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mangrovei with hyper-spectral coherent anti-Stokes Raman microscopy using a
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We applied hyper-spectral coherent anti-Stokes Raman scattering (CARS) imaging to
intracellular lipid identification in living microalgae, Aurantiochytrium mangrovei
18W-13a. Two different lipids, squalene and triacylglycerol (TAG), were found inside
living cells with clear vibrational contrast. Based on the endogenous lipid band due to the
cis C=C stretch vibrational mode, squalene and TAG were clearly distinguished in
different intracellular areas. In particular, squalene was detected solely in vacuoles as lipid

particles, which was also supported by electron microscopy.
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1. Introduction

Algal biomass produced by microalgae has attracted much attention as alternatives of existing
energy sources such as fossil fuel and terrestrial plant biomass. Thanks to the biomass production from
uncultivated lands and the capability of high lipid storage, microalgae can produce rich amount of lipids
more than land plants. So far, a study has been made of high lipid production such as more than 80 % of
cell dry mass,® which corresponds to several hundred times larger amounts than the biomass which corn
can produce?.

It is well known that triacylglycerols (TAGs) are one of the main lipids microalgae produce.
AccumulatedTAGs are, however, not suited for fuels because they consist of oxygen-containing fatty acids.
On the other hands, several species such as Botryococcus braunii and some Aurantiochytrium strains have
been reported as they can produce hydrocarbon?. Genus Botryococcus is classified into Chlorophyta,
Trebouxiophyceae. Although an autotrophic algae can produce energy through light harvesting, it is not
regarded as ideal algae for hydrocarbon production due to its slow growth rate.

Genus Aurantiochytrium is a heterotrophic protist, and is classified into Labyrinthulomycetes. It
mostly inhabits in mangrove forests around subtropical and tropical zones. The unique advantages of
Aurantiochytrium for biofuel production are its high growth rate and high lipid-accumulation capability. In
particular, it maintains the high growth rate in high glucose medium such as 10-12 %?3, and it produces
biomass about 70 g/L*. Aurantiochytrium accumulates saturated fatty acids such as pentadecylic acid and
palmitic acid, and polyunsaturated fatty acids such as docosahexaenoic acid (DHA), docosapetaenoic acid
(DPA), and eicosapentaenoic acid (EPA). These fatty acids are stored in the form of TAG. In addition to
accumulation of TAG, Kaya et al. have recently reported accumulation of very high amounts of squalene,
which is regarded as one of the most promising next-generation biofuels, by the 18W-13a strain of A.

mangrovei®.

Squalene is a polyunsaturated triterpenic hydrocarbon (CsoHso). It is a key molecule for the
biosynthesis of cholesterol, bile acids, and steroids in plants and animals®. Squalene is widely used in
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cosmetic, medical, and pharmaceutical industries because it serves as a natural antioxidant, inhibitor of
chemically induced tumorigenesis, and antifungal agent. Although the major bio-resource of squalene is the
liver oil of deep-sea sharks’, biomass produced by algae has also been used recently?. In particular, the
18W-13a strain has been anticipated as an alternative bio-resource for natural squalene.

Making practical use of algae biomass is still challenging. In order to survey the best culture
condition for the highest squalene accumulation, current techniques rely on destructive analysis, which are
not single-cell analysis. What is more, conventional oleophilic fluorescent dyes, e.g. Nile Red or BODIPY,
cannot discriminate squalene from TAG because of their similar hydrophobicities in living cells and tissues.
In order to monitor squalene accumulation in real time, and screen special cells with high
squalene-accumulation capability, it should be ideal to perform a single-cell analysis in a nondestructive
and non-perturbative manner. It can be accomplished by coherent anti-Stokes Raman scattering (CARS)
microscopy.

In the CARS process, two laser pulses with different colors are used as w1 (pump) and o, (Stokes)
pulses. If the angular frequency difference (m: - w2) of these two incident laser pulses coincide with the
particular angular frequency (Q2) of the vibrational mode of the sample molecule, namely o1 - m2= Q, the
vibrational mode of a large number of sample molecules is resonantly and coherently excited. The
vibrational coherence generated in this process is extracted as mcars radiation through the interaction of the
molecules with the third laser pulses (w3 or probe pulses). According to the energy conservation law, it is
required that wcars = m1 - ®2 + @3 holds. Moreover, based on the phase matching condition (corresponding
to the momentum conservation law), the CARS radiation is emitted in the direction of kcars = ki - k2 + K,
where Ky is the wave vector of the oy beam. The w: pulses are often used as the ws pulses as well. In such a
case, (03 = 1), the signal intensity of the mcars radiation is quadratic to the intensity of the w: pulses. In

other words, the signal intensity of the wcars radiation increases nonlinearly against the intensity of ca.



Furthermore, from the phase matching condition, unidirectional radiation can be obtained through the
CARS process. After the pioneering works on CARS microscopy® 2, various kinds of coherent Raman
imaging techniques including CARS and stimulated Raman scattering (SRS) have been reported®*®, and
some of them have been summarized in several reviews'"18 or textbooks?®. In particular, the studies®?
and reviews?*?* on hyper-spectral CARS imaging have also been reported.

Since the CARS process is capable of three-dimensional optical sectioning of a living cell with
the sub-cellular spatial resolution, hyper-spectral CARS imaging is expected to differentiate the
intracellular lipid molecules. In the present study, we performed label-free molecular imaging using
hyper-spectral coherent anti-Stokes Raman scattering (CARS) microscopy, and showed intracellular lipid

identification of the 18W-13a strain of A. mangrovei.

2. Experimental

2.1. Setup

Figure 1 shows the experimental apparatus for a hyperspectral CARS imaging system we
developed?®. We used a sub-nanosecond microchip laser (repetition rate: 33 kHz, temporal duration: 800 ps,
spectral bandwidth: <1 cm™, average power: about 300 mW, and center wavelength: 1064 nm) as a master
laser source. The part of the output was introduced into a photonic crystal fiber (PCF) to generate
white-light laser (supercontinuum; SC). Typical input beam power and coupling efficiency of PCF are
about 150 mW and 65 %, respectively. The SC had a wide range of spectral components, from visible to
near-infrared (NIR), but we used only the NIR components around from 1100 nm to 1700 nm as the
broadband Stokes pulses (®2). On the other hand, the remaining fundamental from the master laser was
used as the pump pulses (m1). Both w1 and w2 pulses were introduced to the microscope in collinear
geometry. Two laser pulses are tightly focused on the sample through an objective lens. The CARS

radiation generated from the sample was collected using another objective lens, and after passing through



several filters, CARS spectra were measured with a spectrometer and a CCD camera. On the other hand,
the other signals due to second or third harmonic generation were also detected using the other
spectrometer and the CCD camera. The sample was placed on a three-axis piezo stage, by which we can
perform three-dimensional imaging. Typical average powers of the two beams at the sample plane are

10-20 mW for each.

2.2. Sample preparation

Aurantiochytrium mangrovei strain 18W-13a’ was precultured with 200 mL GTY medium
containing 2 % glucose, 1 % tryptone, 0.5 % yeast extract, and 30 % sea water (Coral Pro Salt, Red Sea) in
500 mL Erlenmeyer flasks, which were placed in a temperature-controlled reciprocal shaker (25 °C, 100
strokes min—1,70mm amplitude). After 2 days of preculturing, 1ml of the sample from preculture was
inoculated into 200 mL of new GTY medium and cultured for 4 days at the same culture conditions. Cells
were sampled in 24, 48, 72, 96 hours later after starting the cultivation. Before measurements, a drop of
50-uL culture medium containing living cells was sandwiched with on a slide glass and cover slip, and it
was sealed with manicure.

For electron microscopy, equal volumes of cell suspension and a fixative solution containing
2.5% glutaraldehyde and 0.25M sucrose in 0.05M sodium cacodylate buffer (pH 7.2) were mixed. Fixation
was carried out at 4°C for 5 h. After the fixation, cells were pelleted by centrifugation and the pellet was
rinsed several times with the same buffer and was fixed with 1% osmium tetroxide for 12 h. The cells were
successively dehydrated in 30-100% ethanol series for 10 min each, followed incubation in both
ethanol-propylene oxide (PO) mixtures and pure PO twice for 10 min. The dehydrated pellet was
embedded in Agar low viscosity resin. The resin was polymerized for 12 h at 70°C. Thin sections were cut
on an ultramicrotome and stained for 5 min with 4% uranyl acetate, followed by Sato’s lead citrate?’ for 5

min. The sections were viewed with a Hitachi H-7650 TEM.



3. Results and discussion

Figure 2(a) shows an optical image of living algae, which were sampled in 96 hours later after
starting the cultivation. The cell size is distributed around from 10 to 30 micrometers in diameter. Figure
2(b) shows a corresponding CARS image of the same cell in Fig. 2(a), which was mapped out just by using
the CARS signal intensity at the apparent peak position(2836 cm™). As well known, the band around 2836
cm? corresponds to the CH, stretch vibrational mode, which is observed mainly in lipids. Since the raw
CARS signal is composed of both vibrationally resonant signal and so-called nonresonant background
(NRB), those of which interfere with each other (See Fig. 2(c)). In order to extract pure vibrationally
resonant signal, we performed numerical analysis called maximum entropy method (MEM)?. The spectral
profile of the pure vibrationally resonant signal, which corresponds to imaginary part of y®(Im[x®)]), is
shown in Fig. 2(d). The spectral profile in Fig. 2(d) agrees well with that of intracellular TAG in algae®,
One of the unique characteristics in Fig. 2(d) is abundance of unsaturated lipids. This is manifested by the
intense band at 2996 cm, which corresponds to the C-H stretch mode of C=C-H bonds.

By analyzing the spectral profile at each cell position, we reconstructed CARS images at various
Raman bands. Figure 3 summarizes the results of hyper-spectral CARS imaging. Figures 3(b-i) show
CARS images at 2996(b), 2914(c), 2840(d), 1738(e), 1439(f), 1379(g), 1324(h), and 1265(i) cm™. As
clearly shown, microscopic intracellular structures are visualized. In particular, particle-like structures with
diameter of a few micrometers are observed in Figs.3(b), (d), (e), (f), and (i). These bands are assigned as
the C-H stretch mode of C=C-H bonds(b), CH> stretch vibrational mode(d), C=0 stretch mode of ester(e),
CH bend mode(f), and CH bend mode of C=C-H bonds(i). The spectral profile at a particle-like structure,

indicated as A in Fig. 3(d) (the same as shown in Fig. 2(b)), is depicted in Fig. 4(a). It should be also



noticed that CH stretch vibrational mode in Fig. 3(d) shows intense signal in the other area indicated as B.
The same trends are also found in Figs. 3(g) and (h).

Based on the optical image in Fig. 3(a), the area around B seems to correspond to a vacuole, at
which the band at 2914 cm'* (CHjs stretch vibrational mode) due to lipids and proteins is also weakly found.
The spectral profile indicated as B in Fig. 3(d) is shown in Fig. 4(b). Although both spectra give intense
signal at the CH stretch vibrational mode, the spectral profiles are completely different. It suggests that at
least two kinds of lipids should be accumulated in cells.

In order to identify molecular species which give the spectra in Figs. 4(a) and (b), we carried out
the measurement of standard samples of two kinds of lipids, which are known as intracellular lipids in
Aurantiochytrium using the same experimental setup. Figures 4(c) and (d) show spectral profiles of triolein,
which is one of the TAG families found in algae, and squalene. Both of triolein and squalene are purchased
(WAKO Japan) and used without further purification. The spectral profiles of (a) and (c) ((b) and (d))
coincide well with each other. In particular, both bands at 1379 and 1324cm™ in Figs. 3(g) and (h) are
assigned as CHs deformation modes of squalene®!, which are also observed in Fig. 4(b) and (d). Therefore,
the lipids at the positions of A and B are assigned as TAG and squalene, respectively.

Among the vibrational marker bands of squalene and TAG, the band around 1650 cm? is
prominent and is assigned as cis C=C stretch vibrational mode. Figure 5 shows close-up spectral profile of
the band around 1650 cm® in Fig. 4(a) and (b). It is clear that the peak position of the bands due to cis C=C
stretch vibrational mode are different between squalene (green) and TAG (blue). Moreover, it should also
be noted that the spectral profile due to TAG also shows the band at 1738 cm™. This band is assigned as the
C=0 stretch vibrational mode of the ester bonds, which should be absent from the spectrum of squalene.
The peak positions of the bands due to cis C=C stretch vibrational mode of TAG and squalene in Figs. 4(a)

and (b) are determined to be 1654 and 1665 cm™, respectively, by fitting the bands using a Gaussian



function. These coincide well with the peak positions at 1652 and 1666 cm™ for neat TAG and squalene in
Figs. 4(c) and (d), respectively. Although the bands at 1379 and 1324 cm™ can also be used as marker bands
of squalene, the amplitude of the band around 1650 cm™ was more than 5 times larger than that at 1379 and
1324 cmt.In what follows, we thus used the band around 1650 cm? for the quantitative analysis of
squalene.

In order to differentiate intracellular squalene and TAG in the field of view shown in Fig. 3, we
fitted the bands around 1650 cm™ using the sum of two Gaussian functions, whose peak positions are fixed
to be 1665 and 1654 cm™. Figures 6(a), (b), and (c) show the optical image of the cells (a) and the fitted
results of the images for squalene (b) and TAG (c). These images ((b) and (c)) show that squalene and TAG
do not co-localize with each other in spite of their common hydrophobic profiles in protoplasm. It should
be noted that the areas where squalene is found correspond to round pore-like organelles, which considered
to be vacuoles. Figure 7 shows the close-up image of the optical image(a), that of squalene (b), and an
image obtained by electron microscopy (c). Note that the cells in Figs. 7(a-b) and 7(c) are different. Several
small round particles are found in vacuole in Figs. 7(a) and (b), those of which should correspond to the
spots indicated as arrows(green) in Fig. 7(c). The possible reasons of squalene storing in vacuole is
temporary storage of excess amount, recycling as energy or carbon source by decomposition. Since
squalene is stored as a small lipid particle in vacuoles, the particles are trapped and dragged by the incident
laser pulses due to laser tweezing effect. This is manifested by the horizontal stripes in vacuoles in Fig. 7(b).
Since the CARS image is acquired by translating the sample stage with raster scanning, the horizontal
stripes are caused by the laser tweezing effect of squalene particle.

As clearly shown, hyper-spectral CARS microscopy is capable of differentiating between

squalene and TAG in living algae, which has been difficult with the use of other techniques such as



fluorescence imaging and electron microscopy. Since this method can trace a living cell in situ and in vivo,
it is useful to optimize the cultural condition for the best capability of squalene production.

Next, we performed incubation-time-dependent hyper-spectral CARS imaging. Cells were
sampled in 24, 48, 72, 96 hours later after starting the cultivation. Figure 8 shows the results of an optical
image(a), CARS at cis C=C stretch vibrational mode of squalene(b), CARS at cis C=C stretch vibrational
mode of TAG(c), and second harmonic generation (SHG)(d). As clearly shown in Figs. 8(b) and (c), both of
lipids, squalene and TAG, were accumulated in 72 and 96 hours. In particular, squalene was profoundly
observed in 96 hours. It should be noted that squalene particles in vacuoles are dragged through the laser
tweezing effect. Since this effect is prominent for large vacuoles, the signal intensity does not directly
correspond to the local existence of squalene molecules.

In the present study, we unexpectedly found SHG spots only in 24 hours. In general, SHG takes
place if there is highly polarizable and well-ordered non-centrosymmetric molecular organizations or
structures with SHG-active molecules®*®. Therefore, such a structure should exist in the SHG-active areas.
As biophysical probes for rounding up specific molecular structures, mitotic spindles®, contractile
filaments in muscle3*, muscle myosin®, axons®* have been reported so far. Since SHG was observed only in
24 hours, it should be related to the cell cycle of A. mangrovei. It is reported that A. limacinum, another
species of the genus Aurantiochytrium, give rise to zoospores regularly in 24 h after the inoculation to a
new media®. Zoospore formation of Aurantiochytrium is thus time-specific development around 24 hours
of cultivation, at which the sequential mitosis takes place within a single cell prior to cytokinesis®. In
addition, active restructuring of cytoskeletons will occur to compose heterokont flagella and flagellar
apparatus at the same moment. After 24 hours, it shows a normal mitosis process of spherical vegetative
cells without flagella. Since the formation of zoospore is one of the important checkpoints for cell growth

and subsequent squalene accumulation, it is highly desirable to visualize this timing for a living cell with a



label-free method. We are now identifying the SHG-active molecular origin, and will be reported in the

forthcoming paper.

4. Conclusion

With the use of hyperspectral CARS imaging, we succeeded in visualizing molecular species in
living algae, Aurantiochytrium mangrovei. In particular, the vibrational band assigned as the cis C=C
stretch vibrational mode was found to be useful to distinguish intra-cellular lipids such as squalene and
TAG. Since this technique is label-free, non-destructive, non-contact, and low-invasive, the real-time
accumulation process of squalene could be monitored at the sub-cellular level. Using the label-free Raman
marker band of the cis C=C stretch vibrational mode, we can sort the cells with high productivity of
squalene. Moreover, another label-free technique, SHG provided unique organelle specificity. Since the
observation of SHG took place only at 24 hours, the SHG-active organelle should be related to sequential

mitosis process.
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Figure 1. Experimental setup of hyper-spectral CARS microspectroscopic system®’.

Figure 2. Optical image of living algae A. mangrovei strain 18W-13a, which were sampled in 96 hours later
after starting the cultivation(a). The bright spot at the center corresponds to the laser spot; CARS image at
2836 cm(b); Raw CARS spectrum at the position indicated as a green cross in (b) (c); Im[x®] spectrum

calculated from (c) (d).

Figure 3. Optical image of A. mangrovei strain 18W-13a (the same image as Fig. 2(a)) (a); CARS images at
2996(b), 2914(c), 2840(d), 1738(e), 1439(f), 1379(g), 1324(h), and 1265(i) cm™. The spectral profiles at

two positions indicated as A and B in (d) are shown in Fig. 4.

Figure 4. Spectral profiles((a) and (b)) at two intracellular positions indicated as A and B in Fig. 3(d),
respectively; Spectral profiles((c) and (d)) of neat triolein and squalene, which are main two intracellular

lipids in Aurantiochytrium.

Figure 5. Close-up spectral profiles of the band around 1654 cm™ for squalene (green) and TAG (blue),

which are shown in Fig. 4(a) and (b). The band at 1738 cm™ in blue curve corresponds to the C=0 stretch

vibrational mode of the ester bonds.

Figure 6. Optical image (the same image as Fig. 2(a)) (a) and fitted results of squalene (b) and TAG (c).

Figure 7. Close-up image of the optical image shown in Fig. 6(a) (a), CARS image due to squalene (Fig.

6(b)) (b), and an image obtained by electron microscopy(c). Green arrows indicate lipid particles in a

vacuole.



Figure 8. Incubation-time-dependent hyper-spectral CARS imaging. Cells were sampled in 24, 48, 72, 96
hours later after starting the cultivation. optical image(a), CARS at cis C=C stretch vibrational mode of
squalene(b), CARS at cis C=C stretch vibrational mode of TAG(c), and second harmonic generation

(SHG)(d).
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Identification of intracellular squalene in living algae, Aurantiochytrium
mangrovei with hyper-spectral coherent anti-Stokes Raman microscopy using a
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Incubation-time-dependent hyper-spectral CARS imaging. Cells were sampled in 24, 48, 72, 96 hours later
after starting the cultivation. optical image(a), CARS at cis C=C stretch vibrational mode of squalene(b),
CARS at cis C=C stretch vibrational mode of TAG(c), and second harmonic generation (SHG)(d).
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