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Living microalga Cyanidium caldarium was visualized using ultra-multiplex
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band related to the SO,* ion at 982 cm™ ' was detected at the peripheral part
of the cells and showed a signal amplitude that was approximately threefold
larger than that in the medium, indicating accumulation of S0,>~ ions.
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1 | INTRODUCTION

Recently, Raman spectroscopy has attracted much
attention as a single-cell analytical method for investigat-
ing microalgae without cell disruption. Thanks to the
molecular specific vibrational contrast, various kinds of
intracellular metabolites can be visualized in a label-free
manner. Moudiikova et al. applied confocal spontane-
ous Raman microscopy to the microalga Chlorella
vulgaris and revealed the intracellular distribution of
polyphosphoric acid. Samek et al.!?! determined the
effective iodine value in lipid storage bodies of the
individual living microalgae Chlamydomonas sp. and

approximately 505 cm™ ' was observed at the peripheral part and inside the
cells, respectively. Based on comparison of the results with model substances,
these broad and sharp bands were assigned to polysulfides and glycogen,

algae, CARS, microscopy, microspectroscopy, supercontinuum

Botryococcus sudeticus by spontaneous Raman micros-
copy. Heraud et al.l® performed spontaneous Raman
microscopy of Dunaliella tertiolecta and predicted the
nutrient status of individual algal cells.

Moreover, coherent Raman scattering microscopies,
such as coherent anti-Stokes Raman scattering (CARS)
microscopy and stimulated Raman scattering (SRS)
microscopy, have also been applied to investigate intra-
cellular metabolites. In coherent Raman scattering, two
laser pulses with different colors are used: ®, (pump) and
®, (Stokes) pulses. If the wavenumber difference
(w; — ®,) of the two incident laser pulses coincides with
the specific wavenumber (Q2) of the vibrational mode of
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the sample molecule, namely, ®; — 0, =Q, the
vibrational mode of a large number of sample molecules
is resonantly and coherently excited. The vibrational
coherence generated in this process is converted to mcars
or wgrs radiation through the interaction of molecules
with the third laser pulses (0, for CARS and w, for SRS
[stimulated Raman loss]). Cavonius et al.l*' applied
CARS microscopy to the microalga Phaeodactylum
tricornutum and found that the organism uses two
different modes for normal and excessive lipid accumula-
tion processes. Hiramatsu et al!l®' applied a Fourier
transform CARS flow cytometer to evaluate the micro-
alga Haematococcus lacustris and measured the synthesis
of astaxanthin molecules. He et al!® applied CARS
microscopy to the microalga Coccomyxa subellipsoidea
C169 and reported that the Raman signal of lipid droplets
appeared after N-depletion. Wakisaka et al.l”! performed
label-free video-rate metabolite imaging of the microalga
Euglena gracilis by SRS microscopy and observed the
intracellular metabolite distributions under different
culture conditions. Wang et al.l®! applied frequency-
modulated SRS microscopy to Botryococcus braunii
and visualized intracellular lipid droplets and extracellu-
lar hydrocarbons. Particularly, ultra-multiplex CARS
spectroscopic imaging was shown to be a powerful
method for identifying molecular species in a label-free
manner under a microscope.[g’u] We performed ultra-
multiplex CARS microspectroscopic imaging">* of
Aurantiochytrium mangrovei, revealing intracellular
accumulation of squalene in vacuoles.™! In the present
study, we applied this technique to the living alga
Cyanidium caldarium to detect hitherto unknown
metabolites.

C. caldarium is a historically well-studied strain in
Cyanidiophyceae, which can survive at low pH values
from 0.5 to 4.0 and temperatures from 35 to 56°C in their
natural environments, including acid hot springs and
moist acid soils."*'”! C. caldarium is a red alga but lacks
the red pigment phycoerythrin. Therefore, the cells
exhibit a blue-green color. It is known as a good model
system to understand the traits of photosynthetic eukary-
otes and extremophiles.'’®! Further, its biological
application for biofuel production, urban wastewater
treatment, and precious metal recycling has been
receiving attention in recent years.!2°-23!

Cyanidiophyceae comprises Cyanidium,
Cyanidioschyzon, and Galdieria. Of the three species, only
Cyanidioschyzon has no obvious cell wall, whereas
Cyanidium and Galdieria contain a layered rigid cell
wall.?*?3! The rigid cell wall gives these species a
higher tolerance to environmental stresses, including
high salinity and high osmolarity, compared with
Cyanidioschyzon.'”! However, it makes morphological
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and biochemical analyses in these species difficult. Thus,
label-free single-cell analysis of C. caldarium will
overcome the problem and provide new insights into the
biology of Cyanidiophyceae.

2 | EXPERIMENTAL

2.1 | Setup

Figure 1 shows the experimental setup of the homebuilt
multimodal nonlinear optical microscopic system.!'*!
This system enables acquisition of ultra-multiplex CARS,
second harmonic generation (SHG), and third harmonic
generation (THG) signals. The main laser source was a
custom-made, dual-fiber output synchronized laser
source (OPERA HP, Leukos, Limoges, France). In the
laser housing, the master laser output, with a wavelength
of 1064 nm, temporal duration of 50 ps, and repetition
rate of 1 MHz, was divided into two. One was introduced
into the large-mode area photonic crystal fiber (PCF) and
used as the pump beam, ®,, which was collimated by a
collimator lens (F810APC-1064, Thorlabs, Newton, NJ,
USA). The other was injected into the PCF with high
nonlinearity to obtain ultra-broadband supercontinuum
(SC) radiation ranging from visible to near infrared
(NIR). The NIR spectral components of the SC were
selected using an optical filter (IR80, Kenko-optics,
Tokyo, Japan) and were used as the Stokes beam (w,).
The SC was collimated by an off-axis parabolic mirror
(RCO04APC-PO1, Thorlabs) to avoid chromatic dispersion.
The two beams were superimposed by a notch filter
(NF03-532/1064E-25, Semrock, Rochester, NY, USA) and
guided into a modified inverted microscope (ECLIPSE Ti
with modification, Nikon, Tokyo, Japan) in collinear
geometry. Two laser beams were tightly focused on the
sample through a microscope objective (CFI Plan Apo
60x NA 1.27, water immersion, Nikon). The sample was
placed on a piezoelectric stage (Nano-LP200, Mad City
Labs, Madison, WI, USA) for three-dimensional (xyz)
position selection. The full scanning range of the
Xyz-piezo stage was 200 pm>. The sample on the piezo
stage was raster-scanned (first in the horizontal direction
and then in the vertical direction). The SHG, THG, and
ultra-multiplex CARS signals were collected using a second
objective lens (Plan S Fluor 40x NA 0.6, Nikon) and
spectrally separated by a dichroic mirror. The CARS signal
transmitted through the dichroic mirror was detected using
a spectrometer (LS785, Princeton Instruments, Trenton,
NJ, USA) equipped with a charge-coupled device (CCD)
camera (BLAZE 100HR, Princeton Instruments). The
spectral coverage and spectral resolution of the CARS
signal were ~3500 and 8 cm !, respectively. The SHG and
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FIGURE 1

THG signals reflected by the dichroic mirror were
detected using a spectrometer (SpectraPro300i, Princeton
Instruments) equipped with a CCD camera (PIXIS 100B,
Princeton Instruments). The exposure time at each spatial
position was 50 ms for signal detection. The image size
(pixels and microns) and step size were 101 x 101 pixels,
50 x 50 pm?, and 0.5 pm, respectively.

2.2 | Sample preparation

C. caldarium NIES-2137 was obtained from the NIES
culture collection (National Institute for Environmental
Studies, Onogawa, Japan). The strain was maintained in
glass test tubes containing 10 mL of M-Allen medium,°!
with the pH adjusted to 2.0 with H,SO,. The temperature
of the incubator (BioTRON LH-240SP, NK System,
Tokyo, Japan) was set to 35°C with continuous white
fluorescent light (Panasonic, Osaka, Japan, 80 pmol
m 2 s~') without agitation. Before the measurements,
the strain in the glass tube was maintained for 16 and
47 days at room temperature (20.9°C) after the last
incubation and was used as the sample. For microscopy,
a 5 pL drop of M-Allen medium containing living cells

r 4

Experimental setup of ultra-multiplex spectroscopic CARS system with SHG and THG channels

was sandwiched on a slide glass and cover slip, which
were sealed with nail polish.

Na,S,; (Dojindo Molecular Technologies, Rockville,
MD, USA) and glycogen (FUJIFILM Wako, Osaka,
Japan) were used without further purification.

3 | RESULTS AND DISCUSSION

Figure 2a shows an optical image of living C. caldarium
cells, which ranged in size from 2 to 10 pm in diameter.
The green pigments correspond to chloroplasts. Figure 2b
shows a CARS intensity mapping of the same area shown
in Figure 2a, which was mapped using the CARS signal
intensity at 1653 cm ™' (vertical dashed line in Figure 2c),
corresponding to the apparent peak of the dispersion
lineshape. The laser power was approximately 170 and
80 mW for the pump and Stokes, respectively. The band
around 1653 cm ' corresponds to amide I and/or cis
C=C stretching vibrational modes. Therefore, the CARS
intensity mapping in Figure 2b corresponds to the super-
position of the images due to proteins and lipids. It
should be noted that the cell debris floating in the
medium, which is not observed in the optical image,
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(a) Optical image of Cyanidium caldarium. (b) CARS intensity mapping at 1653 cm™". (c) Spectral profile of the raw CARS

signal at the position indicated in (b). (d) Im[3®] spectra calculated from (c). The sample was maintained for 47 days at room temperature

(20.9°C) after nutrients in the medium were exchanged

gives an artificial image contrast in Figure 2b, especially
at the upper and lower right areas of the images. The cell
debris in the medium was tweezed by the laser beam and
was moved to the horizontal direction in the image
during the raster scanning of the sample. The inset of
Figure 2c shows the raw CARS spectra at two different
intracellular positions (blue and green crosses) in
Figure 2b. Because the raw CARS signals are distorted
mainly by the spectral profile of the Stokes pulses and
diffraction efficiency of the spectrometer, we performed
spectral correction of this signal by dividing the raw
CARS spectra by the spectral profile of the medium,
which is considered as non-resonant background (NRB).
The resulting intensity-corrected CARS spectra are
shown in Figure 2c. The spectral profiles are dispersive
because the vibrationally resonant signal and NRB
interfere with each other. We next retrieved the pure

vibrationally resonant spectra, which corresponded to the
imaginary part of the & (Im[y®]) spectra, from the
spectra shown in Figure 2c using the maximum entropy
method.””! The Im[y®] spectra with background
subtraction are shown in Figure 2d.

As indicated in Figure 2d, the Im[y®] spectra
showed characteristic Raman bands at 1664, 1457, 1339,
1267, 1236, 1131, 1086, 1037, 1008, and 982 cm ',
corresponding to amide I and/or cis C=C stretching, CH;
degenerate deformation, CH deformation, =C-H bend-
ing, amide III, skeletal C-C (trans) stretching, skeletal
C-C (gauche) stretching, in-plane phenyl ring deforma-
tion, phenyl ring breathing, and SO, symmetric
stretching vibrational modes, respectively.'*'?!

By analyzing the spectral profile at each cell position,
we reconstructed the CARS images at various Raman
bands. Figure 3 summarizes the results of ultra-multiplex
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FIGURE 3 (a)Optical image (same image as in Figure 2a); CARS images of C. caldarium around (b) 1664, (c) 1610, (d) 1457, (e) 1267,
(f) 1037, (g) 1008, (h) 982, (i) 944, and (j) 860 cm ™, (k) SHG, (I) THG. These images are averaged over 2 um? (see the text). The sample was
maintained for 47 days at room temperature (20.9°C) after nutrients in the medium were exchanged

CARS imaging. Because the signal-to-noise ratio was not
high in the fingerprint region, the Raman band at each
position was first averaged over 2 ym? and then fitted by
the Gaussian function. The fitted results around 1660 and

1000 cm ™!, where several Raman bands are congested in
the fingerprint region, are shown in Figure S1. Finally,
the fitted result was mapped out. The CARS images
without spatial averaging are also indicated in Figure S2.
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Figure 3b-j shows the CARS images around 1664 (b),
1610 (c), 1457 (d), 1267 (e), 1037 (f), 1008 (g), 982 (h),
944 (i), and 860 (j) cm~'. The CARS images in Figure 3
were classified into two main categories. First, those
exhibiting image contrast similar to that of the optical
image are shown in Figures 3b,d,g. Second, specific cells
with high image contrast are shown in Figure 3c,e,fh,i,j.
Among them, the CARS image at 982 cm ™" (Figure 3h)
showed high image contrast at the peripheral parts of
the cells. The CARS signal amplitude at 982 cm ' at
the peripheral parts of the cells was approximately
threefold larger than that outside of the cells (Figure S3).
As the band at 982 cm ™' was assigned to the SO, ion,
the image reveals the accumulation of SO,*~ ions at the
peripheral parts of the cells.

Figure 3k, shows the SHG and THG images. As
discussed later, the SHG image is similar to the CARS
images at the Raman shifts of 944 (Figure 3i) and
860 cm ' (Figure 3j). On the other hand, the THG image
is similar to the CARS images at the Raman shifts of 1664
(Figure 3b) and 1457 cm™' (Figure 3d) visualizing
intracellular lipids."'*!

During spectroscopic analysis, we found that two
Raman bands with different bandwidths overlapped at
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approximately 505 cm ™ '. Figure 4a shows the spectral
profiles at two intracellular positions, A and B. The Im
[x®] spectrum at Position A (red) showed a broad
spectral profile. In contrast, the broad and sharp bands
were superposed at Position B (green). To decompose the
two spectral components with broad and sharp band-
widths, we fitted the spectral profile around 505 cm ™ by
determining the sum of the broad and sharp Gaussian
functions, whose full width at half maxima were about
60 and 19 cm™ !, respectively. The broad and sharp
Gaussian functions are indicated in Figure 4a,d, whereas
Figure 4b,c shows the decomposed CARS image of the
broad and sharp spectral components, respectively.
The CARS image of the broad band clearly gives a high
image contrast at the peripheral parts of the cells.

We next considered the molecular origin of the broad
band. A Raman band around 505cm™' is typically
observed in biomolecules containing disulfide bonds
(S-S). According to a previous study,®! the acid- and
heat-resistant C. caldarium has cell walls that are unusu-
ally rich in protein (50%-55%). Therefore, one candidate
is proteins containing amino acids, such as cysteine
(Cys), which can form interchain disulfide bonds
(Cys-Cys). However, the observed spectral profile (A in
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(a) Spatially averaged Im[y®] spectra (solids) at Areas A and B and the fitted result (dotted). The sum of the broad and

sharp Gaussian functions was used to fit the spectral profile around 505 cm ™. CARS images of the (b) broad (FWHM: 60 cm ") and

(c) sharp (FWHM: 19 cm ") Raman bands. These images are averaged over 2 pm?. (d) Spatially averaged Im[%®] spectrum (solid) at Area C
and the fitted result (dotted). CARS images of the () broad and (f) sharp Raman bands. These images are averaged over 2 pm?.The results
shown in (a-c) and (d-f) were obtained using live algae, which were maintained for 47 and 16 days at room temperature (20.9°C) after

nutrients in the medium were exchanged
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Figure 4a) shows a prominent band only around
505cm™' without the typical band generated by
proteins.!?®?°! Therefore, the band around 505cm™!
could not be assigned to a disulfide bond in Cys-Cys.
Another candidate is polysulfides. A previous study
showed that the red alga Chondria californica produces
cyclic polysulfides.*®! Many studies have focused on the
Raman band due to polysulfides from the perspective of
battery fabrication. Solid-phase polysulfides showed a
Raman band similar to that observed. Janz et al.*!
reported a band at 488 cm ' for Na,Ss. Steudel and
Chivers'®* reported bands at 505, 494, 450, 424,
and 410 cm ™! for solid-state Cs,Se. All of these bands
were assigned as S-S stretching vibrational modes.
Chivers et al.*®! reported bands at 503, 453, 419, and
395 cm ! for S,> ion in [PPN],S,-2EtOH, all of which
were also assigned as S-S stretching vibrational modes.
Nims et al.®* reported a band at 473 cm™!, with a
shoulder feature at ~467 cm™!, for solid Sg allotropes,
which were assigned as S-S bond stretching of the Sg ring
structure. Wu et al.®*! reported bands at 518 cm ™ for
S, and 534 cm ™! for S;. Janz et al.*!! reported bands at
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458 and 476 cm ™! in BaS;, which were assigned to S-S
stretching at 25°C. Khan et al.!*! reported a band at
450 cm ™' for S,>~ or Ss*~ and at 495 cm ™' for Ss* in a
polysulfide solution with an S:Na ratio of 1.8 in
1.8 mol dm > aqueous Na,S solution. Hagen et al.l*”!
reported DFT calculations of S,°~ and Sg*~, which
produce Raman bands at 486 and 487 cm ™, respectively.

We then measured the polysulfides to compare the
intracellular Raman band around 505 cm ™' with that of
a model polysulfide-containing substance. Figure 5c
shows the Im[y®] spectrum of Na,S,, which was
obtained with the same setup used to measure living
cells. The main band in the spectrum was observed
around 505 cm ™!, which coincides well with the Raman
band observed in C. caldarium. Therefore, the broad
Raman band around 505 cm ! is likely assignable to S-S
stretching vibrational modes of polysulfides.

A sharp Raman band was also observed around
505 cm ™ *. Based on analysis of the spectroscopic images,
the sharp band was accompanied by Raman bands at
865 and 946 cm™' (Figure 5b). These Raman bands are
known as markers of polysaccharides, such as glycogen
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(a) Im[%‘¥] spectrum at the intracellular positions indicated as A in Figure 4a. (b) Im[%‘®] spectrum at the positions

indicated as C in Figure 4b. Im[x(3)] spectra of Na,S, (c) and glycogen (d)

85UB017 SUOWIWIOD BA1E81D) 8|qeotidde 8y} Aq peusnob ae sspile O '8sn J0 S9N 10) Aeiq18Ul|UO A1 UO (SUONIPUOD-PUR-SWLBY WD’ AB | 1M ARIq 1 UIIUO//:SANY) SUONIPUOD PUe SWLIS | 8U) 89S *[£202/20/2T] U0 AkeidiTauliuo A8|im eanins | JO AisieAluN Aq Z&T9'S11/200T 0T/I0p/W00" A8 M Aeiq 1 puljuo'S [uno Bous 10s [ea A feue//:sdny wouy papeojumoq ‘T ‘1202 ‘SSS.60T



OKA ET AL.

Journal of

RAMAN WILEY_L #?

and starch. According to the literature, C. caldarium
accumulates glycogen in the cytosol.**°! This property
is unique compared with green algae and terrestrial
plants, which store starch in their chloroplasts. We com-
pared the spectral profile showing a sharp band around
505cm ' (Figure 5b) with a model substance of
glycogen. As the main spectroscopic features were
reproduced, we assigned the molecular species observed
in C. caldarium to glycogen. Interestingly, the CARS
images due to glycogen (Figure 3i,j) gave similar image
contrast to the SHG image (Figure 3k), indicating that
accumulated glycogen inside cells is SHG active.

4 | CONCLUSION

In conclusion, we successfully visualized intracellular
polysulfides in living C. caldarium cells, which showed a
spectroscopic signature around 505 cm ' with a broad
bandwidth of 60 cm '. Depending on the incubation
conditions, intracellular glycogen was also visualized as a
sharp Raman band around 505 cm ™! with a sharp band-
width of 19 cm . Based on our spectroscopic analysis,
polysulfides and glycogen were spectrally separated to
obtain each CARS image, demonstrating that polysulfides
and glycogen were exclusively localized. Our approach
provides a foundation for developing a new label-free
rapid cell screening method to identify unknown
metabolites.
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