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ABSTRACT

Microalgal carbon fixation attracts much attention as an environmentally friendly source of biomaterials. In
this context, microalgal starch plays an important role because it can be converted to bioethanol and
bioplastics. However, optimizing culturing conditions and generating strains with higher starch productivity
is still a challenge primarily due to the lack of methods for screening starch content at a single-cell level;
established starch quantification methods are time-consuming, reagent-consuming, and destructive. Here we
report a high-throughput, starch-screening method based on Raman flow cytometry by measuring molecular
vibrations that can be used in suspended cells in their growth medium. Our method obtains the full fingerprint
spectrum of starch, providing increased specificity when compared to narrow-band Raman spectroscopy
methods. Specifically, we demonstrated label-free, single-cell-resolved screening of intracellular starch in
cells of microalgal species Chromochloris zofingiensis that overcame the above problems and achieved >30-
100 times higher event rate than previous methods, which enabled the acquisition of >20 times more cells in
a fraction of the time. We screened the single-cell starch contents of about 28,000 C. zofingiensis cells
cultured under 14 different conditions (~2,000 cells per condition) to adjust culture conditions for starch
accumulation. Comparing the data against Lugol staining and bulk-sample enzymatic starch quantification
showed the potential of Raman flow cytometry for mean starch quantification. Raman flow cytometry

showed higher sensitivity than Lugol staining and linear dependence with the mean per-cell starch ratio



obtained from enzymatic starch quantification. Raman flow cytometry enables single-cell label-free
metabolite quantification and paves the way to accurate, cost-effective optimization of culturing conditions,
with future applications in the screening of starch hyper-producing microalgae following mutagenesis or

from environmental samples.
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1. INTRODUCTION

Microalgal carbon fixation and production of biomaterials have gained importance in the last decades. Its
high carbon fixation capacity, fast growth, and simple growth requirements make it a promising
countermeasure against global warming and famine [1]. In this context, starch, an abundant and
biodegradable polysaccharide [2], plays an important role because it is accumulated in microalgae and can
be converted to bioethanol and bioplastics. Among various sources of starch such as barley, wheat, corn, and
rice, microalgal starch attracts much attention because it is solely composed of valuable small granules (~1
um) [3,4] with different physicochemical properties than big granules due to their increased surface-to-
volume ratio [5]. Small starch granules have applications in the food, paper, cosmetic, photographic, and
textile industries, but are costly to produce and isolate from higher-order plants [6]. Another important
advantage of using microalgae is that their growth does not require arable land [7], enabling the reuse of
industrial wastewater as a culture medium. Achieving the economical sustainability of microalgal starch
production is the key to enabling widespread industrial production [1]. To this end, microalgal culture
conditions should be optimized for efficient starch accumulation.

To enhance the efficiency of microalgal starch production, a high-throughput and low-cost method for
starch screening with single-cell resolution would be valuable, but no existing method meets all the
requirements. Currently, microalgal starch screening is performed enzymatically, where microalgal biomass
is disrupted and starch is hydrolyzed to glucose followed by colorimetric quantification [8-10].
Unfortunately, those methods are costly, reagent-demanding, destructive, and time-consuming and do not
provide single-cell resolution [11]. In addition, a large number of cells (usually >500 million cells) are

needed to obtain enough dry mass for quantification using the enzymatic methods (typically ~10 mg),



increasing the necessary culture sizes for optimization experiments (~50 mL). Alternatively, iodine staining,
commonly referred to as Lugol staining, allows for imaging and colorimetric quantification of starch, but
has a very limited quantifiable range [12] and is not applicable to live cells, impeding further culture after
the measurement. Consequently, the unavailability of sensitive, fast, and convenient single-cell starch
screening methods hinders obtaining highly productive strains and optimizing culturing conditions.

To overcome the above issues, Raman spectroscopy has been proposed as a promising technique for starch
screening. Raman spectroscopy is a label-free non-destructive analytical technique that probes vibrational
signatures of molecules by detecting molecular inelastic scattering [13]. It has been used to obtain rich
structural information about intracellular molecules such as proteins, nucleic acids, and metabolites
including starch [14—16]. For example, Ji et al. showed the potential of Raman spectroscopy for single-cell
starch quantitative analysis by showing a linear correlation between the 60-cell average intensity of the 478
cm’! Raman band and bulk starch content in Chlamydomonas reinhardtii cells [11]. In further work by He
et al. they showed that single-cell Raman spectroscopy could be used to quantify starch, proteins, and
triacylglycerides [17]. Despite these advantages, spontaneous Raman scattering is inherently weak, limiting
its cell analysis event rate [18] to typically <1 event per second (eps), where an event is defined as any
particle, cell, cell cluster, or cell debris that triggers signal acquisition. For example, He et al. only measured
20 cells per culture, with 2-second acquisitions per cell, and required cell bleaching before Raman signal
acquisitions [17]. Subsequently, the number of cells that can be interrogated is typically limited to less than
a hundred, which hampers statistical analysis of cell ensembles.

In this article, we report high-throughput Raman flow cytometry [19] of microalgal starch content in
Chromochloris zofingiensis cells using a Fourier-transform coherent anti-Stokes Raman scattering (FT-
CARS) flow cytometer at an event rate of ~30-100 eps, which is >30-100 times higher than that of previously
reported methods. As we previously demonstrated [20,21], our Raman flow cytometer enables rapid (24,000
spectra/s) acquisition of broadband (200 — 1,600 cm™') Raman spectra of cells flowing in a microfluidic chip
[21], which makes it an ideal tool for rapid starch screening in microalgal cells. Specifically, we performed
label-free flow cytometry of live C. zofingiensis cells cultured under different conditions to maximize their
starch production. We studied the starch accumulation dependence on the glucose concentration and

incubation time by analyzing more than 2,000 cells for each condition, >30 times more than previous reports



[11]. Furthermore, we compared our high-throughput Raman flow cytometry with standard starch screening

techniques, namely Lugol staining and enzymatic quantification.

2.  MATERIALS AND METHODS

Microfluidic device. The microfluidic device used was a borosilicate-silicon-borosilicate device as
described in the reports by Hiramatsu et al. [20] and Sakuma et al. [22]. Briefly, the fabrication process
combined glass sandblasting, silicon deep reactive ion etching, and anodic bonding, obtaining a 200 x 200
um? channel. A piezoelectric transducer (PZT) was adhered to the microfluidic device using cyanoacrylate
adhesive for three-dimensional acoustic cell focusing. The application of a 60-Vpp voltage at 3.66 MHz to
the PZT resulted in the generation of acoustic standing waves that focused the cells to the middle of the
channel. The cells were injected into the channel using a syringe pump at a flow rate of 50 uL/min, resulting
in a measured cell flow speed at the center of the channel of 4.89 + 0.09 cm/s.

Optical setup. The optical setup was based on the one described in the report by Hiramatsu et a/. [20], using
a pulsed Ti:Sapphire femtosecond mode-locked laser with a center wavelength of 780 nm, pulse FWHM of
80 nm, and a repetition rate of 80 MHz (Coherent, Vitara-T-HP) (Figure 1). To realize the transform-limited
pulse at the sample position, the dispersion was compensated by combining chirp mirrors (Thorlabs,
DCMP175) with a pulse shaping setup, consisting of a 4f system with a dispersive prism (Thorlabs, PS859),
a cylindrical concave mirror (Thorlabs, CCM254-400-P01), and a spatial light modulator (SLM; Santec,
SLM200), controlled by an in-house genetic algorithm optimizer. The optimization of the pattern on the
SLM was performed via genetic algorithms using the water non-resonant background signal obtained around
the zero pump-probe time delay as described in the report by Lindley et al. [23]. Orthogonally polarized
pulse pairs with varying intra-pair optical delay were generated using a Michelson interferometer with a
resonant scanner (Cambridge Technology, CRS 12 kHz), which generates a maximum optical path-length
difference of 0.5 mm (18 cm! spectral resolution) at an acquisition rate of 24,000 spectra/s. The delay for
each pulse pair was tracked by monitoring interferograms of a co-propagating continuous wave (CW) laser
(1064 nm). Before the sample, a long-pass filter (Thorlabs, FELH0750) removed the blue edge of the pulses.
A pair of 50x objectives (Olympus, LCPLANNS50X0.65IR) focused and collected the pulses. After
interaction with the sample, the pump light was removed with a half-wave plate and polarizing beam splitter

(Thorlabs, PBS252). The forward scattered anti-Stokes light was filtered with a short-pass filter (Thorlabs,



FESHO0750) and detected by an avalanche photodiode (Thorlabs, APD120A/M). Forward scattering (FSC)
of the flowing cell detected at an upstream position of the FT-CARS interrogation position using a 635-nm
CW laser (Thorlabs, CPS635) was used for triggering FT-CARS detection. The FSC component reflected
by the polarizing beam splitter was focused onto a spatial mask before the detector, using its rising edge as
atrigger. For cytometry experiments, the laser power used ranged between 175 and 220 mW measured below
the focusing objective and was measured prior to every experiment. The laser power after the focusing
objective was ~70% of the reported values. The starch signal showed a cubic dependence with the laser
power below the objectives (see Figures Sla and S1b). The maximum laser power available was used to
maximize the signal to noise ratio.

Spectrum data analysis. Spectra were recorded along the line of flow, with ~30 spectra/event, and event
rates between 30-100 eps. For each spectrum, the information of four channels of the digitizer was saved:
the FT-CARS signal, the FSC signal used for triggering, the clock signal used for controlling the movement
of the resonant scanner, and the co-propagating CW signal to calculate the optical delay between the two
pulses at any given time. Spectral analysis was processed in Matlab (functions indicated in italics). The time-
domain signal was chopped into individual spectra by using the clock signal. The phase of the 1064 nm CW
interferogram was unwrapped to obtain the optical delay. The time-domain CARS data were interpolated
using the optical delay data and Fourier transformed (ff#) using a Hann window (#ann) to obtain the spectra.
The ~18 cm™! resolution spectrum was linearly interpolated (interpl) to 1 cm’! for convenience. Events that
showed a sudden drop or increase of intensity in the time-domain CARS signal appeared as an exponentially
decaying intensity in the frequency domain, showing very high intensity for low wavenumbers. These
saturated events were filtered by comparing the intensity at 210 cm™! with the intensity at 1200 cm™'. The
spectral intensity at ~35 cm™ attributed to four-wave mixing contributions in our time-domain spectrometer
— caused by changes in the signal baseline — was used to identify the cell-containing spectra, perform cell
averaging, and remove events that contained more than one cell. The Raman intensity reported corresponds
to the integrated starch peak, calculated by summing the intensity of the peak with a width of + 50cm’!. For
starch quantification, the average intensity at a featureless wavenumber (690 cm™) for each sample was used
to subtract the average noise from the Raman intensity at the 478 cm™' peak. Due to variations of the
instrument between days, the frequency of the strongest starch spectral peak varied in a range between 472-

478 cm!. The position of the peak maximum for each experiment was used for further analysis.



Flow cytometry measurement. Figure 1 shows an image of the acquisition area in the microfluidic device
with the relative positions of the CW and the Ti:Sapphire femtosecond laser spots. In each acquisition, ~30
Raman spectra were taken along a line across a single cell (see Figure S1c). Each set of spectra was acquired
every 1.26 ms, corresponding to the acquisition rate of ~800 eps. In practice, the cell flow was the bottleneck
for the system event rate, usually resulting in event rates of 30-100 eps.

Cell culturing. Chromochloris zofingiensis, previously known as Chlorella zofingiensis or Muriella
zofingiensis [24], cells were cultured as follows. The NIES 2175 strain was purchased from the National
Institute of Environmental Studies (Japan). NIES 2175 cells were cultured in modified acetate media (mAc)
prepared as AF6 media with 0.4 g/L glucose, 0.4 g/L yeast extract, 0.4 g/L tryptone, and 0.4 g/L sodium
acetate. Cells were cultured with 120 umol/m?s photon flux under 12h/12h light/dark cycles at 29-26°C. For
enzymatic quantification, cells were cultured under the aforementioned conditions, but in 8h/16h light/dark
cycles. For all experiments, saturated culture cells were counted and seeded in flasks or well plates and
grown without agitation or CO bubbling. Unless stated otherwise, 10° cells/mL were seeded in either low-
glucose mAc (0.4 g/L glucose) or high-glucose mAc medium. Following cell culture, the cells could reach
densities above 1x107 cells/mL. For Raman flow cytometry, the cell concentration was adjusted to 0.5-1x10°
cells/mL and measured in mAc medium.

Impedance flow cytometry. Cell concentrations and sizes were measured using a commercial impedance
flow cytometer (Sysmex Corporation, CDA-1000). Cells were suspended in a commercial buffer provided
by Sysmex and analyzed for size distribution and cell concentration. To ensure the size accuracy of the
instrument, a suspension of 6 um polystyrene beads suspension was used (data not shown).

Lugol staining. Cells were fixed with glutaraldehyde 2.5% for 10 min, washed, and stored in DPBS at 4°C.
Lugol solution 5% 1/10% KI was added to the cell suspension to a final concentration of 2%/4%. The mixture

was incubated for 10 min and imaged with a 40 X objective in a color microscope. For Lugol quantification,

ImagelJ was used to identify single-cell regions of interest and calculate the per-cell average intensity in the
grey-intensity images from the color microscope. Images containing >480 cells per condition were analyzed.
The background intensity was measured in >20 single background points for each of the conditions. Darker
cell coloration and thus lower cell intensity values indicated the presence of starch.

Cell viability. For cell viability analysis, cells were incubated for 44-48 h following exposure to the laser.

4',6-diamidino-2-phenylindole (DAPI) was used as an exclusion dye by adding it to the cell suspension at a



final concentration of 0.2 pg/mL. Cells were incubated with DAPI in the dark and imaged using a fluorescent
microscope (Nikon, Eclipse Ti) with a DAPI filter set. Nuclei DAPI staining indicated membrane
permeability and was used to identify dead cells.

Imaging and sizing of microalgal starch granules. For starch granule imaging, cells were disrupted by
autoclaving for 1 h at 135°C. Following autoclaving, both free and membrane-bound starch granules were
imaged and sized. ImageJ was used for granule sizing. It should be noted that high temperatures can lead to
granule swelling, and thus the granule sizes reported values are likely overestimated.

Enzymatic quantification. For enzymatic starch quantification, cell samples were seeded in T25 flasks
covering a range of cell and glucose concentrations. Day 4 cells were measured with Raman flow cytometry.
Aliquotes from these samples were ethanol fixed and stored at 4°C prior to quantification. Following cell
concentration measurement, each cell suspension was dried at 75°C until its mass was constant across
periodic measurements. We then measured the sample dry mass and calculated biomass. Those cell samples
with enough mass for starch quantification were disrupted in a mortar and analyzed following the “rapid
total starch method” protocol from the Megazyme Total starch quantification assay kit (Megazyme, Neogen)

commonly used in the literature [25], with UV-Vis values used to determine starch content.

3.  RESULTS

3.1 Characterization of starch accumulation

To confirm the detection of starch in microalgal cells, a wheat starch standard was compared to the signal of
microalgal cells grown in high-glucose medium (Figure 2a). The spectra show an identical profile, indicating
that intracellular starch is detected in the cell measurements. The positions of the main bands were in
agreement with reported Raman spectra for starch (see Supplementary Materials) [11,26]. As expected,
autoclave-disrupted C. zofingiensis accumulated small starch granules (~3 pm), likely overestimated in size
due to heat-induced swelling (see Figures S2a and S2b).

To understand the relation between cellular phenotype and glucose concentration in the culture medium,
we measured cell size distributions using a commercial impedance flow cytometer on day 7 after cell
seeding. Figure 2b shows the size distributions of the cells incubated in low- and high-glucose media. In the
low-glucose condition, the cell size was smaller (~7.2 pm) while its concentration reached a higher value of

(1.26+0.01)x107 cells/mL. On the other hand, the cells incubated in the high-glucose medium had a



concentration of (6.213+0.007)x10% cells/mL (~50% lower than the low-glucose case) with significantly
larger sizes (~9.4 pm) and broader size distribution. In addition, cells grown in the low-glucose medium
showed a green coloration as opposed to cells grown in the high-glucose medium, which showed a yellowish-
orange coloration (Figure 2c). This suggests that in the low-glucose medium, the cells quickly used all the
glucose and subsequently resorted to autotrophy, whereas the cells growing in the high-glucose medium
showed higher starch and carotenoid accumulation, as seen in the report by Chen et al. [27]. After long
culture (>60 days), cells showed an orange-red coloration due to carotenoid accumulation likely caused by
nitrogen starvation [28], with the carotenoids accumulating to a level detectable using Raman flow cytometry
(see Figure S3).

For culture optimization, C. zofingiensis cells grown under different conditions were analyzed using our
Raman flow cytometer, each measurement taking only a few minutes. Figure 2d shows the violin plots and
box plots for cells grown in low-glucose (0.4 g/L) and high-glucose (20 g/L) media for 4, 5, 6, and 7 days
(prepared in culture flasks), and cells grown at different glucose concentrations (0.4, 10, 20, 30, 40, and 50
g/L) for 6 days (prepared in 6-well plates). For cells grown in low-glucose medium, starch concentration
was maximized on day 4 and decreased from day 5 onwards, in line with observations in the report by Zhu
et al. in nitrogen-depleted medium [29]. For the high-glucose medium (20 g/L), starch concentration
increased steadily until day 6, with a slight decrease on day 7. These data suggest that the cells used glucose
in the media to accumulate starch. Once the media glucose was depleted, they used starch for biomass
growth. This is common in microalgae, with previous reports indicating that microalgae tend to increase
energy storage before mitosis [30]. In addition, Chen et al. reported that C. zofingiensis cells tend to utilize
lipids rather than starch for cell division when glucose was present [27]. Our observations further indicate
that the depletion of the media glucose eventually led to the utilization of the cell starch storage. The data in
Figure 2b constitutes further evidence that starch accumulation was enhanced in preference to cell
proliferation. Starch-rich cells grown at 20 g/L glucose concentration after 7 days showed significantly lower
cell concentration and considerably larger sizes than cells grown at low glucose concentration. Regarding
glucose concentration dependence, the results show that the cells can accumulate starch effectively under
high glucose concentration (up to 20 g/L). However, higher glucose concentrations inhibited high starch

accumulation [31,32]. Namely, cells grown at 40 or 50 g/L of glucose reached lower cell concentrations than



cells grown at 20 g/L (data not shown), indicating that high glucose concentrations inhibited biomass
production [33].

In addition, we observed that cells accumulated starch more effectively when growing in a flask than
when growing in wells. Comparing cells grown at 20 g/L. glucose concentration for 6 days from the blue
violin plots (grown in flasks) and the green violin plots (grown in 6-well plates) in Figure 2d, the distributions
of starch concentration showed similar maximum-starch outliers, but cells grown in flasks showed a higher
median than cells grown in 6-well plates. One possible explanation is a difference in surface-to-volume ratio
and thus gas exchange, with 6-well plates showing 22% less surface-to-volume ratio than T-25 flasks in the
experimental seeding conditions. In conclusion, for the tested temperature, medium, light, and cell-seeding
conditions and without cell agitation, the best culture conditions to maximize starch accumulation was found
to be 6-day incubation with 20 g/L glucose in a flask to maximize gas exchange surface area.

Obtaining single-cell data makes cell population analysis possible. The box plots and violin plots in Figure
2d show positively skewed distributions. In addition, samples with higher starch content showed wider
distributions. Plotting the median and interquartile ranges for each condition (Figure S4) indicates that
single-cell starch content exhibited increasing interquartile ranges for increasing median values. We
discussed the positively skewed Raman flow cytometry data in the report by Hiramatsu ef al. [21] as a
combination of the common lognormal distribution in single-cell biology and a normal distribution from
random noise from the experimental acquisition [21]. An increase in the distribution width as the median
increases is characteristic of lognormal distributions, common in intracellular reaction dynamics [34]. This
insight would have been impossible using enzymatic quantification, as it obtains the average starch contents

for each sample without single-cell resolution.

3.2 Comparison with standard methods

To validate the obtained Raman flow cytometry results, aliquots from these samples were fixed for starch
quantification using Lugol staining. Lugol stain develops a dark coloration when binding to starch and can
quantify cell starch contents in a limited range of concentrations [12]. Figure 2e shows starch accumulation
for 4-day-incubation in the low glucose media that decreases on day 5 and onward, showing agreement with
the Raman flow cytometry observations. For high-glucose media, however, all samples show similar

coloration, indicating that the starch concentration of the samples is out of range for the Lugol staining



sensitivity. Similarly, Figure 2f shows a clear difference between cells grown at 0.4 g/L glucose and cells
grown at higher concentrations but loses contrast among the higher starch accumulations. Image analysis of
the Lugol staining brightfield images showed overall agreement with the Raman flow cytometry data and
confirmed that high starch concentrations were out of range for Lugol quantification (see Figures S4a and
S4b). The Raman flow cytometry results show overall agreement with the Lugol staining results, with
sensitivity to a wider range of starch concentrations than Lugol staining.

FT-CARS spectroscopy shows an approximately linear response to the analyte concentration [35].
Consequently, Raman flow cytometry is expected to show an approximately linear response on the single-
cell starch concentration, assuming that the starch distribution throughout the cell is fairly homogenous, such
that the fraction of cell content measured by Raman flow cytometry is representative of the whole. To show
this, cells were seeded under different conditions and Raman flow cytometry was performed. Aliquots of
these samples were fixed, counted, and dried for biomass quantification, mechanical cell disruption, and
starch enzymatic quantification. It is worth noting that not all samples had enough biomass for mechanical
disruption, and only those samples with enough biomass were carried forward. The results of the bulk
enzymatic quantification compared to the single-cell Raman flow cytometry screening results are shown in
Figures 3a and 3b. The mean starch intensity recorded with Raman flow cytometry was plotted against the
mean starch cell content (Figure 3a) and the starch percentage (Figure 3b), and fitted to a linear equation.
The distributions for the data in Figure 3 are shown in Figure S5. The Raman flow cytometry signal was
acquired across a line in the middle of each cell and only cell-containing spectra were considered for the
average. As such, the measured starch is proportional to the mean starch concentration in the cell, while the
total starch per cell is affected by the average cell size for each sample. In this dataset, the cells showed size
changes for different conditions (see Figure 2b). These results show a similar correlation present for both
measurables. Figure S5 shows that the median showed a better correlation to the enzymatic quantification
results, as it is more robust against the effect of outliers. The results confirm that Raman flow cytometry
could be used for the quantification of mean sample starch when using enzymatic quantification in
combination with biomass determination as a gold standard, with the advantage that Raman flow cytometry
only required ~2000 events per sample compared to millions of cells for bulk enzymatic quantification, and
allowed live cells measurement. It is important to note that FT-CARS intensity values vary between

experimental days due to variations in the optical system alignment. Therefore, to use the calibration curve
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for data from different days, correcting day-to-day intensity variations is required. For this reason, the
calibration curve for Figure 3 cannot be immediately used to calculate the starch content in the data for
Figure 2. An additional limitation of the system is that the spectra are acquired along a cylinder across the
center of the cell as it flows through the laser spot. We estimate that for a 6-um cell, our probed volume
corresponds to approximately 10% of the cell volume. As starch is usually not distributed homogeneously
inside the cell, this is an additional source of cell-to-cell variability. As future work, scanning the laser in the
perpendicular direction to the cell flow would increase the volume of the cell being measured by Raman and

improve the measurement accuracy.

3.3 Cell viability

One of the advantages of Raman flow cytometry is its ability to probe the chemical contents of live cells in
a label-free manner, removing the need for time-consuming staining protocols and allowing screening
metabolites that lack a specific staining. The current system could be integrated with cell sorting, which
would allow the screening and sorting of starch super-accumulating cells. For this approach to be feasible,
measured cells need to remain viable following Raman flow cytometry. To test this, chlorophyll-rich C.
zofingiensis cells and starch-rich C. zofingiensis cells were collected following Raman flow cytometry
measurement at different laser powers. Three controls with 0 mW laser power were prepared to isolate the
cytotoxicity of microfluidic transit and the acoustic focusing: a control (C) seeded under sterile conditions;
a flow control (F), passed through the microfluidic system at the standard flow speed for Raman flow
cytometry without acoustic focusing; and an acoustic focusing control (AC), passed through the system
similarly to F control but with acoustic focusing. The remaining samples were flown through the system
with acoustic focusing and exposed to the Ti:Sapphire pulsed laser at the indicated laser powers measured
before the focusing objective (see Figure 4). The results confirmed that the microfluidic environment did not
affect the cell viability for either chlorophyll-rich or starch-rich cells. Starch-rich cells remained viable
(>90%) for all laser powers probed. Chlorophyll-rich cells however showed acute laser-induced cell death,
with a drop of viability to ~50% at ~75 mW and viability values below 25% for 200 mW laser power. This
is due to the intense two-photon fluorescence excitation of chlorophyll A at the Ti:Sapphire laser wavelength
of 780 £ 40 nm that triggers the photodegradation of chlorophyll, causing cell death. Although the current

Raman flow cytometer could detect starch with laser powers as low as 100 mW (see Figures Sla and S1b),

11



the best signal-to-noise ratio was achieved for higher laser powers. This shows that the current system is
well suited for sorting low-chlorophyll cells, ideally grown under heterotrophic conditions, but requires

further optimization for the non-destructive screening of chlorophyll-rich cells.

4. CONCLUSIONS
In this report, we showed that Raman flow cytometry has the sensitivity to detect starch and carotenoids of
rapidly flowing C. zofingiensis microalgal cells (4.89 cm/s) in growth medium at a relatively high event rate
(30-100 eps). The single-cell starch content was studied on cells grown in low- and high-glucose mAc media.
The cells showed low starch concentrations when grown in mAc medium after 4 days, which decreased at
5, 6, and 7 days. Contrarily, cells showed high starch accumulation when grown in medium supplemented
with 20 g/L glucose, which peaked at day 6. These results agree with previous observations that starch is not
used during cell division in the presence of glucose and further indicated that glucose depletion led to an
increase in cell proliferation and subsequent use of cell starch storage. In addition, high glucose medium also
slowed down cell growth while increasing cell size, indicating that starch storage was enhanced while
proliferation was reduced. When using even higher glucose concentrations (>30 g/L), both growth and starch
accumulation were inhibited. Lugol staining and imaging confirmed these results, but lacked the sensitivity
of the Raman flow cytometry measurements. The mean single-cell starch mass ratio and starch percentage
obtained from enzymatic starch quantification showed a linear dependence on Raman flow cytometry starch
peak intensity, validating that this technique can be used to quantify the mean sample starch. Viability
measurements confirmed the suitability of this method to measure and collect starch-rich live cells but
showed high laser phototoxicity for chlorophyll-rich cells. These results indicate that Raman flow cytometry
is a promising technique for high-throughput starch quantification in live single-cells, currently impossible
with any other available technique. Our recent report showed that this system can be integrated with a sorting
module for starch-rich cell sorting [36]. Future applications will focus on the screening and sorting of starch

hyper-producing microalgae following mutagenesis.
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7.  FIGURES
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Figure 1: Schematic of the FT-CARS flow cytometer. A broadband femtosecond laser is used as the
system light source. Dispersion compensation is done in a pulse-shaping module. A Michaelson
interferometer is used to produce pulse pairs with scanned delay. A long pass filter removes the blue edge
of the pulse to improve the detection of the anti-Stokes shifted light. Lenses before and after the sample
focus the laser spot. The sample is flown through a microfluidic chip using a syringe pump and acoustic
focusing, and crosses the laser beam, obtaining vibrational information of a line across the cell. After the
sample, a polarizer removes the pump, and a short pass filter only allows the blue edge of the pulse to reach
the avalanche photodetector. The signal is digitized to a computer for further analysis. The bright-field image
of a cell during acquisition is shown, where the linear velocity of the cell (4.89 + 0.09 cm/s) is indicated.
The approximate positions and sizes of the continuous wave (CW) and femtosecond (Fs) laser spots are

indicated for illustrative purposes.
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Figure 2: Optimization and characterization of growth parameters. a) Average signal of wheat starch
and starch-rich C. zofingiensis cells incubated with 20 g/L glucose. Note that the C. zofingiensis average was
multiplied by a factor of 2.5 to increase visibility. The positions of the main Raman bands are indicated. N
indicates the number of events used for averaging the Raman intensity. b) Cell diameter measured with
impedance flow cytometry for cells grown in low- and high-glucose media after 7 days. The minimum size
measurable with this system is indicated with a dashed line. ¢) Color microscopy images of the cells from
b). d) Violin plots for the single-cell intensity of the Raman peak at 472 cm™' grown in low- and high-glucose
media. The glucose dependence data corresponds to 6 days of incubation. e) Color microscopy images of
cells from the samples analysed in d) grown in low- (top row) and high-glucose media (bottom row)

following Lugol staining. A dark precipitate is formed in the presence of starch. f) Color microscopy images
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of the samples analysed in the glucose-dependence experiment in d) following Lugol staining. Scale bars:

10 pm.
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Figure 3: Starch enzymatic quantification versus Raman flow cytometry. a) Mean Raman intensity at
the 478 cm™! starch band versus mean starch content per cell from bulk enzymatic quantification. b) Mean
Raman intensity at the 478 cm'! starch band versus mean starch mass percentage content per cell. Error bars
correspond to the error propagated from the standard deviation of the UV-Vis absorbance values and the

standard error of the mean Raman intensity at 478 cm’!. Linear fits with equations and R? values are shown.

18



100} t::::::::::::‘-.-.-{_-_-_-il-‘-—-"""----,A--...I....1.,..__I
—_ IS
x ' -
< 75 ' | 4 Starch-rich cells
£ : = Chlorophyll-rich cells
el \
S 501 S }
| ..
251 ! S S
| BRE 1
|
006 0 =0 100 150 200
C F AF Laser power (mW)

Figure 4: Cell viability. Viability of starch-rich cells (orange triangles) and chlorophyll-rich cells (green
squares) under increasing laser powers measured under the focusing objective lens. All samples were grown
in mAc. The “C” sample (Control) was seeded from the mother culture under sterile conditions. The “F”
sample (Flow) was flown through the system without focusing and with 0 mW laser power. The “AF” sample
(Acoustic Focusing) was flown through the system with acoustic focusing and 0 mW laser power. The error

bars correspond to the standard deviations of three repeats.
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