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Abstract

Label-free and gentle separation of cell stages with desired target properties from mixed
stage populations are a major research task in modern biotechnological cultivation process
and optimization of micro algae. The reported microfluidic sorter system (MSS) allows the
subsequent investigation of separated subpopulations. The implementation of a viability
preserving MSS is shown for separation of late stage 1 Haematococcus pluvialis (HP) cells
form a mixed stage population. The MSS combines a three-step flow focusing unit for align-
ing the cells in single file transportation mode at the center of the microfluidic channel with a
pure hydrodynamic sorter structure for cell sorting. Lateral displacement of the cells into one
of the two outlet channels is generated by piezo-actuated pump chambers. In-line decision
making for sorting is based on a user-definable set of image features and properties. The
reported MSS significantly increased the purity of target cells in the sorted population (94%)
in comparison to the initial mixed stage population (19%).

Introduction

Cultivation of microalgae in photo-bioreactors allows the large-scale bioproduction of valuable
materials and metabolites for application in health, cosmetics, nutrition and biotechnology.
The unicellular green algae Haematococcus pluvialis (HP) is one of the most studied organisms
in the field of biotechnologically used micro algae [1]. HP is known for its ability to produce
great amounts of the natural keto-carotenoid astaxanthin which is accumulated in intracellular
lipid vesicle bodies [2]. Up to now the most relevant metabolite is astaxanthin, which is well
known as the reddish color of salmon meat. Astaxanthin has antioxidant and radical scavenger
activities and is therefore used in medicine and as an additive in sustainable nutrition. This
leads to a strong motivation and ongoing demands for the bioproduction of astaxanthin in
micro algae.

The biotechnological cultivation of the HP cells proceeds in two major stages. Stage 1
(green HP cells) is the proliferation stage of HP cells and the increasing of biomass. In stage 2
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(red HP cells) the HP cells produce astaxanthin by external stress factors. Strain optimization
and fermentation procedures are challenged by the complex life cycle of HP, which starts with
flagellated early stage 1 embryo cells. In the next fermentation step the cells transform to non-
flagellated late stage 1 and start the production of carotenoids. These late stage 1 HP cells are the
target cells for the sorting experiments and future investigations. Crucial parameters, that con-
trol the life cycle of HP cells were nitrogen starvation as well as high intensity light-stress [3-5].
Nevertheless, there are a lot of other stimuli described in literature that also lead to the induc-
tion of the astaxanthin biosynthesis (temperature, salt concentration and osmotic pressure) [4].
Following to the application of inductive stimuli (light, chemical stress) vegetative HP cells
transform to dark red cyst cells, which accumulate astaxanthin. In contrast, when cells were
continuously exposed to vegetative growth conditions (sufficient amount of nutrients and mod-
erate light intensities) cell division takes place and any single cell is able to go through different
multicellular stages from which new embryonical stage 1 cells can be released.

For the optimization of cultivation strategies detailed knowledge on the control mecha-
nism, triggering the carotenoid production is requested. The induction of carotenoid biosyn-
thesis is taking place when specific stimuli were applied to the cells. The modification process
and how the stimulus occurs is still not fully investigated and understood. The cells undergo
metabolic changes that result in their transformation to late stage 1 cells. Today, numerous
metabolic pathways, gene activities and intracellular communications inside the micro algae
that were triggered by different cultivation stimuli have not yet been fully decoded and
described [6]. For investigation of these mechanism by functional genome analysis, metabolic
profiling and proteome analysis pure collections of HP cells of a given sub type need to be iso-
lated from mixed stage population. Cell sorting can be employed for this task. However, HP
cells are damaged when exposed to mechanical or shear stress. In this case ruptures in the algi-
nate shell are induced followed by outflow of the cytosol. Therefore, the cell sorting should be
realized with low mechanical and shear stress. In the reported work this is implemented utiliz-
ing a pure microfluidic sorting concept which is operated at strictly laminar flow conditions at
low Reynolds numbers of Re < 10 [7]. This sorting concept can be implemented for image-
based sorting utilizing microfluidic devices. Image-based sorting has the advantage of provid-
ing the required information about the internal structure and spatial distribution of cellular
components.

The reproducible separation of cells with desired target properties from mixed stage popu-
lations became a major task in modern biotechnology, drug discovery, diagnostics, cell biology
and individualized therapy. Dependent on requirements of purity, throughput, cell population,
size and density as well as applied readout and decision-making techniques a multitude cell
separation approaches have been developed and put into practice. Also, the preservation of
viability of the cells during the sorting process must be considered. One major group of imple-
mentations utilizes selective cell binding to functionalized substrate surfaces based on binding
interactions between the cell surface and the substrate. After removing unbound cells by wash-
ing, the target cells can be released and collected for subsequent processing [8]. Other
approaches utilize continuous flow of a cell suspension in combination with single cell analy-
sis, decision making and collection of selected cells into different reservoirs [9, 10]. Right now,
conventional fluorescence-activated cell sorting (FACS) with attached sorter functionality and
droplet-based sorting of cells, encapsulated in droplets are widely in use. First microfluidic
sorter systems became available on the market [11].

Conventional FACS allows high-speed sorting of cells dependent on their optical proper-
ties. This method is the gold standard in high-throughput cell sorting for this purpose. There-
fore, the overall magnitude of fluorescence and light scattering signals of each cell are
measured and used for decision making. Spatial distribution of biomarkers and internal cell
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structures cannot resolve by this method. These systems are operating at high fluid velocities
of ~1 m/s. The used capillaries have typically a diameter of 50 to 200 um. As a result, the cells
are exposed to a high shear stress, which is not compatible with the desired separation task.

Digital microfluidics combined with image-based droplet sorting has been recommended
as an alternative for this purpose by many researchers [12-15]. In these approaches, the target
cells are encapsulated into droplets for subsequent sorting. Electrical field interactions with the
droplets can be utilized for guiding selected droplets to different outlets of the system at actu-
ation rates up to 450 events/second [16]. However, due to the droplet internal circulation the z-
position of a single cell inside a droplet is indefinite which causes problems in microscopic
imaging due to the limited focal depth of the imaging system in relation to the droplet height.
Specialized optical arrangements with tilted focal planes were reported to overcome these limi-
tations [17]. Alternatively, the cell suspension can be directly fed into a flow cell for separation.
Therefore, cells pass the flow cell within the focal plane of the imaging system. This can be real-
ized by acoustophoretic,[18-22] dielectrophoretic,[23-26] hydrodynamic,[27-29] optical[30-
32] or advection-based[33-36] flow focusing methods. Alternatively, holographic imaging can
be used for the 3D morphology characterization of the cells in microfluidic flow [37]. Summa-
rizing, a wide spectrum of separation methods is reported for the implementation of the specific
separation task. The combination with image-based sorting is feasible for a subset of them.

Recently, Kleiber et al. (2020) reported the three-step hydrodynamic flow focusing of cells
for applications in imaging flow cytometry, which operates at low Re <10 and self-alignment
of all cells within the focal plane of the imaging system [38, 39]. Combined with a subsequent
microfluidic sorter unit the resulting system match the target use case.

In this work we report the implementation of a viability preserving microfluidic sorter sys-
tem for label-free separation of late stage 1 HP cells. The microfluidic sorter chip combines a
three-step flow focusing unit for aligning all cells in single file transportation mode at the cen-
ter of the microfluidic channel with a pure hydrodynamic sorter structure for binary sorting.
Lateral displacement of the cells into one of the two outlet channels is generated by piezo-actu-
ated pump chambers. In-line decision making for sorting is based on a user-definable set of
image features and properties. With this approach late stage 1 HP cells can be clearly separated
and collected from mixed stage cell population.

Materials and methods
Buffers and sample preparation

For the sorting experiments, we used a Haematococcus pluvialis strain SAG34-1b that was
obtained from the culture collection of algae at Georg August University (Gottingen, Ger-
many). For sorting experiments the cells were previously cultivated in 500 ml glass vessels
under the following cultivation parameters. As media an artificial growth media 1xBG-11
without sodium nitrate was used. Illumination of the cells was performed by continuously
white (2700 K) and blue (450 nm) LED light with an intensity of 800 umol m~2s!'and

1065 pmol m™s™", respectively. The initial cell density was about 210 cells/ml. The cultiva-
tion was performed for 5 days with continuous fumigation with a gas mixture of air and car-
bon dioxide (1%) under a flow volume of 350 ml/min.

The HP samples were provided in growth media by GMBU e.V. (Halle, Germany). A solu-
tion of Polysucrose 400 (20% w/vol) from Sigma-Aldrich (St. Louis, USA) in tab-water was
used as sample and run buffer to prevent sedimentation of the sample. In order to separate dis-
turbing filaments, fragments, empty cell envelopes and agglomerating cell clusters in advance,
the sample was filtered by a MACS® SmartStrainer filter (pore size 70 um) from Miltenyi Bio-
tec (Bergisch Gladbach, Germany).
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Microfluidic devices

The Microfluidic chip device has dimension of 16x25 mm and is prepared as a glass/glass two-
layer compound BOROFLOAT®) 33 from Schott AG (Mainz, Germany), covered with a

400 pm Polydimethylsiloxane (PDMS) membrane for actuating the two pump chambers. The
PDMS membrane is attached to the glass surface by plasma bonding [40]. The microfluidic
channel height at the sorting area is 260 um. The glass wafers, which contain the upper and
lower channel half are microlithographic produced by anisotropic wet etching with hydroflu-
oric acid. Pump chambers were integrated by this technology into the upper face of the upper
substrate. The vertical inlets for fluid interconnects were generated by ultrasonic drilling. Sub-
strates were fused by anodic bonding utilizing a silicon bond support layer. Optical access for
imaging and microscopy is given by the bottom face of the chip having a cover glass thickness
of 0.7 mm and refractive index of 1.47.

Microfluidic chip integration

The microfluidic chip device and 3D printed actor bridge were integrated into a microscopy
slide compatible carrier plate. The actor bridge is made of AR-M2 and was printed with the
AGILISTA-3200W from KEYENCE Deutschland GmbH (Neu-Isenburg, Germany). The car-
rier plate provides fluid connectors for attaching the microfluidic chip to the fluid and sample
management unit as well as the mounting facilities for the microfluidic chip and the actor
bridge. This plate can be utilized on any conventional upright or inverted microscope,
equipped with the matching objectives and digital imaging devices. A minimum working dis-
tance of the objective is ~2 mm. Microscopy objectives should have a cover glass thickness cor-
rection which matches the depth of the channels inside the microfluidic chips. The chip is
connected to neMESYS syringe pumps from CETONI GmbH (Korbuflen, Germany) by using
PTFE-HPLC tubing ID 0.5 mm.

Optical setup and microfluidic control

The optical setup was a self-made microscope mounted on an optical bench. A 3W 3000K
LED from CREE Inc. (Durham, USA) was used as transmission light source. The cartridge
with the microfluidic chip was integrated into an XY-stage from Marzhiduser Wetzlar GmbH
& Co. KG (Wetzlar, Germany). A microscopy objective from Mitutoyo Corporation (Kawa-
saki, Japan) with a 10x magnification, numerical aperture (NA) of 0.28 and working distance
(WD) of 34 mm was used. The transmitted light of the sample is split into two channels by
using a beam splitter. 80% of the divided light is projected onto the sorting channel. The
remaining 20% of the light is directed into the validation channel. In the sorting channel is in
addition a narrow bandpass filter FL543.5-10 (CWL = 543.5 + 2 nm, FWHM = 10 £+ 2 nm)
from Thorlabs Inc. (Newton, USA) integrated. Two CMOS cameras were used to take the
measurement images. The sorter camera was a Manta G223B monochrome camera (2.2 Mega-
pixel) from Allied Vision Technologies GmbH (Stadtroda, Germany). An UI-3370SE from
IDS Imaging Development Systems GmbH (Obersulm, Germany) color camera (5 Megapixel)
was used for the observation of the sorting area.

Validation of the sorting quality

To determine the cell concentration of the start population and the two output populations
(sorted and waste) a 10 pl Cell Counting Slide from EVETM NanoEnTek (Seoul, Korea) was
used. Two counting chambers were counted for each of the start and waste populations. For
the sorted populations, six counting chambers were counted due to the low cell concentration.

PLOS ONE | https://doi.org/10.1371/journal.pone.0249192 March 29, 2021 4/18


https://doi.org/10.1371/journal.pone.0249192

PLOS ONE

Three step flow focusing enables image-based sorting of late stage 1 Haematococcus pluvialis cells

Cells were assigned to late stage 1, if the following criteria are fulfilled: red lipid vesicles in cen-
ter of the cell, presence of chloroplast, size of 14 + 3 um, visible and intact alginate shell and
optional flagella. All these features can be easily recognized which leads to a low misclassifica-
tion rate below 10%.

Sorter software and decision making

The sorter image processing software is implemented in Java utilizing the OpenCV digital
image processing toolkit. The software continuously captures images from a selectable ROI
inside the inflow channel of sorter area, detects particles passing the ROI and measures their
features, positions and velocities. The utilized sorter camera (AVT-Manta G223B) operates
during the sorting process with a ROI size of 300 x 100 pixels and frame rate up to 600 FPS.
The ROI covers approx. 1/3 of the channel height. The particles are only detected and calcu-
lated when they pass the ROL. Particles that pass above or below the ROI are not detected and
go straight to waste channel by default. The following features are utilized for sorter control:
Position and velocity of the particles are required for the calculation of the correct timing for
triggering the sorter pulse. This trigger releases the TTL signal, when the particle passes the
center position of the cross junction inside the sorter area. It is delivered to the sorter micro-
controller which generates the power pulses for operating the two piezo actors. Therefore, the
software needs to know the direction of the channel in the captured images as the optimum
target position for actuation in relation to the position and size of the ROI. These parameters
are set in the graphical user interface (GUI) of the software. Additionally, the geometrical fea-
tures of the particles as well as upper and lower thresholds for decision making can be selected
and combined by logical operators. The calculated features can be combined, to separate parti-
cles with defined properties.

Microcontrollers and electronics

We used a self-built microcontroller and Java software to adjust the pulse pattern. For the
stroke generation we used mounted piezo actuators P-883.11 form PI Ceramic GmbH (Leder-
hose, Germany). In combination with the microcontroller we are able to define the deflection,
the length as well as the duration of the stroke. For the sorting experiments we used a bias volt-
age of 1 V for both piezo actors. As working voltage 32 V were used for each direction. One of
the two piezo was operated reverse, so that one piezo push and the other pulls at the same
time. A full stroke cycle is divided into 5 individual periods. The delay time of the impulse was
set to a minimum of 1 ms. The rising edge was set to 50 ms. The plateau phase was set to 200
ms. The falling edge was set to 100 ms, so that the recoil of the stroke does not pull back the
sorted particle.

Results and discussion
HP cell properties and discrimination between cell stages

Geometrical and spectral properties of HP cell types and their relevance for biotechnological
fermentation are described in this subsection. Furthermore, spectroscopic and image-based
features of the cells are used to differentiate between the cell types for image-based cell sorting.
Batch fermentation of HP cells is the standard method for production of astaxanthin in indus-
trial scale. The fermentation process itself is a two-stage process, whereas the first stage is
described as the green and the second stage as the red stage (Fig 1). During the green stage the
cell proliferation and biomass formation is forced [5, 41]. To maintain the HP cells within the
green stage (stage 1) it is necessary to ensure optimal growth conditions that are influenced by
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Fig 1. Life cycle of the unicellular microalgae Haematococcus pluvialis. Cultivation stage 1: Bipolar flagellated and motile zoospores with high amounts of chlorophyll.
Reproduction takes place in this stage by asexual cell proliferation. Induction: Astaxanthin biosynthesis is triggered in the cells by application of high intensity light stress
and nitrate starvation. Target cells in the late stage 1 start producing astaxanthin and partially lose their flagella. Cultivation stage 2: Continuous application of inductive

stimuli lead to the transformation of green reproductive and motile zoospores to non-motile red aplanospores with high intracellular amounts of astaxanthin and a thick

multilayered cell wall.

https://doi.org/10.1371/journal.pone.0249192.9001

different parameters like illumination, media composition, temperature, salinity and others.
During the reproductive stage 1, the HP cells are bipolar flagellated, possess a loose cell mem-
brane, and have a cell diameter between 10-20 um. The color of the HP cells is mainly influ-
enced by their high amounts of chlorophyll.

After the generation of biomass in the green stage, the HP cells are transferred to the red
stage (stage 2) of cultivation, where the production of astaxanthin is triggered by external stress
factors such as high intensity light-stress and nitrate starvation [41-43]. Following to that the
HP cells undergo a sequence of morphological changes which finally end up in the develop-
ment of red cyst cells with a thick multilayered cell wall and a diameter between 15-30 pum.
During the transformation from the stage 1 to stage 2 there are a lot of intermediate stages that
can be differentiated by microscopic analysis.

In cultivation stage 2 the color of the cells is mainly determined by the high amounts of the
produced natural astaxanthin and its esterified forms which where accumulate within the
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intracellular lipid vesicle bodies. It is not possible to define directly which of the changes might
happen first during the process. The transformation is taking place in the order, that the cells
first lose their flagella and build a thick cell wall. Afterwards, the biosynthesis of astaxanthin is
induced and the cells become red. The accumulation of astaxanthin starts in the late stage 1 at
the center of the cells so that color changes are first visible in the center. Since the accumula-
tion takes place in mobile lipid vesicle bodies, it can be observed that the coloration spreads
from the center to the periphery of the cell interior until the whole cyst turned red. It can also
be observed that the cells become red even when keeping their flagella and are motile or lose
their flagella and stay in a green cyst stage. The clarification of the mechanisms and molecular
pathways, which trigger the transition from stage 1 HP cells to astaxanthin producing HP cells
is not been fully decoded and described. The key stage for this investigation is the late stage 1
where the formation and accumulation of carotenoids starts.

Molecular composition of the HP cells in their different stages is reflected in their micro-
scopic images as well as in the spectral properties of their cell lysates (Fig 2). The lysate spectra
of green HP cells are dominated by the absorbance characteristics of chlorophylls with strong
structured absorbance bands in the spectral ranges of 400 to 500 nm and 630 to 690 nm. The
absorbance of astaxanthin and carotenoids overlaps with the chlorophyll absorbance, but
carotenoids can be spectrally separated from chlorophylls within the wavelength range
between 530 and 550 nm, where the chlorophylls are transparent. Consequently, the caroten-
oid content in lysates of green/red and red HP cells can be exclusively measured in the spectral
range between 530 and 550 nm. In the lysates of red HP cells with high astaxanthin content the
spectra are dominated by astaxanthin, structured chlorophyll bands become invisible in the
range between 400 and 500 nm, but the presence of chlorophyll is still visible in the spectral
region between 630 and 690 nm. In green/red HP cell lysates the presence of chlorophylls
becomes visible for both spectral ranges 400-500 nm and 630-690 nm while the carotenoid
content is represented by the absorbance at 530-550 nm.

In the recorded images the situation is more complex, because the absorbance of the molec-
ular components is superposed with the phase contrast effects of the HP cell compartments.
This is depicted in the upper part of Fig 2, where RGB images are compared with the mono-
chrome images for the spectral range between 530 and 550 nm. For the monochrome images
the contained image information is reduced to two major components—phase contrast and
carotenoid absorbance. Grey value distribution and structures reflect the phase contrast. Con-
tent and spatial distribution of carotenoids containing lipid vesicle bodies is visible by addi-
tionally reduced grey values at their location in the cell images. Target HP cells for the image-
based separation are the green/red types where the shape can be identified by the phase con-
trast signal and the carotenoid content by the decreased grey value level in the center of the
cell images which is not observed in the green HP cells. Large vegetative and cyst cells can be
identified based on their cross-sectional area in combination with the missing or strong carot-
enoid absorbance.

Microfluidic concept & implementation

The sorter device can be put forward as a microfluidic device, which provides the channel
structures for fluid transport and particle alignment, pumping chambers for creating fluid
pulses as well as actor components for pumping chambers actuation For the microfluidic
implementation we follow a modular approach, comprising a passive microfluidic sorter chip
with channels and pump chambers at standardized positions (Fig 3). In addition, a 3D printed
actor bridge, which generates the stroke for actuating the pump chambers is used. The micro-
fluidic sorter chip itself as the variable part can be easily exchanged while the actor component
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Fig 2. Spectral properties of HP cell lysates from different micro algae sub types. A) RGB image (left) and monochrome image at spectral band 538-548 nm (right) of
three relevant micro algae sub types. B) Spectral properties of cell lysates (diluted in Dichloromethane:Methanol (25:75 v/v) green, green/red and red algae as well as pure
Astaxanthin as reference. The blue marked band between 538-548 nm is used for imaging. All other bands are blocked by the bandpass filter.

https://doi.org/10.1371/journal.pone.0249192.9002

becomes a permanent part of the system infrastructure. The definition of this chip as the “vari-
able” part allows the utilization of application specific chips, optimized for different particle
sizes and application specific, on-chip pre-processing functions on the same sorter system
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rotate the vertical lamella for 90 degree into horizontal lamella. In the last step the cells are compressed at FFU2 to single particle file. C) Microscope image of the
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PLOS ONE | https://doi.org/10.1371/journal.pone.0249192 March 29, 2021 9/18


https://doi.org/10.1371/journal.pone.0249192.g003
https://doi.org/10.1371/journal.pone.0249192

PLOS ONE

Three step flow focusing enables image-based sorting of late stage 1 Haematococcus pluvialis cells

infrastructure as long as the chip geometry, fluid port position and actor chamber positions
comply with the specified standards.

The implemented microfluidic sorter chip comprises two operation units, a three-step
hydrodynamic flow focusing unit, which aligns all particles in single file transportation mode
along the center axis of the inflow channel into the sorter unit and a subsequent sorter unit,
which creates and delivers the cross flow for switching the particles between the two outlet
channels for sorting (Fig 3B).

Flow focusing element

Kleiber et al. (2020) descripted the detailed implementation of a 3D-hydrodynamic flow focus-
ing unit for self-alignment of particles in a microfluidic channel [38]. For image-based sorting,
all particles must be captured and sharply imaged in focal plane of the imaging system. The
3D-hydrodynamic flow focusing unit of the chip is composed from three elements (Fig 3B). In
the first step all particles are compressed by sheath flow into a vertical lamella at the middle of
the microfluidic channel. In the next step all particles are rotated 90 degrees in the subsequent
flow rotation unit into a horizontal orientation lamella at the center height of the microfluidic
channel [38, 39]. In the third step a lateral sheath flow is utilized to compress this 2D particle
lamella into a single file transportation mode. At the end, all particles reach the sorter unit
along the channel axis at a uniform z-position within the focal plane of the imaging system.

Sorter element

The sorter unit is composed from a cross junction and a subsequent Y junction. The particle
displacement for guiding the particles to different branches of the Y-junction is generated by
cross-flow fluid pulses at the cross-junction, which deflects the particles, arriving at the center
of the sorting inflow channel towards the left or right side of the microfluidic channel (Fig
4A). Cross-flow is created on-chip by piezo-actuated pump chambers (Fig 4B). Particles can be
guided into outlet channels of the downstream Y junction assuming, that the outflow rates in
each outlet channel are constant over time. Managing and preserving this situation is complex
in terms of control, if both outlets are connected to environmental pressure. Differences or
fluctuations in the hydrodynamic resistivity of the outlet branches-e.g. due to an air bubble
inside one of them would disturb the hydrodynamic equivalence of the channels. This is solved
by using a syringe pump system with constant outflow rate at one of the outlets. The remaining
outlet is connected to a given pressure, typically the environmental pressure. The outlet flow
rate can be adjusted in a way, that all non-actuated particles are guided to the default outlet
(waste). Actuated particles are shifted to the sorted outlet. Under these conditions only parti-
cles, which retrieved are actuated. So, we can regulate actuation frequency to the frequency of
hit-particles, matching the definable properties for retrieval.

The sorter actor is implemented as a 3D printed actor bridge for mounting on top of the
chip (Fig 4C). Two actor stamps are located at the positions of the pump chambers of the chip.
Stroke is individually generated for each stamp by piezo elements and transferred to the actor
stamps using flexure hinges. A unidirectional cross flow is generated on demand by opposite
z-movement of the stamps, actuating the membranes. However, after each pulse actuation the
stamps return to the starting position. To accomplish this a full stroke cycle includes a forward
stroke, a hold period and a reset stroke.

The network diagram of the sorter system is given in Fig 5. The fluid management unit
(FMU) delivers the fluids to the sorter chip. For operating the chip device, the sample flow, the
sheath flows at FFU1 and FFU2 as the outflow through the default sorter outlet are controlled
by this unit. The imaging system is implemented as a dual head microscope with two
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sorted | unsorted |

No f_]uid pulse

B Piezo actor Light source
M

Flexure Hinge

e Stamp

Pump
chamber Microfluidic Chip

Membrane

Fluid pulse

Microscope
objective

Fig 4. Microfluidic sorting principle and actuator bridge integration. A) Single particle series while passing through the sorting area—sorted (left) and unsorted
(right). All particles with the previously defined properties deflected into the sorting channel (upper channel) by the fluid pulse (left). All particles, which are not
displaced by a cross flow fluid pulse leave the system through the default outlet (lower channel) (right). The blue rectangles are highlighting the region of interest (ROI)
used for in-line image acquisition, digital image analysis and decision making for sorting. The decision point for sorting is precise matched within the time window
from leaving the ROI to arriving at the sorting area. B) Cross flow fluid pulses are generated by a pump chamber, covered with a 400 um thick PDMS membrane. The
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stroke is created by piezo actors and transferred to the pump chamber membrane via a stamp using a flexure hinge. C) microfluidic chip device built-in a microscopy
slide compatible plate covered with 3D printed actor bridge and integrated piezo actors (left). Top view of the optical accessibility for the illumination and imaging

system (right).

https://doi.org/10.1371/journal.pone.0249192.9004

complementary metal-oxide-semiconductor (CMOS) cameras. The validation camera acquires
a video stream of the sorting area for process monitoring or for subsequent analysis and valida-
tion of the sorting process. The sorter camera provides an image stream of the measured ROI
which is used as the input data for the image-based sorting process. This image stream is con-
nected to the processing software, which analyzes the image sequence, performs the decision
making for sorting and provide a Transistor-Transistor Logic (TTL) signal. This event is cap-
tured and converted by the piezo controller into power pulses for operating the two piezo

closed loop u

Piezo
Controller

H: Waste Outlet<':

Image
Stream

Sorted Outlet

Image
Stream

TTL-Signal

Fig 5. System and control diagram for the sorter infrastructure. Fluid management is provided by the FMU. Sorted particles are collected at the sorter outlet. Two
CMOS cameras are implemented into the system. Sorter camera, which images the ROI for sorting and delivers them to the image-based sorting process chain. Validation

images of the sorter chip are continuously recorded for independent monitoring and evaluation of the sorting process. Blue connectors indicate tubing’s for fluid

transport, black connectors indicate electrical connections for date transfer and power lines.

https://doi.org/10.1371/journal.pone.0249192.9005
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elements in the actor bridge, which are generating the required cross flow for guiding the par-
ticle into the sorted outlet of the chip.

HP sorting and results

To demonstrate the usability of our microfluidic sorter system, we used a mixed stage popula-
tion of HP cells with different cell stages. The cell stages present in the mixed stage population
were previously categorized into 3 major stages. This initial used population contained 51%
stage 1 (green), 19% late stage 1 (green/red) and 30% stage 2 (red) HP cells (Fig 6AI). Late
stage 1 cells are the target cells for the subsequent investigations and should therefore be sepa-
rated. Target HP cells are in a single cell stage, covered with an alginate shell and have a fla-
gella. The inner volume of the cell contains chloroplasts and in the center region an initial
fraction of reddish lipid vesicle bodies containing the carotenoids (Fig 6BII). For the experi-
ments the initial cell population is suspended in the sample buffer. This buffer is optimized to
match the density of the HP cells, which avoids sedimentation in the feed lines. The same
buffer is also used for the sheath fluids at FFU1 and FFU2. A more detailed description of the
HP cells as well as the buffer can be found in the section “Materials and Methods”.

The reported application is not suited for high throughput but for pure and gentle separa-
tion of specific cell type. With this method of separation, the HP cells preserve their vitality
and can be collected and further investigated. The throughput depends on the sample and the
image processing speed for decision making. For sorting, the cells must pass the sorting point
individually and one by one, with sufficient distance between the cells. Samples that tend to
agglomerate must therefore be present in an appropriate low concentration, otherwise cell
clusters will be formed. If the distance between two consecutive cells is not sufficiently large, it
can happen that both cells are deflected into the sorting channel. This leads to an incorrect
sorting. Furthermore, it is possible that the cells are not perfectly struck by the fluid pulse and
thus not enough displacement to deflect the cell into the sorting channel.

The sorting criteria for the target HP cells were narrowly selected so that only late stage 1
HP cells were separated. For spectral discrimination between chlorophylls and carotenoids we
used a narrow bandpass filter with a CWL = 543.5 £+ 5 nm. The different HP cells can be distin-
guished by the corresponding grey value and their size. As target parameters a mean diameter
between 11.5-16.5 um and a mean gray value between 60-75 was determined. The combina-
tion of these parameters excludes cell fragments, empty envelops, cells that are too small or
even to large, as well as cells with excessive chlorophyll or carotenoid content. Therefore, a
majority of the cells in the sample do not match the target parameters.

In the experiment 1.3 cells per second passed the ROL A total of 6990 cells have passed the
ROI in microfluidic channel during the experiment. For independent validation and evalua-
tion, a video file was recorded from the experiment. All cell populations (initial (I), sorted (II)
and waste (III)) were subjected to microscopic analysis, manual classification and counting
(Fig 6). Counting and classification criteria are described in Materials and Methods. A total of
695 cells could be microscopic counted in the sorted population (II) of which 654 were late
stage 1 HP cells (target cells). This corresponds to a purity of 94%. The vitality of the cells was
observed and confirmed. The proportion of incorrectly sorted cells comes mainly from the
cells dragged along during the sorting pulse.

Conclusion

A microfluidic sorter system for image-based cell separation has been successfully developed
and applied. The setup allows the separation of a defined cell type (HP cells of late stage 1)
with a purity of 94% from a mixed stage cell population. The early and late stage 1 have similar
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A

®m Green HP cells m Green/Red HP cells m Red HP cells

11

Fig 6. Composition of cells in the different fractions of the sorting process. A) Percentage distribution of the relevant cell type fractions I) Initial population II) Sorted
population III) Waste population B) Microscopy images of the three fractions. Sorted population with the given criteria for sorted cells in terms of size, an intact alginate
shell, a visible flagellum and the presence of initially formed carotenoids in the center of the cells.

https://doi.org/10.1371/journal.pone.0249192.9006

morphology. They only differ in their content of chlorophylls and carotenoids. Viability of the
separated cell population has been confirmed by microscopy. The cell types became separated
as pure and viable cell collections for subsequent scientific research on intracellular changes at
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the level of metabolomics, transcriptomics and proteomics that occur during the described
transformation processes.

Supporting information

S1 Fig. Microscopic images of the 3 differnent HP cell stages. Left: stage 1 (green HP cells)
with flagellum and alginate envelope. Middle: late stage 1 (green/red HP cells) with flagellum,
alginate envelope and start of astaxanthin production. Right: stage 2 (red HP cells) cytosis
form and with astaxanthin concentration.

(TTF)

$2 Fig. Comparison of RGB and bandpass filter microscope images of the HP cells. The
upper part shows the different HP cell stages as RGB image. The lower part shows the same
HP cells by using the narrow band pass filter CWL = 543.5 + 5 nm. The filter allows to visualize
specific internal structures of the cells.

(TIF)

S1 Video. Focusing of the HP cells in vertical lamella. The video gives an insight about the
cell concentration at the entrance of the microfluidic chip. It also shows the flow focusing unit
1 (FFU1) and how the cells are pressed through the lateral fluids into a vertical lamella before
they pass into the flow rotation unit (FRU).

(MP4)

$2 Video. Overview of the sorting principle. This video shows how the sorting principle
works in real application. The video was recorded with the validation camera.
(MP4)
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