color femtosecond
pulses through dispersive materials. The chirped pulses
have longer duration (typically several picoseconds) and
linearly time-dependent optical frequency. Since the
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Fig. 3. Multicolor SRS methods based on (a) wavelength scan-
ning, (b) spectral focusing, (¢) wavelength-multiplexing, and
(d) modulation-frequency multiplexing. Adapted from Ref. [3].
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optical frequency difference between them can be kept
constant for a long time, the spectral resolution of SRS
with the chirped pulses is comparable to the case of two-
color picosecond pulses. The advantage of this method is
that we can tune the frequency difference by mechanically
changing the optical delay, which is technically simpler
than wavelength tuning. However, it seems technically
challenging to realize high spectral resolution.

The wavelength multiplexing method uses picosecond
Stokes pulses and broadband pump pulses [Fig. 3(c)]™
so that SRS at various vibrational frequencies can occur
simultaneously. The resultant spectral change of the
pump pulses is detected by a spectrometer equipped with
a PD array. This method is advantageous in that SRS
signal at various vibrational frequencies can be obtained
simultaneously, making this method more tolerant to
motion artifact compared with the previous two methods.

In the modulation-frequency multiplexing method, dif-
ferent spectral components are intensity-modulated at dif-
ferent frequencies [Fig. 3(d)]". Through SRS, modulation
transfer occurs simultaneously at various frequencies, and
the transferred modulation can be demodulated to obtain
SRS signals. Such sophisticated intensity modulation is
possible using a rotating polygon mirror, 4-f optics, and
a specially designed mask pattern’?. This method is ad-
vantageous in that the SRS spectrum can be obtained
without using a spectrometer, making this method more
tolerant to light scattering caused by the sample than
the wavelength multiplexing method.

The author reported an SRS microscope using a high-
speed wavelength-tunable pulse source:. Briefly, we con-
structed a polarization-maintaining (PM) mode-locked
YD fiber laser using a nonlinear amplified loop mirror with
a tunable nonreciprocal phase shifter. The laser generates
sub-picosecond pulses at a repetition rate of 38 MHz, which
can be controlled by an intracavity electro-optic modulator
and a piezoelectric transducer stage. The pulses are ampli-
fied and spectrally broadened in a PM fiber, and its group
delay across the spectrum is adjusted by a grating pair.
Then, a part of the spectrum is filtered and amplified to
an average power of ~120 mW. The optical filter consists
of a diffraction grating and a single-axis GS, and the trans-
mission wavelength can be switched within a millisecond by
changing the direction of the GS. The wavelength tuning
range is from 1014 nm to 1046 nm, which corresponds to
the wavenumber tunability of 300 cm~!. This Stokes light
source was synchronized to a pump light source based on a
Ti:sapphire laser generating ~5 ps pulses at a repetition
rate of 76 MHz. Specifically, pump and Stokes pulses are
picked up, combined together, and focused on a GaAsP
PD to measure the intensity cross correlation via two-
photon absorption, which is fed back to the fiber laser to
realize a phase-locked loop. The synchronized pump and
Stokes pulses are combined and introduced into a video-
rate SRS microscope. Note that the repetition frequency
of Stokes pulses is half that of pump pulses. This situation
is equivalent to the intensity modulation of Stokes pulses
at the Nyquist frequency. Such high-frequency modulation

is advantageous for high-speed signal acquisition and pro-
vides 3 dB sensitivity merit%!. Using this system, it is pos-
sible to acquire Raman images with multiple molecular
vibrational frequencies in seconds to tens of seconds by
switching the wavelength of the Stokes light source for each
frame while acquiring SRS images at 30 frames per second.

Recent applications of SRS microscopy to biomedical
imaging are expanding. They can be classified based on
the wavenumber regions as follows: (i) carbon—hydrogen
(CH)-stretching region (2800-3100 cm™!), (ii) fingerprint
region (500-2000 cm™!), and (iii) silent region (2000—
2800 cm™!). The CH-stretching region is most popular
because almost all the biomolecules contain carbon and
hydrogen. Various applications have been reported includ-

ing the imaging of lipid accumulation22! tissue/$2222-31

skinl2223 etc. Notably, SRS can be used to monitor lipid
desaturation (i.e., the number of carbon—carbon double
bonds), which reflects metabolic states of cancer cells
and tissues®*®). The fingerprint region can be used for ac-
quiring detailed spectroscopic information to discriminate
different types of biomolecules, such as cholesterol®, amy-
loid plaques??, drug penetrating into skin, and anti-
cancer drugs in white blood cancer cells?!. The silent
region, where no biomolecule has a Raman signal, is re-
cently attracting considerable attention because we can
realize metabolic imaging and super-multiplex imaging
in this region. The metabolic imaging monitors metabolic
activity, where cells uptake biomolecules, synthesize func-
tional biomolecules including lipids, proteins, and nucleic
acids by biochemical reactions, and digest them. The im-
aging of such processes has been difficult with fluorescence
because fluorescent molecules are big in size, and therefore
fluorescent labeling can change the biochemical properties
of biomolecules. Instead, by replacing hydrogen atoms in
the biomolecules with deuterium atoms (i.e., deuterium
labeling), which have almost the same chemical property
as hydrogen atoms, we can detect the biomolecules with
SRS microscopy because they exhibit carbon—deuterium
(CD)-stretching vibrations in the silent region at around
2200 cm ', Labeling of biomolecules with alkynes
(carbon—carbon triple bond)2 is an alternative approach
exploiting the sharp and an order of magnitude stronger
spectral response of alkynes at ~2100 cm™', making the
detection of alkynes easier compared with deuterium-
labeled molecules. In the super-multiplex imaging, we
utilize synthesized Raman-active molecules with distinct
spectral peaks to label specific biomolecules, enabling
20-color imaging with SRS microscopy™22. This technique
will be useful for elucidating the complex structures and
interactions in biological systems.

Figure 4 shows examples of SRS imaging reported by
the author and co-workers. Figure 4(a) shows an SRS im-
age of two types of polymer beads in the CH-stretching
region (2800-3100 cm™!) taken in 3 s'Z. Figure 4(b)
shows the SRS spectra taken at the pixels shown by
the arrows in Fig. 4(a), clearly showing the spectra of
poly(methyl methacrylate) and polystyrene. Through
pseudoinverse matrix calculation with these spectra, the
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Fig. 4. Examples of SRS imaging reported by the author and co-
workers. (a) Hyperspectral SRS image of two types of polymer
beads [polystyrene and poly(methyl methacrylate) (PMMA)].
(b) SRS spectra taken at the arrows shown in (a)X2. (c) Hyper-
spectral SRS image of acetaminophen-overdosed mouse liver
tissue . (d), (e) Uptake of boron cluster compound cholesterol
by HeLa cells for (d) 2 h and (e) 4 h. (f) Multicolor SRS im-
aging flow cytometry of Euglena gracilis cells cultured in differ-
ent conditions. Green, chlorophyll; red, paramylon; blue, lipid%.

SRS dataset was decomposed into the color image
shown in Fig. 4(a). Figure 4(c) shows the SRS image of
acetaminophen-overdosed mouse liver2. The SRS image
dataset was processed by principal component analysis,
and specific components were manually selected to pro-
duce multicolor images, where cytoplasm, nuclei, and
lipid droplets were shown by green, blue, and yellow,
respectively. Figures 4(d) and 4(e) show SRS images
of boron cluster cholesterol?), which is considered for

cancer-selective radiotherapy. To acquire the spatial dis-
tribution of boron cluster cholesterol, a boron-hydrogen-
stretching mode at ~2500 cm ™! was detected. We can see
the accumulation of the boron cluster cholesterol in the
cellular membrane at 2 h [Fig. 4(d)] and the incorporation
into the cells at 4 h [Fig. 4(e)]. Figure 4(f) shows an SRS
image library of microalgal cells of Fuglena gracilis in a
high-speed flow at 20 mm/s on a microfluidic chip. To
acquire multicolor SRS images in a high-speed flow, we
developed a four-color, pulse-pair-resolved, wavelength-
switchable laser®. This system allows for acquiring an
SRS image of >10,000cells within a few minutes and,
hence, will be useful for analyzing heterogeneous popula-
tion of cells.

In summary, this paper has described the principle of
SRS microscopy, multicolor SRS imaging methods, and
widespread applications of SRS imaging. It is anticipated
that future developments on instrumentation and highly
sensitive and functional Raman probes will further expand
the applications of SRS imaging. Recently, it is also re-
ported that quantum optics (i.e., squeezed light) may
be able to enhance the sensitivity®42. Apart from SRS,
mid-infrared photothermal microscopy is emerging as a
sensitive vibrational imaging method 2%, The possibility
of molecular vibrational imaging is expanding rapidly and
addressing the continuous need of interdisciplinary re-
search including optics, laser engineering, quantum optics,
chemistry, biology, and medicine.
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JST CREST (No. JPMJCR1872), JSPS KAKENHI (Nos.
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