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Ultra-multiplex CARS spectroscopic imaging
with 1-millisecond pixel dwell time
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Abstract: We performed ultra-multiplex coherent anti-Stokes Raman scattering (CARS) spec-
troscopic imaging by using a CCD camera with a fast readout time (<1 ms). The ultra-multiplex
CARS signal of a polystyrene bead was detected in the range 600—3600 cm™! with resolution
<10 cm™!. The pixel dwell time was approximately 1 ms, which was limited by the readout
time of the CCD camera rather than the exposure time. CARS images of 161 x 161 pixels were
obtained of the polymer beads with a total data-acquisition time of approximately 28 s even with
the use of a cost-effective microchip laser source. Label-free and ultra-multiplex (18 colors)
imaging of living cells was also performed with an effective exposure time of 1.8 ms based on
the molecular fingerprint as well as the C-H and O-H stretching vibrational modes using a master
oscillator fiber amplifier laser source.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Lately, spectroscopic imaging has attracted much attention, in particular in the field of coherent
Raman imaging [1-4]. In comparison with spectral imaging, by which multiple wavelength-
dependent images are obtained, spectroscopic imaging aims to achieve the vibrational-mode-
dependent deconvolution of images with spectral data sets. The use of spectroscopic imaging
has become prominent for coherent or nonlinear Raman imaging methods [1-9], among which
coherent anti-Stokes Raman scattering (CARS) and stimulated Raman scattering (SRS) are
two methods that are often used. Based on the CARS and SRS imaging techniques, several
kinds of spectroscopic imaging have been reported, such as the multiplex method [10-16],
laser-wavelength-scanning method [17-19], spectral focusing method [20], FT-CARS [21-23],
and dual-comb method [24]. The multiplex method [10-14] utilizes a multi-channel detector
such as a CCD or C-MOS camera with a spectrometer to cover the broad spectral range of the
coherent Raman signal. The use of a broadband laser source such as a supercontinuum (SC)
light source [16,25] or a femtosecond laser source [26] enables the typical spectral coverage of
the multiplex CARS signal to reach approximately 3000 cm™!, which is sufficiently broad to
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detect all the vibrational fundamental modes including the fingerprint region as well as the C-H
and O-H stretching regions (ultra-multiplex CARS spectroscopic imaging). In particular, SC
generation [12,13] has been achieved by using tapered fibers [12] and photonic crystal fibers
(PCFs) [13].

Owing to the high peak power of the laser source, we are not only able to obtain the CARS signal
but also other signals resulting from different nonlinear optical processes such as second harmonic
generation (SHG), third harmonic generation (THG), and two-photon excitation fluorescence
(TPEF), thereby enabling multi-modal nonlinear optical (or multi-photon) imaging [27-29].
We previously used multi-modal nonlinear optical imaging to successfully elucidate that the
Rootletin filaments [30] of the rootlets in the retina are SHG-active [31].

Improving the detection speed of multiplex CARS imaging would require the specification
of the laser source and multi-channel detector to be optimized. In the present study, living-cell
imaging was performed using a SC source pumped by a master oscillator fiber amplifier (MOFA)
[32] combined with a new CCD camera with high sensitivity and high-speed read-out. In the
course of the study, we found that the new CCD camera allowed us to perform high-speed
ultra-multiplex CARS imaging using a low-cost SC source pumped by a microchip laser.

2. Methods
2.1.  Ultra-multiplex CARS spectroscopic imaging system

As shown in Fig. 1, two laser sources were incorporated in the experimental setup. The first source
is based on a master oscillator fiber amplifier (MOFA) configuration, involving a microchip
oscillator and a Yb-doped fiber amplifier (SM-1000, Leukos, France, custom-made). The
microchip oscillator is a passively Q-switched laser comprising a Nd:Y VO, crystal bonded
with a saturable absorber mirror and pumped at 808 nm. The fiber amplifier is based on a
two-stage configuration including a pre-amplifier and a booster using a polarization-maintaining,
large-mode-area, double-clad Yb-doped fiber. The wavelength, temporal duration, repetition
rate, and output average power of the MOFA laser source were 1064 nm, 85 ps, and 0.82 MHz,
and ~2 W, respectively. The second laser source is a passively Q-switched microchip Nd:YAG
laser (Leukos, Limoges, France). The wavelength, temporal duration, repetition rate, and output
average power of the source were 1064 nm, 800 ps, 33 kHz, and ~300 mW, respectively; the
specification are similar that used in [33]. The two laser sources can be switched based on the
sample used in the experiments.

The laser pulses are divided in two with one part being used as the pump radiation (w) for
the CARS process and the other being seeded into a PCF to generate an SC, which is used as
the Stokes radiation (w;) for the CARS process. The SC radiation is collimated by an off-axis
parabolic mirror (RCO4APC-P01, Thorlabs) to suppress the chromatic aberration. After removing
the spectral components shorter than 1064 nm from the SC by combining a color filter (IR80,
Kenko Optics) with a sharp long-pass filter (3RD1050LP, Omega Optical), the w; and w, laser
pulses were superimposed by a notch filter (NFO3-532/1064E-25, Semrock), and then introduced
into a modified inverted microscope (ECLIPSE Ti-U, Nikon). Incident laser pulses were tightly
focused onto a sample by the water-immersion objective lens (CFI Plan Apo 60 x NA 1.27, Nikon).
The sample was placed on a piezoelectric stage (Nano-LP200, Mad City Lab) for microscopic
imaging, and the CARS signal was collected by the dry objective lens (Plan S Fluor 40 X NA 0.6,
Nikon), and was dispersed by the spectrometer (LS-785, Princeton Instruments). Finally, the
CARS signal was detected by the CCD camera (Blaze 400-HR, Princeton Instruments).

2.2. Sample preparation

To confirm the performance of the developed system, polystyrene beads with a diameter of
10 um (Polysciences Inc.) were used as test samples for CARS imaging. The original aqueous
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Fig. 1. Experimental setup of ultra-multiplex spectroscopic CARS system.

suspension of the beads was first diluted more than 10 times, and approximately 50 uL of the
suspension was sandwiched between a coverslip and a slide glass.

A549 cells derived from a human lung adenocarcinoma were used as living cell samples.
The cell line was demonstrated to synthesize lecithin and to contain a high concentration of
unsaturated fatty acids [34]. Cells were plated on type collagen-coated chamber slides in
Dulbecco’s Modified Eagle’s Medium supplemented with 10% fetal bovine serum and cultured
for two days at 37 °C in a humidified incubator containing 5% CO, in air. Immediately before
the measurements, the glass slide was removed from the chamber. The cells on the glass slide
were covered with a coverslip, and then sealed with nail varnish. The input laser power at the
sample position was set at ~80 mW and ~50 mW for w; and w,, respectively. The total power
(130 mW) of the laser source was less than that used in our previous study (200 mW) [32], partly
because of the higher sensitivity of the CCD camera used in this study (PIXIS 100-BR-DDPIXIS
100-BR-DD (Princeton Instruments) was used in the previous living-cell imaging [32]). The pulse
energies of the w; and w, pulses at the sample were approximately 100 and 65 nJ, respectively,
corresponding to peak power of approximately 1.2 and 0.8 kW. We confirmed, through optical
imaging, that the intensity of laser irradiation produced did not lead to substantial morphological
changes in the cells.

3. Results and discussion

3.1.  Ultra-multiplex CARS spectroscopic imaging of polystyrene beads

We evaluated the system by measuring the CARS signal of a polystyrene bead with a diameter of
10 um. Figures 2(a) and (b) show the CARS spectra that were recorded by using the software



Research Article Vol. 2, No. 5/15 May 2019/ OSA Continuum 1696

OSA CONTINUUM

to specify different exposure times, and the CARS signal at 1003 cm™', which corresponds to
the vibrational mode associated with phenyl ring breathing, and its dependence on the exposure
time that was set using the software. The laser source was MOFA, and the laser power for
w1 and wy was 10mW and 50 mW, respectively. As we reported previously [32], the CARS
signal was detected even when the exposure time was set to “0 ms” using the software. This is
due to charge accumulation within the readout time. By extrapolating the results in Fig. 2(b),
the effective exposure time by specifying an exposure time of “O ms” using the software was
evaluated to be approximately 0.8 ms. This value agrees well with the readout time of the CCD
camera (~0.7 ms), which was output by the software. In addition to the CARS spectrum and
image (“0-ms” exposure time) obtained using the MOFA laser source [32], in the present study,
detailed evaluation of the effective exposure time is also presented.
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Fig. 2. CARS measurements using the MOFA laser source and the CCD camera with
a fast readout time: (a) CARS spectra of a polystyrene bead (intensity uncorrected); (b)
Dependence of the exposure time on the CARS signal (solid circles) at 1003 cm™!, which
corresponds to the vibrational mode associated with breathing of the phenyl ring and the
fitted result (solid line).

Figure 3 shows the depth dependence of the CARS image at 1003 cm™! obtained using the
Q-switched microchip Nd:YAG laser source. The input laser power at the sample position was
set to ~20mW and ~8 mW for w; and w,, respectively; this corresponds to peak power of
approximately 0.8 and 0.3 kW, respectively. The size of each image was 161 x 161 pixels, and
the total data-acquisition time was approximately 28 s. It should be emphasized that the results
in Fig. 3 were obtained using a low-cost microchip laser source, while the MOFA laser was used
in [32]. Based on the results of the present study, we confirmed that the passively Q-switched
microchip Nd:YAG laser with a 33-kHz repetition rate can also be used for such high-speed
measurements. By setting the exposure time to “0 ms” using the software, ultra-multiplex CARS
imaging of the polystyrene bead was performed in the spectral range of 600-3600 cm™" with a
pixel dwell time of approximately 1 ms, which was limited mainly by the readout time of the
CCD camera.
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Fig. 3. CARS images in the phenyl-ring breathing vibrational mode (1003 cm™!) at different
depth positions; the images were obtained using the passively Q-switched microchip Nd:YAG
laser and the CCD camera with a fast readout time. The exposure time was set to 0 ms using
software. The resolution of image was 161 x 161 pixels, and the total data-acquisition time
was approximately 28 s.

3.2. Ultra-multiplex CARS spectroscopic imaging of living cells

Figures 4(a) and (b) show an optical image of a living cell (A549) and the corresponding CARS
image of the same cell. CARS imaging was performed using the combination of the MOFA
laser source and the CCD camera with a fast readout time. The CARS image was mapped out
simply by using the intensity of the raw CARS signal at the apparent peak position at 2850
cm™!. The exposure time at each pixel was 10 ms. The sharp peak observed at 2850 cm™! on
the red spectrum in Fig. 4(c) corresponds to one of the bright spots inside the cell. As is well
known, the band at approximately 2850 cm™' corresponds to the CH, stretching vibrational
mode, which is observed mainly in intracellular lipid droplets. A raw CARS signal consists
of both a vibrationally resonant signal and so-called nonresonant background (NRB), which
interfere with each other and produce dispersive line shapes (See Fig. 4(c)). We extracted the
pure vibrationally resonant signal to obtain spontaneous-Raman-equivalent spectral profiles by
performing numerical analysis using the maximum entropy method (MEM) [35]. The spectral
profile of the pure vibrationally resonant signal, which corresponds to the imaginary part of
(Im[ x7), is shown in Fig. 5. The main features of the spectral profiles in red and blue in Fig. 5
are in good agreement with those of intracellular lipids and proteins, respectively [36,37]. In
particular, the characteristic Raman bands are indicated in Fig. 5; namely, the bands at 3427, 3200,
3066, 3017, 2930, 2854, 1744, 1657, 1451, 1438, 1303, 1265, and 1009 cm™! correspond to the
vibrational modes due to OH antisymmetric and symmetric stretching, aromatic CH stretching,
=C-H stretching, CH3 symmetric stretching, CH, symmetric stretching, C = O stretching, Amide
I and/or cis C =C stretching, CH3 degenerate deformation, CH; scissoring, and phenyl-ring
breathing vibrational modes, respectively. A list of these vibrational modes has been reported
elsewhere in part [32].
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Fig. 4. (a) Optical image of an A549 cell; (b) CARS intensity mapping at 2850 cm™'; (c)
Spectral profiles of the raw CARS signal indicated at the two positions in (b) using red and
blue crosses. The images were obtained using the MOFA laser source and a CCD camera
with a fast readout time.

We analyzed the spectral profile in more detail by decomposing the Im[ y®)] spectra into
the sum of the Gaussian bands at each cell position. Figure 6 shows the typical fitted result
of the intra-cellular-averaged Im[ y®] spectrum in the CH stretching region. In this study, we
performed a more detailed analysis of the CH-stretching vibrational band when the analysis in
[32]. Overall, the spectral profile was well fitted by seven Gaussian functions at 3017, 2953,
2939, 2921, 2902, 2872, and 2854 cm~!. Based on the fitting procedure as shown in Fig. 6,
ultra-multiplex spectroscopic CARS images are obtained. Figure 7 summarizes the results, where
Figs. 7(a —r) show the CARS images at 3427, 3200, 3066, 3017, 2953, 2939, 2921, 2902, 2872,
2854, 1744, 1657, 1451, 1438, 1303, 1284, 1265, and 1009 cm™', respectively. The exposure
time at each pixel was 10 ms. Because the CARS images at the vibrational bands at 2939 and
2921 cm™! are similar to each other, and these bands are adjacent to each other, we considered
the sum of the Gaussian bands at 2939 and 2921 cm™! to be regarded as a single vibrational band
(purple broken curve in Fig. 6). The vibrational bands in the present study were assigned by
taking into account the CARS image contrast (see Fig. 7) and the literature values [38—46]. The
results are summarized in Table 1. In the present study, we assume that the band at 2902 cm™" is
in the CH; anti-symmetric stretching mode.

The microscopic intracellular structures were visualized, as shown in Fig. 7. Particle-like
structures with a diameter of a few micrometers were observed in the cytoplasm, as shown in
Figs. 8(d), (j), (k), (n), (0), and (q). These bands are assigned as the C-H stretching vibrational
mode of = C-H bonds (d), CH, symmetric stretching vibrational mode (j), C = O stretch mode of
the ester (k), CHj scissoring mode (n), CH, twisting mode (o), and = C-H bending mode (q),
all of which are typically observed for lipids. These organelles are, therefore, safely assigned
as lipid droplets. As clearly shown in the CARS image (d) and (q), the lipid droplets contain
rich unsaturated lipids. These results are consistent with the characteristics of the A549 cell,
which is well known to produce unsaturated fats. On the other hand, the CARS image at 2939
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Fig. 5. Spontaneous-Raman-equivalent Im[ )((3)] spectra at the two intracellular positions
indicated as red and blue crosses in Fig. 4(b). The inset shows enlarged spectral profiles
in the fingerprint region. The dips indicated by “*” are artifacts due to the CARS spectral
correction process, in which the CARS signal at each spatial point was divided by the
nonresonant background of the coverslip underneath the suspension cell.

Table 1. Vibrational bands and their assignments for the intracellular Im[y®] spectrum [38-46]

Typical Raman shift values(cm™") Assignment Main molecular components
3427 O-H a-stretch. Water
3200 O-H s-stretch. Water
3066 C-H stretch.(aromatic) Proteins
3017 =C-H stretch. Lipids
2953 CH3 a-stretch. DNAs & RNAs

~2930 CHj3 s-stretch. Proteins/Lipids
2902 CH; a-stretch. Lipids/Proteins
2872 Overtone of CH3 deform. in Fermi resonance with CHj3 s-stretch. Proteins/Lipids
2854 CHj; s-stretch. Lipids
1744 C =0 stretch. (ester) Lipids
1657 cis C=C stretch./Amide I Lipids/Proteins
~1550 Purine ring (adenine and guanine) DNAs & RNAs
1451 CHj3 deg. deform. Proteins
1438 CHj scis. Lipids
1303 CH; twist. Lipids
~1284 Amide III/C-H bend Proteins
1265 =C-H bend. Lipids
1004 Phenyl ring breath. Proteins

Abbreviations: stretch.: stretching; deform.: deformation; rock.: rocking; twist.: twisting; scis.: scissors; bend.: bending;
sym. or s- symmetric; anti. or a- antisymmetric; deg.: degenerate; breath.: breathing; Phe: phenylalanine.
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Fig. 6. Fitted results of the Im[ P spectrum in the CH stretching vibrational modes.
Seven Gaussian functions centered at 2854, 2872, 2902, 2921, 2940, 2953, and 3017 cm™!
reproduced the experimentally obtained Im[ X(S)] spectrum well.

and 2921 cm™! indicates a dark round structure in the cell. This corresponds to the cell nucleus.
The intra-nuclear bright spots are assignable to the nucleolus, which introduces high vibrational
contrast to the CARS images (c), (e), (f), (g), (i), (m), and (r). These vibrational modes correspond
to the aromatic CH stretching (c), CH3 asymmetric stretching (e), CHs symmetric stretching ((f)
and (g)), overtone of CH3z deformation in Fermi resonance with CH3 symmetric stretching (i),
CH3; degenerate deformation (m), and phenyl ring breathing (r) vibrational modes, respectively.
In our previous report on HeLa cells[32], the bands due to DNA and RNA were clearly observed,
whereas the present results on A549 only exhibit weak signal intensity centered at 1550 cm™!,
probably due to cell-line dependence and the low signal-to-noise ratio in this study. In addition,
the CARS image at 2902 cm™! shows clear vibrational contrast at the nuclear membrane. We
therefore assign the band at 2902 cm™! as the CH, anti-symmetric vibrational mode due to
phospholipids. On the other hand, the CARS images at 3427 and 3200 cm™!, which correspond
to OH stretching vibrational modes, have low contrast in the field of view.

In this study, we realized high-speed ultra-multiplex CARS imaging by performing live-cell
imaging with an exposure time (on the software) of 1 ms using a combination of the MOFA
laser source and a CCD camera with a fast readout time. Taking into account the finite readout
time, the effective exposure time per pixel was estimated to be approximately 1.8 ms, which is
a significant reduction compared to the previous study on living-cell imaging (exposure time
per pixel: 50 ms) [32]. The improvement in the data-acquisition time was mainly due to the
difference in the sensitivity and the readout speed of the CCD camera. The readout times in the
present and the previous study [32] were 0.8 ms and ~3 ms, respectively. Figure 8 shows the
result of the 200-um? square (401 x 401 pixels) ultra-multiplex CARS spectroscopic imaging.
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Fig. 7. CARS images of an A549 cell in G1 phase at (a) 3427, (b) 3200, (c) 3066, (d) 3017,
(e) 2953, (f) 2939, (g) 2921, (h) 2902, (i) 2872, (j) 2854, (k) 1744, (1) 1657, (m) 1451, (n)
1438, (0) 1303, (p) 1284, (q) 1265, and (r) 1009 em™!, respectively. The exposure time per
pixel was 10 ms. The images were obtained using the MOFA laser source and the CCD
camera with a fast readout time.
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Fig. 8. CARS images of A549 cells at (a) 3427, (b) 3200, (c) 3066, (d) 3017, (e) 2953,
(f) 2939, (g) 2921, (h) 2902, (i) 2872, (j) 2854, (k) 1744, (1) 1657, (m) 1451, (n) 1438, (o)
1303, (p) 1284, (q) 1265, and (r) 1009 em™!, respectively. The exposure time per pixel was
~1.8 ms. The images were obtained using the MOFA laser source and the CCD camera with
a fast readout time.
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Fig. 9. (a) CARS image of A549 cells at 2939 cm™! (the same as in Fig. 8(f)); Enlargements
of the CARS images in the red (b) and green (c) boxes in (a); Im[ X(3)] spectra at position A
(red cross in (b)) (d), B (blue cross in (b)) (e), C (red cross in (c)) (f), and D (blue cross in
©) (2

The spectral profiles of the Im[ y®)] spectra are similar to those in Fig. 7. As clearly shown
in Fig. 8, each cell is visualized using different vibrational contrast with an exposure time of
approximately 1.8 ms per pixel. Figure 9 shows enlargements ((b) and (c)) and spectral profiles
((d-g)) of the images in Fig. 8. The red (Fig. 9(d) and (f)) and blue (Fig. 9(e) and (g)) spectral
profiles in Fig. 9 show the 2-um?-spatially averaged Im[ y®] spectra, which are assignable to
unsaturated lipids and proteins, respectively. The use of an effective exposure time of ~1.8 ms
enabled us to perform ultra-multiplex CARS imaging of living cells.

4. Conclusion

In this study, we performed ultra-multiplex CARS spectroscopic imaging using a CCD camera
with a high-speed readout time. The exposure time was reduced to 0.8 ms, limited by the readout
time of the CCD camera. CARS images (with resolution of 161 X 161 pixels) of polymer beads
were obtained with the total data-acquisition time of approximately 28 s, despite the use of a low-
cost microchip laser source. Based on the clear molecular fingerprint, we successfully visualized
intracellular molecular distribution with more than 15 vibrational bands with an effective exposure
time of 1.8 ms using the MOFA laser source. The combination of this visualization technique
with multivariate analysis methods, such as multivariate curve resolution-alternating least-square
(MCR-ALS) [47], can help researchers gain meaningful insights into the dynamics of intracellular
metabolic activity. Our label-free imaging presents considerable potential for miniaturized,
non-invasive, real-time, and cellular-level molecular diagnostics for experimental and clinical
applications.
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