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We present a beam-scanning multiplex coherent anti-Stokes Raman scattering
(CARS) microspectroscopy system using parallel excitation and parallel detection
schemes based on an elliptical focal spot, which enables highly efficient signal acqui-
sition even for short exposures. The elliptical focal spot was used to simultaneously
observe the CARS signals of an enlarged region and reduce the peak irradiance.
The developed system realized an acquisition rate of 34,139 spectra/s and enabled
ultra-high-speed acquisition of a vibrational spectroscopic image covering the fin-
gerprint region of 930-1830 cm™! with 256 (5 X 256 (y) X512 (spectrum) Pixels in 1.92 s or
with 128,y X 128(y) X256 spectrum) Pixels in 0.54 s. We demonstrated ultra-high-speed
hyperspectral imaging of a mixture of polymer beads in liquid linoleic acid and liv-
ing adipocytes using the developed system. All of the present demonstrations were
performed with low-peak-irradiance excitation of approximately 19 GW /cm?, which
has been reported in previous studies to cause less photodamage to living cells. The
label-free and ultra-high-speed identification and visualization of various molecules
made possible by the present system will accelerate the development of practical

live-cell investigation.
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I. INTRODUCTION

Vibrational microspectroscopy based on Raman scattering allows us to identify various
molecules and visualize their distribution without labels and has attracted attention in

1.2 Label-free analysis can be realized without prior

biological and medical applications
investigation of the target molecules in the specimen because the molecular vibrational
frequency is specific to the molecular species. In particular, molecular vibrations included
in the fingerprint region (600-1,800 cm™!) contain a wealth of information about a lot
of organic compounds and are useful for identifying intracellular biomolecules. However,
living cells may change their morphological characteristics and intracellular biochemical
reactions dynamically, and in addition, there is a concern that they will be damaged by

laser irradiation® . Therefore, techniques that achieve high speed, high sensitivity, and low

photoinduced damage are critical for practical live-cell analysis.

Barely satisfying these requirements, spontaneous Raman scattering microspectroscopy
with parallel excitation and parallel detection schemes has been developed, including a mul-
tifocus confocal method!? and a line-scan method!®!4. The parallel excitation and detection
scheme increases the exposure time per point, allowing a reduction in the total acquisition
time compared with a single-point excitation and detection scheme with the same irradiance.
However, the spectral acquisition rates of these methods are restricted to 40 spectra/s'? and
267 spectra/s'?, respectively, because spontaneous Raman scattering is typically extremely
weak. To accelerate biological studies such as monitoring of fast intracellular dynamics and
high-throughput screening, there is a strong demand for a faster vibrational microspectro-

scopic modality.

Coherent Raman scattering (CRS), such as coherent anti-Stokes Raman scattering
(CARS) and stimulated Raman scattering (SRS), in which specific molecular vibrations
are coherently excited, can offer a Raman signal level orders of magnitude higher than

15-17 In

spontaneous Raman scattering and is advantageous for high-speed observation
particular, single-frequency CRS imaging in which a specific band is selectively excited
allows extremely high-speed imaging beyond video-rates'® 2. With the aim of minimizing
photoinduced damage and achieving faster acquisition in CRS microscopy, the previous
study demonstrated that parallel excitation and parallel detection schemes using multi-

focus scanning allowed highly efficient measurement with lower photoinduced damage than
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1021 " This is because photoinduced damage of living cells in CRS mi-

single-focus scanning
croscopy is primarily caused by the high peak irradiance of the excitation laser light rather
than its energy. However, despite the high-speed capability, single-band CRS microscopy
has the drawback that it does not provide sufficient information to distinguish molecular
compositions with overlapping spectra within complicated heterogeneous specimens.

Broadband CRS microspectroscopy, in which every molecular vibration within the fin-
gerprint region is excited, offers vibrational spectroscopic images similar to spontaneous
Raman scattering microspectroscopy and is therefore useful for more detailed investigations
of biological specimens. Among several kinds of broadband CRS microscopic techniques?? 27,
high-speed capability covering most of the fingerprint region has been demonstrated, such as
1,250 spectra/s with multiplex CARS?3, 10,000 spectra/s with multiplex SRS?*, and 24,000
spectra/s with FT-CARS?". However, these techniques involved high-peak-irradiance exci-
tation (240 GW /cm? with multiplex CARS?3, 520 GW /cm? with multiplex SRS?®, and 12.8
TW/cm? with FT-CARS?"), and may cause photoinduced severe cell damage associated
with multiphoton events® 1!,

Here, we present a multiplex CARS microspectroscopy system using parallel excitation
and parallel detection schemes. The concept of the system is a combination of beam-scanning
multiplex CARS microspectroscopy?®, a parallel excitation scheme using an elliptical focal
spot, and a parallel detection scheme using an electron-multiplying charge-coupled device

camera (EM-CCD). Our system realized ultra-high-speed hyperspectral CARS imaging with

an acquisition rate of 34,139 spectra/s and a low peak irradiance excitation of 19 GW /cm?.

II. DESIGN OF SYSTEM

Figure 1 (a) presents a schematic diagram of the developed CARS microspectroscopy

1929 " an elliptical beam shaper, a one-

system, which consisted of two synchronized lasers
dimensional beam-scanner, a microscope, and a spectrometer with a two-dimensional image
sensor (see Sec. I of the supplementary material). The developed microspectroscopy system
used a combination of multiplex CARS spectroscopy and beam-scanning of an elliptical focal
spot for parallel excitation and detection. In multiplex CARS spectroscopy, many molec-

ular vibrations are simultaneously excited by the energy difference between a narrowband

laser beam (w; beam) and a broadband laser beam (wy beam), and then an anti-Stokes

3
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Raman scattering spectrum induced by the narrowband laser beam is observed with a spec-
trometer®. Beam-scanning multiplex CARS microspectroscopy is an imaging technique for
observing CARS spectra on a line by scanning a beam spot along the slit of a spectrometer
and by detecting spatially resolved CARS spectra using a two-dimensional image sensor?®.
An elliptical focal spot, whose major axis is along the beam-scanning direction, is utilized

to simultaneously observe the CARS signals of the enlarged region and reduce the peak

irradiance.

We employed synchronized picosecond (ps Ti:S, w;) and femtosecond Ti:sapphire (fs Ti:S,
wy) lasers as light sources® 23, The signal intensity of CARS generated by a third-order
nonlinear optical effect is proportional to the product of the square of the peak irradiance of
the w; beam and the peak irradiance of wy beam. Therefore, high-power lasers are required
to compensate for the reduction in peak irradiance due to the enlarged elliptical focal spot.
In the present system, the maximum powers of the w; and ws beams were 200 mW and 100
mW on the sample plane, respectively. The spectral resolution and observable spectral range
are determined by the spectral bandwidth of the narrowband w; beam and the broadband
wy beam, respectively. Figure 1 (b) shows the spectra of the laser sources. The bandwidth
of the w; beam was 0.11 nm at 730 nm, and the bandwidth of the w, beam was 80 nm
centered at 800 nm. As a result, the system covered the fingerprint region (580-1,830 cm ™)

with a spectral resolution of 2.0 cm™*.

Although the femtosecond laser pulses had high
peak power at the output because of their short duration of 12 fs, the dispersion of optical
components stretched the duration and reduced the peak power. Figure 1 (c¢) shows the
intensity auto-correlation signals of the two laser beams on the focal plane (see Sec. II of
the supplementary material). The full width at half maximums (FWHMs) of the intensity

auto-correlation signals were 7.68 ps for the w; beam and 2.37 ps for the w, beam, which

corresponded to pulse durations of 4.99 ps and 1.54 ps, respectively.

The developed system utilized an elliptical focal spot with an ellipticity of 0.125 for
parallel excitation and detection. In slit confocal Raman scattering microspectroscopy, a
line-shaped focal spot is used for parallel excitation'®!*. However, such significant deforma-
tion of the focal spot greatly lowers the peak irradiance, considerably reducing the signals of
CARS, which is a nonlinear optical phenomenon. To investigate living cells at high speed,
it is essential to use light sources with the highest peak irradiance within a safe operating

range. For instance, Konig et al. reported that a peak irradiance higher than 20 GW /cm?

4
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affects the cloning efficiency of cells® ©. The total peak irradiance can be estimated by:

I I }
pP— + € (1)
{ T frepﬂ(oje\;]zq )2 Terepﬂ-(Of]lﬁq )2

where [; and I are the averaged laser powers of the w; and wy beams, 71 and 7, are the pulse
durations of the wy; and w, beams, fiep is the repetition frequency of the pulses, A\; and Ao
are the wavelengths of the w; and wy beams, and ¢ is the ellipticity?. From the experimental
conditions (see Sec. I of the supplementary material), we determined the ellipticity to be
0.125, to satisfy the safety threshold of photo-induced damage with a peak irradiance of
approximately 19 GW /ecm?. An elliptical focal spot with an ellipticity of 0.125 was formed
by focusing an elliptical beam with an ellipticity of 0.125, shown in Fig. 1 (d). A pair of
cylindrical lenses converted the Gaussian beam from the laser to an elliptical beam.

For higher speed imaging, it is desirable to simultaneously obtain the spectra on a long
line by using a two-dimensional image sensor, similar to slit confocal Raman scattering

13:14 and beam-scanning multiplex CARS microspectroscopy®®. Hence, we

microspectrocopy
combined beam-scanning multiplex CARS microspectroscopy and an elliptical focal spot.
Furthermore, an EM-CCD was used for the two-dimensional image sensor to perform high-
speed readout. Due to these schemes, spectral information with a bandwidth of 900 cm™!
on a beam-scanning line of 68.3 pum could be acquired in 7.5 ms (frame transfer time, 0.3
ms; exposure time, 7.2 ms; data size, 256,) X512 (spectrum) pixels) or 4.2 ms (frame transfer
time, 0.3 ms; exposure time, 3.9 ms; data size, 128,y X256 (spectrum) Pixels) with 2x2 camera
binning. Here, it should be noted that the minimum exposure time is determined by the
minimum readout time, and signal reading is not possible during the frame transfer opera-
tion. To realize nearly uniform illumination on the scanning line, an integer multiple of a
half cycle of the beam scanning must be adjusted to the exposure time of the camera. For
example, the beam scanning period was adjusted to 2.06 ms for an exposure time of 7.2 ms
(3.5 scans/exposure) and to 2.60 ms for an exposure time of 3.9 ms (1.5 scans/exposure).
The insertion image in the upper left of Fig. 1 (a) is an example of a single shot taken by
the EM-CCD, i.e., the CARS spectral distribution along the beam scanning line. A sample
of mixed beads consisting of polystyrene (PS) and polymethylmethacrylate (PMMA) was
observed. The strong signal in the top horizontal bar corresponds to a PS bead, and the

weak signals in the other horizontal bars correspond to PMMA beads. As shown in Fig. 1

(d), the elliptical focal spot was shaped to be about 0.5 pm in the minor axis and about

5
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4.0 pm in the major axis. In contrast, the beam scan line was about 78.1 pum, and the
observation range was 68.3 um (see Sec. I of the supplementary material). The intensity
distribution along the long axis of the elliptical focus is averaged by beam scanning, and

uniform line signals are obtained by out-of-ranging at both ends where the beam stops.

III. RESULTS
A. Hyperspectral CARS imaging of polymer beads

We demonstrate ultra-high-speed hyperspectral CARS imaging with a spectral acquisition
rate of 34,139 spectra/s to decompose the spatial distribution of substances with micrometer-
order dimensions. Figure 2 shows the observed result for a mixture of PS and polyethylene
(PE) beads in liquid linoleic acid (LA) (see Sec. III. 1 of the supplementary material).
The observed 256x256 CARS spectra were individually converted to Im[x®)] spectra using
maximum entropy method (MEM)3* 36 (see Sec. IV and Movie S1 of the supplementary
material). Figure 2 (a-c) shows the Im[x®)] images at 1,001 cm™!, 1,129 cm™!, and 1,654
em™!. Figure 2 (d) shows the Im[y®] spectra at the red, green and blue arrowheads in Fig. 2
(a-c). These three spectra contained different bands. From the shape of the image, the bands
of 1,001, 1,129, and 1,654 cm~! were assigned to the phenyl ring breathing mode of PS, the
skeletal tans C-C stretching mode of PE, and the C=C stretching mode of LA, respectively.
Figure 2 (e) shows an Im[x®] spectral profile on a line along the beam-scanning direction,
which was obtained from a single frame of the EM-CCD image sensor. In spite of the ultra-
high spectral acquisition rate of 34,139 spectra/s, the detailed structure of every spectrum
could be identified with sufficient sensitivity. Incidentally, dark spots on the largest bead at

the center are due to the beads in out-of-focus positions.

We performed multivariate curve resolution alternating least squares (MCR-ALS) anal-
ysis’™ 3 of the obtained hyperspectral Im[x®] image to decompose the constituent com-
ponents using both spatial and spectral information (see Sec. IV of the supplementary
material). Figure 3 shows decomposed spectra (a-c) and their spatial distributions (d-f).
The spectral components (SC) 1-3 corresponded to PS, PE, and LA, respectively, and could

be separated into pure components. From MCR analysis, PS and PE were completely sep-

arated and the concentration distribution of LA was also obtained. The concentration of
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LA in PS was higher than that in PE. This difference in LA concentration in each bead was
caused by LA’s higher solubility to PS than that of PE*04!,

B. Hyperspectral CARS imaging of living cells

We demonstrated the ultra-high-speed hyperspectral CARS imaging of living cells with
an acquisition rate of 34,139 spectra/s, as shown in Fig. 4. The observed cells were 3T3-
L1 adipocytes incubated with oleic acid or linoleic acid for 10 days (see Sec. III. 2 of the
supplementary material). The adipocytes metabolize introduced fatty acids and store them
in lipid droplets (LDs) as a triglyceride. Oleic acid and linoleic acid both have the same
carbon number; however, the former contains one double bond, and the latter contains two
double bonds. Figure 4 (a) and (c) show Im[x®] images of a sample mixed with oleic acid
and a sample mixed with linoleic acid, respectively, reconstructed with the CH, scissoring
mode around 1,438 cm™!. Figure 4 (b) and (d) show Im[x®)] images of a sample incubated
in a medium containing oleic acid and a sample incubated in a medium containing linoleic
acid, respectively, reconstructed with the C=C stretching mode around 1,654 cm~'. In both
images, lipid droplets were clearly visualized. Figure 4 (e) shows Im[y®)] spectra at a single
pixel in the LDs formed on each sample. Since the degree of unsaturation can be evaluated
with the ratio of the CH, scissoring mode around 1,438 cm~! and the C=C stretching mode
around 1,654 cm~',*? we applied this approach to the obtained data, as shown in Fig. 4
(f, g). These results indicate that the adipocytes incubated with linoleic acid accumulates
LDs with a higher degree of unsaturation than that of the adipocytes incubated with oleic
acid. The difference in the chemical composition of the lipid droplets due to the feeding of
different fatty acids is also reflected in the =C-H bending mode around 1,260 cm™! as shown
in Fig. 4 (e)*3. In addition, no morphological changes due to the photoinduced damage were
observed.

We also obtained a hyperspectral CARS image of living adipocytes incubated with oleic
acid in 0.54 s by utilizing a 2x2 binning setting, as shown in Fig. 5. Figure 5 (a) shows

! in which the LDs were visualized with high

the reconstructed Im[x®)] image at 1,438 cm™
contrast. Figure 5 (b) shows an Im[y®] spectrum at the arrowheads in Fig. 5 (a). Although
the number of spectral pixels was 256, the spectral structure specific to the LDs could be

identified. Figure 5 (c) shows an Im[y®] spectral profile on a line along the beam-scanning

7
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direction. Despite the fact that the beam was scanned for only 1.5 reciprocations during
one exposure of 3.9 ms, the spatial distributions of every spectrum on the line along the
beam-scanning direction were obtained with sufficient sensitivity.

The shoulder band of about 1480 cm™' shown in Fig. 5 (b) seems to be related to the
lipid membrane. This band does not appear in Fig. 4 (e). We attribute this to the difference

in focusing position in the optical axis direction.

IV. DISCUSSION

The developed ultra-high-speed multiplex CARS microspectroscopy system with low-

peak-irradiance excitation has high potential to accelerate the development of practical

44 45,46
)

live-cell investigation, such as regenerative medicine™*, intraoperative rapid diagnosis
and imaging flow cytometry?”. The system operated with a spectral acquisition rate of
34,139 spectra/s under low-peak-irradiance excitation of 19 GW/cm?. Compared with the
previously reported fastest vibrational spectroscopy system?®, this spectral acquisition rate
is 1/3 times. The spectral acquisition rate of the present system was limited due to the pixel
readout speed of 22 MHz. However, by utilizing an EM-CCD with a faster reading speed of 30
MHz* | a spectral acquisition rate of up to 64,256 spectra/s with 256 (x) X 256 () X 256 (spectrum)
pixels should be possible easily. In addition, by using an EM-CCD with 8 output split frame
transfer at 13.6 MHz reading speed, a spectral acquisition rate of up to 496,080 spectra/s
with 240(x) % 240(y) X 240 (spectrum) Pixels would also be realized . On the other hand, even
if the spectral acquisition with the system is sufficiently fast, the spectral processing using
MEM is time-consuming. The computing time required for MEM analysis per spectrum
was about 10 ms in our environment. It took about 10 minutes to quantitatively analyze
a spectral image of 256 ) X256(y) X256 spectrum) Pixels. The use of deep learning is one of
the methods to solve this problem. A well-trained deep learning model can retrieve Im|[y®]
from individual CARS spectra in 0.1 ms®', which has the potential for real-time spectral
imaging.

As for the peak irradiance, the relationship between photoinduced damage and peak ir-
radiance in nonlinear optical microscopy with near-infrared ultrashort-pulse lasers at wave-
lengths around 700-900 nm has been investigated in a wide range of peak irradiances: below

20 GW /cm? (safety operation®©), at 20-100 GW /cm? (decrease in cloning efficiency® 6, im-

8
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paired regulation of cell membrane molecular transport!®), at 100-200 GW /cm? (plasma
membrane blebbing and myelin sheath damage®, morphological cell damage®), and up to 1
TW /cm? (complete cell fragmentation!!). From these thresholds, we believe that the peak
irradiance excitation of 19 GW/cm? in the present system is suitable for safe live-cell ob-
servation. Higher peak irradiance may also be available using deep-near-infrared excitation

with wavelengths longer than 1000 nm, considered less cell-damaging.

Our system can detect sufficient CARS signals even with low peak irradiance excitation
and short exposure time. This advantage was made possible by using the EM-CCD and
parallel measurement using the elliptical focal spot. The EM-CCD has a mechanism to
amplify weak signals, which allows us to observe weak CARS signals at high speed. The
elliptical beam-scanning system is also applicable to multiplex SRS. In this case, the EM-
CCD cannot be used because SRS requires lock-in detection. The detector for the SRS needs
high dynamic range rather than high sensitivity. The SRS signal is enhanced by heterodyne
mixing with the excitation beam, which causes a strong background. A two-dimensional
lock-in camera, which equips high dynamic range capability even under intense background,

would be helpful for multiplex SRS detection®??3.

Our system also offers rich spectral information covering the fingerprint region with a
sufficient number of spectral pixels. Therefore, MCR-ALS analysis of the obtained hy-
perspectral image is quite useful for the investigation of spectrally overlapping molecular
compositions within complicated heterogeneous specimens. Although the observable spec-
tral bandwidth of the present system was limited to 900 cm™! in the range of 580-1,830
cm™!, by selecting an appropriate diffraction grating for the spectrometer, entire fingerprint
region of 580-1,830 cm ™! can be covered. In terms of the bandwidth performance, an ultra-
broadband laser source will make it possible to obtain ultra-broadband hyperspectral CARS

! in which high-wave number region and silent region are

images covering over 3,000 cm™
also included??24%* In addition, spectral distortion caused by the non-resonant background
can be reduced by adopting the epi-detection scheme® and polarization techniques®. The
epi-detection scheme can also expand applicational capability, such as pathological analysis
of large area thick tissue, endoscopy, and in vivo imaging. We expect that non-resonant
background-free techniques combined with our concept, in which parallel excitation and

detection allow high speed and minimal photoinduced damage, will provide many more

interesting biochemical components besides lipid droplets.
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V. CONCLUSION

In conclusion, we developed a multiplex CARS microspectroscopy system using a scan-
ning elliptical focal spot. The elliptical focal spot, whose major axis was along the slit
of a spectrometer, was utilized for simultaneously observing the CARS signals of an en-
larged region and for reducing the peak irradiance. By scanning the elliptical focal spot
along the slit of the spectrometer and simultaneously obtaining the spectra on the beam-
scanning trajectory using the EM-CCD, ultra-high-speed hyperspectral CARS imaging with
low-peak-irradiance excitation was achieved. We obtained a hyperspectral CARS image
(256(X)x256(y)><512(Spectrum) pixels) covering 900 cm~! within fingerprint region in 1.92 s
with a spectral acquisition rate of 34,139 spectra/s using a mixture of PS and PE beads
in liquid LA and living 3T3-L1 adipocytes as specimens. We also succeed in acquiring a
hyperspectral CARS image (128 ,)x256(y) %256 (spectrum) Pixels) of living 3T3-L1 adipocytes
900 cm ™! within fingerprint region in 0.54 s with a spectral acquisition rate of 30,485 spec-
tra/s. All observations were always performed with low-peak-irradiance excitation of 19
GW /em?, which is the highest peak irradiance within the safe operating range of nonlinear
optical microscopy. The presented vibrational microspectroscopy would be beneficial in the

investigation of living cells.
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FIG. 1. Multiplex CARS microspectroscopy using scanning elliptical focal spot. (a) Schematic of
the developed system. ps Ti:s (w1), 5 picosecond Ti:sapphire laser; fs Ti:s (ws), 12 femtosecond
Ti:sapphire laser; DM, dichroic mirror; CL1 (f = 400 mm) and CL2 (f = 50 mm), cylindrical
lenses; L1 (f = 200 mm) and L2 (f = 200 mm), lenses; TL (f = 200 mm), tube lens; OL1
(NA = 0.9, x40) and OL2 (NA = 1.27, x60 or NA = 1.0, x60, dipping), objective lenses; SP
(600 grooves/mm, 500 nm blaze wavelength, 300 mm focal length), spectrometer. (b) Output
spectra of laser sources. Solid orange line, wy beam. Broken red line, ws beam. FWHMSs of 0.11
nm (w;) and 80 nm (ws) correspond to spectral resolution of 2.0 cm™! and bandwidth of 1250
ecm ™!, respectively. (c) Normalized intensity auto-correlation signals of w; beam (orange dots)
and wy beam (red dots). Solid (w;) and broken (ws) lines are fitting results with sech? function.

FWHMs of 7.68 ps (w1) and 2.37 ps (w2) correspond to pulse durations of 4.99 ps and 1.54 ps,

respectively. (d) Detail view of elliptical focus shaping.
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FIG. 2. Ultrahigh-speed hyperspectral CARS imaging (34,139 spectra/s) of a mixture of
polystyrene and polyethylene beads in liquid linoleic acid. (a) Im[x®)] image at 1,001 cm~! (phenyl
ring breathing mode of the polystyrene); (b) at 1,129 cm~! (C-C stretching mode of the polyethy-
lene); (c) at 1,654 cm~! (C=C stretching mode of the linoleic acid). (d) Im[x®] spectra at
arrowheads of corresponding color shown in (a-c). (e) a spectral profile on the white dashed line in
(a-c) observed at 7.5 ms/line. The size of the hyperspectral image was 256 ) X 256,y X512 gpectrum)

pixels. Total acquisition time of hyperspectral image was 1.92 s. The scale bar represents 10 pm.

16



(@) SC1

it

1,500

1,000

500 | -

Im [x(a)] /arb. un

0 L \ : \ )
1,000 1,200 1,400 1,600 1,800
Raman shift / cm ™' 00 02 04 06

(b) SC2 (e)

200
150
100

50

Im [x] / arb. unit

oL . . . .
1,0001,2001,4001,600 1,800
Raman shift / cm ™
SC3
(c) (f) .
500F — " ; (2
400 | 1 L

300 | .
200 F - ‘n.h-
100 . i - &
ol o T~
1,0001,2001,4001,6001,800 mm—————
Raman shift / cm ™' 0.0 0.1 0.2 0.3 0.4

[
00 02 04 06

Im [x*] / arb. unit

FIG. 3. MCR-ALS analysis of the hyperspectral CARS image of a mixture of polystyrene and
polyethylene beads in liquid linoleic acid. (a-c) decomposed spectral components (SC1-3). (d-f)

Concentration distributions of SC1-3. The scale bar represents 10 pm.
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FIG. 4. Ultrahigh-speed hyperspectral CARS imaging of living 3T3-L1 adipocytes with acquisition
rate of 34,139 spectra/s. The adipocytes were incubated in media to which were added (a, b, f) oleic
acid or (c, d, g) linoleic acid. (a, ¢) Im[x®)] image at 1,438 cm™!. (b, d) Im[x(®)] image at 1,654
em~ . (e) Im[x®] spectra at arrowheads shown in (a-d ((i), blue; (ii), red)). (f, g) Intensity ratio of
the Im[x(?’)] images at 1,438 cm~! and 1,654 cm™'. The image size was 256 () X 256 () X 512 (gpectrum)

pixels, and the total acquisition time was 1.92 s. The scale bar represents 10 pm.
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FIG. 5. Ultrahigh-speed hyperspectral CARS imaging of living 3T3-L1 adipocytes with total
acquisition time of 0.54 s. (a) Im[x®)] image at 1,438 cm~!. (b) Im[x(®)] spectrum at arrowheads
of corresponding color shown in (a). (c) Spectral profile on the white dashed line in (a) observed
at 4.2 ms/line. The image size was 128 1) X128y X256 (gpectrum) Pixels, and the acquisition rate was

30,139 spectra/s. The scale bar represents 10 pm.
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