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I developed a hyperspectral coherent anti-Stokes Raman scattering (CARS) and stimulated Raman scattering (SRS)
microscopy systems to visualize biomolecular dynamics without any staining. In order to realize the system, | constructed a
high-speed tunable picosecond mode-locked laser that was be able to easily synchronized with another picosecond mode-locked
laser to provide the laser sources for CARS/SRS microscopy. By applying the developed microscopy system, movies were
obtained with acquisition rates of 10 ms/image, faster than video rates (~33 ms/image). A wide range of wavelength tuning over
1000 cm™ (equal to 85 nm) was achieved. During the wavelength change, the synchronization was recovered within 20 ms. It led
to the realization of fast switching imaging of the treated cells with deuterated lipid. For that purpose, the wavelength was
alternately change between 833 nm and 888 nm which are associated to the Raman shift of 2100 cm™ and 2850 cm™. By using
this method, | succeeded in imaging of the uptaken lipid by the cells.

Coherent Raman scattering (CRS), which includes CARS and SRS, refers to the nonlinear Raman process. CRS
microscopy supersedes conventional Raman microscopy which lacks of fast imaging capability due to the extremely small cross
section. Every molecule has molecular vibrations which highly depend on its structure and Raman spectroscopy is a method for
observation of the molecular vibration. Therefore, CRS microscopy is a powerful tool for label-free biological imaging with high
selectivity since it directly senses the molecular vibrations. Furthermore, the fast imaging capability is advantageous for the
observation of biomolecular dynamics intracellularly. CRS microscopy usually employs two laser sources with slightly different
frequencies to excite a specific molecular vibration. Hence, laser sources with high peak power and narrow spectral bandwidth are
required to enable the occurrence of nonlinear Raman process and to distinguish the molecular vibration.

I constructed a new laser system to realize hyperspectral coherent Raman (CRS) microscopy system. The new laser
system referred to a picosecond mode-locked Ti:sapphire laser which was equipped with an acousto optic tunable filter (AOTF)
for wavelength tuning, a piezoelectric actuator driving the end mirror, galvano motors driving parallel plates pair, and a pulse
synchronization system. The AOTF enabled the rapid wavelength tuning because it applied an electronically control system to
change the wavelength. The piezoelectric actuator driving the end mirror and the galvano motors driving parallel plates pair are
installed to compensate for the repetition frequency change of the laser during the wavelength scanning. The synchronization
utilized two types of timing jitter detection system: an electronic phase detector and a balanced cross-correlator for the coarse and
fine feedback control. Thus, during a wide range tuning, the pulse synchronization system recovered the synchronization
automatically within 20 ms/wavelength change.

I then developed a fast spectral CARS microscopy system by applying the high-speed tunable laser into multi-focus
CARS microscopy. The use of microlens array scanner allowed me to perform rapid acquisition imaging at rates of 100 frames
per second, faster than video rates (~33 frames per second). The spectral imaging capability was represented by a series of CARS
images due to the scanning of AOTF laser from 875.0 to 905.0 nm which corresponded to the Raman shift of 2663.21 cm™ to
3049.41 cm™. For a 100 ms exposure time, the imaging process requires 120 ms/image to cover the wavelength change, laser
resynchronization after the wavelength change, and image acquisition. A switching imaging was also demonstrated to show the

capability of the spectral CARS microscopy for rapid detection of different molecules of which the Raman shift separated far. In



this case, | observed a mixture of deuterated and non-deuterated stearic acid that have Raman peak at 2100 cm™ and 2850 cm™,
respectively. For this purpose, the tunable laser was alternately set to 833 nm and 888 nm.

I continued the development of our system into spectral SRS microscopy to overcome the inevitable non-resonant
background in CARS microscopy. By the observation of adipocytes (fat storing cells) that was treated by adding deuterated
stearic acid into the medium, | showed that the non-resonant background did not appear in the SRS image of the sample at 2300
cm’® (off resonant) while it did in the CARS image from the same sample region. | extended the observation spectra by tuning the
wavelength of AOTF laser over extremely wide region from 2100 cm™ to 3200 cm™. | also demonstrated a switching imaging of
the same sample and alternately showed the images of lipid droplets in adipocytes which contained deuterated lipid and
non-deuterated lipid. CRS microscopy is suitable for lipids observation because lipid has unique features in Raman spectra. Lipid
mainly consists of CH bond of which vibrational frequency inhabits specific region in Raman spectrum with significantly strong
signal level. Furthermore, | can take advantages of CD bond to enhance the detection of lipids. As the isomorphic structures of
correlated CH bond, CD bond does not change the biochemical dynamics of lipid, however it can be clearly distinguished from
the CH bond in the Raman spectra. CD bond dramatically downshifts the vibrational frequency of related CH bond to Raman
silent region, where there should be no signal from biological specimens will interfere.

The results from CARS microscopy revealed that naturally the deuterated structure did not appear in cells. The appearance
of significant signal at 2100 cm™ indicated that the exogenous lipid was uptaken by the cells. Further study revealed that lipid
with different structures may follow separated metabolic pathways. In this case, the long chain fatty acid seemed to be preferably
accumulated than medium chain fatty acid. The observation of intracellular lipid dynamics in lipid droplets is possibly useful for
studying and recognizing lipid related disease. Lipid gets larger attention lately for biomedical study since its function is more
than just as energy source.

The accumulation of exogenous lipid by adipocytes might relate to its function as the lipid storing cells. However, the
accumulation of lipid by fibroblasts likely described the abnormality in lipid storage due to certain diseases. In this case, the
fibroblasts were obtained from a patient with indication of triglyceride deposit cardiomyovasculopathy (TGCV). TGCV is a new
phenotype of heart disease which is indicated by a massive accumulation of triglyceride (TG) in the coronary arterial wall and
cardiomyocytes, though its concentration in blood plasma is found at normal level. As it was observed in the observation of
adipocytes, there was a dissimilarity of metabolic pathways of different lipids which might suggest the possibility of drug

development for TGCV and other lipid-related diseases.
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AL, 2e—Ly b I~ UHELIEMEE S A7 AR EMIBNIEEA A —Y v T~ HICET 2R % F &
DELDTHD, ZZTERY EiF-at—L v I~ U BELEIL, B 2 - Dcoherent anti-Stokes Raman
scattering(CARS) & & =2 > b 7 A b 234§ dDstimulated Raman scattering(SRS) T 5, Z 6 ZFHMHIICHIA+ 5 Z & T,
HH LT 200 FORBRBENFHITE 2, MENOSFEIEIZIGHT 5725, CARS & SRSZ L FBAMEEIZHE M L,
ab— L2 T URELIAMET A U lc, ARFE CIXBMER I EE B IR RE A R e S e, mlE R AR
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FINCIER D K 5 el R & 57,

(1) FML—Y = AT AR2EOYaE—FRey /) FHX YT 7 AT L—HP—%2_X—2L L, —FHFDOL—H¥—Jt
BWERNIT, FEERAIE T A NVE— TNVR)E—H—ZMY T2 T T ATER, =V T I Fax—H—
WA Ty R T —%4Hd 5 Z L CrEEEER L2V — Y — ORI RO ML & 7l RIC Lz,

(2) 2OV —%F— A7 A% CARSEAMEE & SRSEMEBED I E LT L, AVWOEF&4ENT EEAXT hLA
A=V TR at — LV NI VMBI AT A I LT,

(3) EROT7 < BEMEBIC L > T, MENENEOZ ~ v aA A=V 7% 74— b2k (100 fps) THUS
L. £72700cm-1LL EOREEAL v F 7 %20ms T2 L—P—%2 R SERNBBITZADZ L ERLE,
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THBERIIRNEL, TEFNCLE DL LORNEEZA L TWEOT, it (T%) ORI E LTHED &
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