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Intelligent image-activated sorting of large cells
enabled by elasto-inertial focusing

Yuzuki Nagasaka,? Akihiro Isozaki,>® Hiroki Matsumura,®¢ Natsumi Tiffany Ishii,® Norah Roels,?
Mina Rassuli,4 Kelvin C. M. Lee,® Walker Peterson,? Tianben Ding®* and Keisuke Goda®®f&#

Image-activated cell sorting (IACS) enables high-speed sorting of cells based on real-time analysis of their images, providing
a powerful means to link cellular morphology and function at the single-cell level on a large scale. Although IACS has been
demonstrated for a variety of small-to-medium-size cells, applying it to large cells, cell clusters, and other large objects
remains challenging, despite the scientific and industrial value in morphology-based sorting of such objects. The main
difficulty lies in controlling large and complex cells throughout a microfluidic chip, from inlet to outlet especially the image
acquisition and sorting regions. In particular, conventional IACS systems based on hydrodynamic focusing struggle to
maintain stable focusing of large objects over the intervals required for processing images, leading to reduced sorting purity,
yield, or event rate. To address these limitations, here we report an IACS system based on elasto-inertial focusing which
enables IACS of large cells at high flow speeds of ~1 m/s. We validated our developed elasto-inertial focuser by
demonstrating that particles with a large diameter of > 20 um maintained their positions in the center of the focuser over a
long distance of > 35 mm. We integrated the focuser into the IACS system and sorted size-mixed particles (50% target) using
a convolutional neural network-based classifier, demonstrating 96.0% purity and 80.5% yield at an event rate of 172 events
per second (eps). Finally, we realized elasto-inertial focusing-based IACS of Euglena gracilis, a large microalgal cell species,
based on intracellular lipid droplet formation, demonstrating 4.5-fold enrichment of target cells from 11.9% to 53.8% at 128
eps. Our work highlights that IACS based on elasto-inertial focusing enables the sorting of large objects based on high-
content real-time image analysis without compromising sorting purity, yield, or event rate.

Introduction

Image-activated cell sorting (IACS)!! enables high-speed
sorting of cells based on real-time analysis of their images,
providing a powerful means to link cellular morphology and
function at the single-cell level on a large scale.*?> Going beyond
the limits of fluorescence-activated cell sorting (FACS) which is
typically based on single-point fluorescence intensity
measurements combined with threshold-based real-time
analysis,’3'* IACS integrates high-speed microscopy’>1” and
real-time digital image processing including advanced deep
learning-based analysis'* with microfluidics'®?! to extract and
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analyze morphological and cytochemical features which inform
accurate and rapid cell sorting.?22® |ACS has exhibited
significant potential in a wide range of applications across
biology, medicine, environmental science, and beyond. In the
field of hematology, IACS of hemocytes based on cell type or
composition is advancing diagnostics and drug treatment of
hematological diseases.>®® In genetics, researchers identified
regulators in the nuclear factor kB pathway by the combination
of CRISPR-pooled screen and IACS, showing the capability of
highly-scalable phenotype-based genetic screening.? In
environmental science and biology, researchers made strides in
elucidating detailed mechanisms of carbon fixation by
microalgal cells via IACS of Chlamydomonas reinhardtii cells
based on intracellular mitochondrial localization.?* These
achievements underscore the broad scientific value of IACS as a
method which opens up multiple important directions for cell-
based studies.*?

Despite these advances, current IACS systems face critical
limitations. In particular, IACS of large objects (> 20 pm
diameter) has been challenging, with prior reports demonstrating
IACS of cells with diameters only up to about 20 um. This
limitation is highly consequential, as numerous areas of
biomedical and industrial research rely on larger objects
including tumor clusters,?>?7  spheroids,?® organoids,?°
microalgae,®® and hydrogel cell microcarriers.3132 As a result,
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key morphological-functional relationships in these systems
remain inaccessible. The primary hurdle for applying IACS to
large cells comes from the latency between imaging and sorting,
which is inherent to the high-content image analysis in 1ACS.
Implementation of deep learning-based analysis, which increases
classification accuracy,®® exacerbates the temporal cost of
analysis. In order to maintain a high event rate (= 100 events per
second or eps; event rate is the total number of sorted and
unsorted objects flowing in a system per second),3* a high flow
speed (> 1 m/s) is required, such that the sample travel distance
between imaging and sorting actuation must be long (= 30 mm).
Over this long interval, objects must remain well focused to
achieve a uniform flow velocity and thus precise sort timing,
which is essential for sorting with high purity and yield.
Conventional IACS systems, however, rely on hydrodynamic
focusing?® and thus struggle to maintain stable focusing of large
objects over long distances. Shear-gradient lift force, an inertial
force that scales nonlinearly with object size, drives large objects
towards the microchannel wall,3536 where they experience
slower velocities according to the Hagen-Poiseuille flow profile.
This results in stochastic variation in their arrival time at the
sorting region. Therefore, existing systems must either restrict
the focusing distance and flow speed, thereby sacrifice sorting
throughput,®+¢ or operate at high flow speeds without effective
focusing, thereby sacrificing sorting purity and yield.»?> To date,
no IACS system has demonstrated high-purity, high-yield, and
high-event-rate sorting of large objects under these constraints.
To overcome these limitations, we report elasto-inertial
focusing-based IACS, which enables IACS of large objects at a
high flow speed of 1 m/s, without a loss of purity or yield. We
achieved this via our design and construction of an IACS system
featuring an elasto-inertial focuser, which is a long, straight, 66-
mm microchannel filled with viscoelastic fluids. The focuser
generates elastic forces that counteract the unavoidable inertial
forces, tightly focusing cells at the centerline of the long focuser
and ensuring uniform flow velocities of large objects.37-%°
Notably, this focusing mechanism becomes increasingly
effective as object size increases, allowing elasto-inertial
focusing to maintain stable alignment of large objects even over
extended distances. We first tested the focusing performance of
our 66-mm microchannel by quantifying the spatial distribution
of polystyrene (PS) particles as they passed through the focuser,
demonstrating improved focusing with increasing particle size.
We then applied elasto-inertial focusing-based image-activated
sorting to size-mixed PS particles (50% target) using real-time
convolutional neural network (CNN)-based image analysis,
achieving 96.0% purity and 80.5% yield at an event rate of 172
eps. Finally, we demonstrated elasto-inertial focusing-based
IACS of Euglena gracilis (E. gracilis), a unicellular microalgal
species with body lengths of 20-50 um, analyzed and sorted
based on intracellular lipid droplet formation. This achieved a
4.54-fold enrichment of target cells, from 11.9% to 53.8% at 128
eps. To the best of our knowledge, this work represents image-
activated sorting of the largest particles and largest cells reported
to date while maintaining high event rates without compromising
spatial resolution. Elasto-inertial focusing-based IACS thus
enables high-content, real-time image analysis and sorting of
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large objects while maintaining sorting purity,,.yield. oand
throughput. The system we have developéd: holdsPPoRisE 4ot
new applications in microalgal metabolic engineering,
microalgal strain engineering for biofuel, and beyond.

Results
Elasto-inertial focusing-based IACS system

The schematic of elasto-inertial focusing-based IACS developed
in this study for image-activated large cell sorting is shown in
Fig. 1. This system is based on our previously reported intelligent
IACS® and seamlessly integrates several key components: (i) an
elasto-inertial focuser for maintaining the focus of large objects
at the center of a long microchannel, (ii) a virtual-freezing
fluorescence imaging'®-based optomechanical microscope for
acquiring blur-free two-channel fluorescence images of cells
flowing at a high speed of ~1 m/s at a resolution of 0.361
pm/pixel, (iii) a speed meter for measuring the flowing speed of
cells, (iv) an intelligent image processor for processing cell
images with the size of 88 pixel x 88 pixel and making sort
decision in real time, and (v) on-chip dual-membrane push-pull
pumps? for rapidly isolating target cells during flow through the
microfluidic chip. The elasto-inertial focuser we introduce here
is a 66-mm-long straight square cross-sectional microchannel
with a side length of 120 pum. The on-chip focuser was made of
a cycloolefin polymer (COP), together with wells of the dual-
membrane pumps. As the focuser maintains cell flow in the
center of the microchannel, the cells are imaged by the
optomechanical microscope 31-32 mm from the inlet, and the
resulting images are analyzed by the intelligent image processor.
Using sort timing predictions by the speed meter, target cells are
sorted by the dual-membrane pumps. Details of the design of the
microfluidic chip, calculation of sort timing, and functionality of
the dual membrane pumps are described in the Materials and
Methods section, and Figs. S1-S4 of the supplementary
information. In this study, we used 0.1% (w/v) sodium
hyaluronate (HA) solutions for focusing particles and E. gracilis
cells, inspired by a previous report®® that demonstrated elasto-
inertial focusing in moderate to exceptionally high Reynolds
regimes that cover our high-flow-speed condition. HA is a
biocompatible polymer, and its diluted solutions have widely
been used for elasto-inertial focusing-based microfluidic particle
and cell manipulations3®-41, We set the flow rate at 420 pL/min,
corresponding to a maximum particle speed of ~1 m/s at the
channel center. Details of the rheological parameters of the HA
solutions and simulations of the flow profile are described in the
Materials and Methods section and Fig. S5 of the supplementary
information. Although HA was the only material tested in this
study, different shear-thinning solutions of polymers, such as
polyethylene glycol and polyvinylpyrrolidone, could also be
selected, under the condition that the resulting fluid pressure
inside the focuser does not exceed the maximum durable
pressure of the microfluidic chip.

Evaluation of the elasto-inertial focuser

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1. Schematic and functionality of our elasto-inertial focusing-based IACS system for this study. Cells injected into the microfluidic chip of the system are focused by the
long elasto-inertial focuser (bottom left), imaged by a virtual-freezing fluorescence imaging-based optomechanical microscope, analyzed by an intelligent image processor,
sorted by dual-membrane push-pull pumps at the timing calculated based on measurement by a speed meter. Photos in the bottom right show the microfluidic chip installed

into the IACS machine with an enlarged view of the membrane pumps.

We evaluated the performance of the elasto-inertial focuser using
PS particles of different sizes. Three suspensions were prepared
with particle diameters (¢) of 10.3 pm, 14.5 pm, and 24.5 pm in
0.1% sodium hyaluronate (HA) dissolved in Dulbecco’s
phosphate-buffered saline without calcium and magnesium (D-
PBS(-)). Each suspension was injected into the focuser at a flow
rate of 420 pL/min, corresponding to a maximum flow speed of
~1 m/s at the channel center. Sample concentrations were
adjusted to 3.8 x 10* cells/mL, resulting in an event rate of ~250
eps. Assuming that the particle flow in the center of the focuser
is governed by Poisson process, the probability of the distance of
successive focused particles larger than S m is given by P(s > S)
= 205, Therefore, the particles in this evaluation were sparsely
distributed in the focuser with S = 205 pm at 95% probability (P
= 0.95), corresponding to > 8.3 times the diameter of the largest
particles (24.5 pm). We recorded particles flowing in the
microchannel at different distances from the inlet (L) by a high-
speed camera. Using the recordings, we measured each particle’s
vertical distance from the microchannel center (d) at various Ls

This journal is © The Royal Society of Chemistry 20xx

[Fig. 2(a); see the Materials and methods section for the
experimental details]. Fig. 2(b) shows histograms of d as a
function of L, measured for each PS particle size. As L increased,
all particle sizes showed progressively narrower single-peak
distributions centered at -2 um < d < 2 um, indicating effective
focusing in the elasto-inertial focuser. For more quantitative
analysis, the standard deviation (SD) of d was plotted against L
for each particle sample [Fig. 2(c)]. The SD of d for 24.5-um and
14.5-pm particles decreased as L increased, reaching < 2 pm and
< 8 pum, respectively, at L > 30 mm. This L range covers the
entire distance from the imaging area around L = 31-32 mm to
the upstream edge of the sorting area at L = 66 mm. While 10.3-
pum particles also showed a gradual reduction in SD with L, the
overall focusing was less effective than that of the larger
particles, only achieving an SD of < 12 pm at L > 45 mm. These
results indicate that our focuser can reliably maintain the
focusing of objects with a diameter of at least 14.5 um for 36 ms
at a flow speed of 1 m/s, including particles as large as 24.5 um,
exceeding the object sizes previously demonstrated with IACS.

J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins



http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5lc01143d

Hlscl clab onca Chiplan = il

ARTICLE Journal Name
(C) View Article Online
Imaeing DOl 10103985} iR 43D
—_ ® =103 pm
E 20+ =14.
= =24,
g
B 10+
)]
»
0
(b)
¢=10.3 ym ®=14.5pum
B =100 100
He 65
M
E5 L (mm) L (mm) —:'IJM ; L (mm
=] 8 0 0 smm— 15 )
= -60 -60 -60 0 60
d (“”") d (um) d (um)

Fig. 2. Evaluation of elasto-inertial focusing. (a) Schematic illustrating the spatial relationship of d and L used to quantify the focusing performance. (b) Histograms of d for
10.2-pm, 14.5-um, and 24.5-um PS particles, measured at various L values. The plots illustrate the better focusing of larger particles by elasto-inertial focusing. (c) Standard
deviation (SD) of d measured for different L values. The relatively larger SD values of the smaller particles indicate inferior focusing compared to the larger particles which
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To validate elasto-inertial focusing for biological cells, we next
flowed E. gracilis cells through the focuser at the same flow rate
and compared their focusing performance to that of the 14.5-um
particles, whose diameter is comparable to the cell width (minor
axis of the ellipsoidal cell shape). The distribution of
displacement d of the cells [Fig. 3(a)] followed a similar trend to
that of the particles, exhibiting progressively narrower peaks
within -2 ym < d < 2 pum, as L increased. However, the SD of d
for the cells plateaued at approximately 10 um for L > 30 mm,
more than twice the value observed for the particles. The reduced
focusing performance of the cells can be mainly attributed to
greater variability in cell morphology [Fig. S6(a)]. The minor
and major axes of the cells were 14.9 = 2.0 um (SD) and 28.7 +
3.7 um, respectively, representing broader distributions than
those of the particles, which exhibited minor and major axes of
15.4+1.3um(SD) and 16.7 + 1.6 um, respectively, as calculated
from the video frames. Further analysis of the SDs of d as a
function of cell area, aspect ratio, minor axis, and major axis

4| J. Name., 2012, 00, 1-3
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[Fig. S6(b)] revealed that larger aspect ratios and shorter minor
axes were associated with impaired focusing performance.

Image-activated particle sorting

To validate our elasto-inertial focusing-based IACS system, we
performed image-activated sorting of fluorescent PS particles
(Fig. 4 and Video S1). A 1:1 mixture of 24.5-um and 14.5-um
PS particles was prepared, with the 24.5-um particles designated
as the sorting target. Prior to sorting, each particle population
was imaged separately by the IACS system [Fig. 5(a)]. A LeNet-
5-dropout CNN model*? was pre-trained with 3,635 target and
6,863 non-target IACS images. As shown in Fig. 5(b), both
training and validation accuracy approached nearly 100% after
20 epochs. The model trained for 20 epochs achieved a precision
of 99.88% and a recall of 99.89% when tested on held-out data
[Fig. 5(c)]. This model was then applied for real-time
classification during IACS of the particle mixture. Fig. 5(d)
shows the rank-ordered processing time for image analysis and

This journal is © The Royal Society of Chemistry 20xx
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data transfer of each event during sorting. At an event rate of 172
eps, a total of 96.9% of events were processed within 32 ms, the
practical minimum time in our IACS system required for image
processing and decision-making before particles travel from the
imaging to the sorting area, indicating that most particle images
were classified before sorting actuation. At this event rate, 852
target particles and 36 non-target particles flowed into the upper
or the lower microchannel branches connected to the sorted
fraction in 10.72 s, while 206 target particles and 750 non-target
particles passed through the middle branch to the not-sorted
collection (Table 1). The calculated purity and yield were 96.0%
and 80.5%, respectively. Purity remained high at increased event
rates of 264 eps (92.6%) and 312 eps (92.6%). On the other hand,
as the event rate increased, the fraction of events processed
within 32 ms decreased to 61.0% at 264 eps and 32.7% at 312
eps [Fig. 5(d)], resulting in a corresponding reduction in sorting
yield to 51.9% and 23.1%, respectively (Table 1). These results
highlight the requirement for longer processing times in 1ACS
systems using deep learning-based classification models and
thus the importance of maintaining extended focused flow of
large objects.

Image-activated sorting of E. gracilis cells

Finally, we performed IACS of E. gracilis cells (microalgal cells
with widths of 5-20 pum and lengths of 20-50 pum) based on
intracellular lipid droplet content, a morphological feature
requiring images for cell classification, judged by the system’s

Fig. 4. Sequential photos of image-activated particle sorting. Red: target particles.
blue: non-target particles. Scale bar, 200 um.

This journal is © The Royal Society of Chemistry 20xx
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CNN model. To prepare the image datasets for the modek, we
developed a custom python program tha@etéctsstipid Grogkat
centers by thresholding local intensity maxima of BODIPY
505/515 fluorescence. This program was applied to cell images
acquired by our IACS system. Cells in which lipid droplets were
detected were labeled as sorting targets, while those without
droplets were labeled as non-targets for CNN model construction
[Fig. 6(a)]. An 8-layer CNN! was trained using 3,635 target
images and 6,863 non-target images [Fig. 6(b)]. The trained
model achieved 82.0% precision and 97.5% recall at the 217th
epoch [Fig. 6(c)].

We then applied this trained CNN model for image-activated
sorting of E. gracilis cells. Image libraries of target and non-
target cells acquired in real time during IACS are displayed in
Fig. 6 and Fig. S7. Cells classified as targets exhibit stronger and
more distinct droplet patterns in the BODIPY fluorescence
channel, whereas cells categorized as non-targets show little
signal in the BODIPY channel or cropping artifacts. At an event
rate of 128 eps, 88.2% of the images were processed within 32
ms by the CNN-based classification [Fig. 8(a)]. After sorting, we
evaluated the CNN model’s decisions by applying the same
custom lipid droplet counting program described above. As
shown in Fig. 8(b), 73.67% of target cells (3,638/4,938 cells)
were correctly classified by the CNN model as containing > 1
droplets, while 5.12% of non-target cells (915/17,867 cells) were
misclassified as containing > 1 droplets.

We further assessed aliquots of the sorted collections from
the IACS system. Pre-sorted and post-sorted cells collected from
the microfluidic chip outlets were separately concentrated by
centrifugation, transferred onto slides, and imaged under a
commercial fluorescence microscope. The same program used to
label IACS images for CNN model construction was applied to
these microscope images to count cells containing lipid droplets.
Among 160 post-sorted cells examined, 86 cells (53.8%)
contained lipid droplets, whereas only 32 of 270 pre-sorted cells
(11.8%) contained droplets [Fig. 8(c)], corresponding to a 4.54-
fold enrichment achieved by our elasto-inertial focusing-based
IACS of E. gracilis cells. These results indicate that our system
enables high-speed sorting of large cells based on content-rich
and real-time image analysis. It should be noted that the lower
purity compared with the particle sorting at equivalent or higher
event rates can be attributed to reduced focusing performance.
As shown in Fig. 3(b), the focusing of E. gracilis cells was less
stable than that of 14.5-um particles. Fluctuations in focusing
lead to variability in cell flow velocity, which complicates
precise synchronization of the sorting actuation and
consequently degrades sorting accuracy.

Discussion

In this study, we proposed and experimentally demonstrated
elasto-inertial focusing-based IACS, which enabled high-speed
sorting of large cells based on high-content and real-time image
analysis without compromising sorting purity, yield, or
throughput. By combining elasto-inertial focusing with a long
microchannel, large cells could be focused over extended
distances, allowing sufficient computational time for deep

J. Name., 2013, 00, 1-3 | 5
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Table 1. List of the number of sorted and not sorted particles in 10.72 s-long high-speed camera videos and the calculated purity and yield.

N;y: number of sorted target

particles. N; ,: number of sorted non-target particles. N, «: number of not sorted target particles. N, ,: number of not sorted non-target particles.

Event rate (eps) N ¢ Ns Nt Nnn Purity (%) Yield (%)
172 852 36 206 750 96.0 80.5
264 833 66 761 1176 92.6 51.9
312 446 37 1488 1376 92.3 23.1

learning-based image analysis while maintaining a high flow
speed. We demonstrated the capability of our system first via
image-activated sorting of large PS particles at an event rate of
172 eps with 96.0% purity and 80.5% vyield, and then via IACS
of E. gracilis cells at an event rate of 128 eps with a real-time
image classification accuracy of 73.67% and a 4.54-fold
enrichment ratio. For additional context, we provide a tabulated
comparison (Table S4) of our system with other reported IACS
systems compatible with deep learning-based, content-rich
image analysis. Our system uniquely demonstrates IACS of the
largest cells to date while maintaining a high event rate of > 100
eps. Furthermore, our elasto-inertial focuser operates without
sheath flow, eliminating the need for complex microchannel
designs or sophisticated flow-control modules.

6 | J. Name., 2012, 00, 1-3

The technical capability of our elasto-inertial focusing-based
IACS system can be further extended. First, throughput could be
improved by optimizing the computational network. In this
work, limited processing speed resulted in a reduced proportion
of images processed within the defined 32-ms window,
decreasing yield to 51.9% at 262 eps and 23.1% at 312 eps [Fig.
5(b) and Table 1]. Enhancing computer hardware or
incorporating parallel computing would boost computational
capability, allowing a higher proportion of images to be
processed within the defined time. Improvements in microfluidic
channel design, including the elasto-inertial focuser and dual
membrane pump wells, could also enhance performance. For
example, lengthening the focuser would give additional time for
image processing. In this study, we employed COP-based on-

This journal is © The Royal Society of Chemistry 20xx
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chip dual-membrane push-pull pumps for sorting actuation.
Although COP-based microfluidic chips are relatively cost-
effective, the maximum achievable actuation frequency is
limited by the material’s Young’s modulus. This limitation could
be addressed by fabricating chips from stiffer materials (e.g.,
borosilicate glass) or by adopting faster sorting mechanisms
(e.g., acoustic-based sorting or microbubble-based sorting).*3-4°
It is worth noting that our work represents the first demonstration
of combining viscoelastic fluid focusing with piezoelectric
actuator-based active sorting (i.e., sorting activated by forces
applied external to the microchannel). Optimizing the design of
the sorting area could further improve throughput, yield, and
purity. We anticipate that these computational and microfluidic
improvements will also enable the integration of classification
methods capable of higher-content images, such as multi-
channel, three-dimensional (3D), and super-resolution images,
without compromising throughput. In particular, implementing
3D image will be essential for large objects, as 3D images reflect
complete morphological features with greater accuracy and
reproducibility than single-plane 2D images.*® One potential
limitation to achieving stable sorting performance for large
objects is inter-particle spacing. As object size and volumetric
concentration increase, neighboring objects are more likely to
undergo coupled oscillatory motion,*” leading to increased flow-
velocity fluctuations that can degrade sorting yield and purity.
Further investigation and application-specific optimization of
sorting performance may be required.

In terms of further applications, we expect our IACS system
to be applicable to a variety of large cells or cell clusters to
achieve IACS based on diverse morphological features. In the
case of E. gracilis, we demonstrated |ACS based on the existence
of condensed lipid droplets, a feature that previous high-

This journal is © The Royal Society of Chemistry 20xx

throughput microfluidic sorting techniques?>*84° could not
exploit. This capability could potentially enable comprehensive
investigation of phenotype-genotype correlations related to lipid
droplet condensation, which would broaden insights into E.
gracilis and supporting applications in metabolic engineering
and strain engineering for biofuel production. Moreover, our
IACS system could sort E. gracilis cells based on combinations
of morphological features to enrich for subpopulations
specialized in specific biochemical compound production,
photosynthetic activities, and heavy metal removal.505! Beyond
E. gracilis, we anticipate that our system could be extended to
high-throughput sorting of larger biological objects, particularly
spheroids and organoids cultured from patients’ cells. Although
they are expected to serve as scalable, individualized disease
models to evaluate the efficacy of therapeutic treatments in
vitro,5%* their intrinsic morphological and compositional
variations cause low reproducibility and reliability in efficacy
testing, positing a challenge toward their clinical applications.>5-
58 |solating organoids or spheroids with specific morphological
features could reduce variation in drug responses, enabling more
reliable personalized prognosis. While the focuser developed in
this study still has limitations, including inefficient focusing of
small single cells (<10 um diameter) or incompatibility with
objects approaching or exceeding the microchannel cross-section
(120 pm), these challenges can be addressed through design
optimization. For example, fabricating a focuser with a large
cross section would extend its applicability to larger sorting
targets. We tested focuser designs with a wider cross-section
(150 um) and confirmed effective elasto-inertial focusing over
long distances for particles 14.5 pm, 24.5 pym, and 51.0 pum in
diameter [Fig. S8(a)]. We anticipate that even larger
microchannels could be integrated into the IACS system for
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sorting larger objects, since elasto-inertial focusing has been inertial focusing is an important consideration. A previous
demonstrated across broad ranges of rheological parameters. study®! reported reduced viability of E. gracilis cells after flow
38,5960 In live cell sorting applications, cell viability under elasto-  through a narrow microchannel in a FACS system, indicating

8| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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susceptibility to high shear stress. Thus, careful control of stress
will be essential when modifying focuser and sorter designs for
live-cell applications. Through such adjustments, our IACS
system could be adapted to more versatile needs, enabling
comprehensive correlation analysis between morphological
features and cellular functions in large cells or cell clusters across
biomedical and environmental applications.

Materials and methods
Principle of elasto-inertial focusing

Elasto-inertial focusing arises from the balance between fluid
inertia and elasticity. Specifically, the relationship between
Reynolds number (Re) and Weissenberg number (Wi), which
index the relative strength of inertia and elasticity to fluid
viscosity, respectively, satisfies 0<Wi/Re and is not Wi/Re >> 1
in elasto-inertial focusing®®. Re and Wi are given by

Re = 222 and Wi = yi,
u(y)

where p, vm, Dn, u(3), 7, and 1 are density, average flow velocity,
hydraulic diameter, viscosity, characteristic (average) shear rate,

This journal is © The Royal Society of Chemistry 20xx

and relaxation time of the fluid, respectively. In the case of a
microchannel with a square cross-section, Dn corresponds to the
microchannel side length w. In this study, elasto-inertial focusing
was achieved using shear-thinning 0.1% (v/w) HA solutions
prepared from HA powder with a molecular weight of 1.01 — 1.8
MDa (Lifecore Biomedical, USA) dissolved in D-PBS(-) (Wako
Chemicals, Japan) for the particle samples or in 1:1 volume ratio
of D-PBS(-) and AF-6 without carbon sources (National Institute
for Environmental Studies, Japan) for the E. gracilis cell
samples. 38

Construction of the microfluidic chip and its integration into the
IACS

The microfluidic chip in this study was specifically designed for
the 1IACS system and fabricated by ZEON Japan Co. from a 2-
mm thick COP plate (ZEONEX690R) with the microchannel
structure, an inlet hole, and outlet holes, and a 0.188-mm-thick
COP film (ZE14) to seal the microchannel. The detailed chip
dimensions are depicted in Fig. S1 and Design S1. COP-based
chips offer high transparency to visible light and can be
fabricated simply and cost-effectively. The microfluidic chip
was mounted between custom-made aluminum chip holders that

J. Name., 2013, 00, 1-3 | 9
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secured its position relative to piezoelectric actuators
(AE0203D04DF, Tokin, Japan) using parallel pins. Samples
were introduced into the chip via tube connectors (M-3AU-2,
SMC, Japan) and sealed with O-rings (SS-005-1A, Musashi Oil
Seal, Japan) [Fig. S2(a)]. The holder unit was set to the chip
holder slot [Fig. S2(b)], integrating the chip into our IACS
system. The 3D model of the holder unit and the chip holder is
available as Design S2.

Measurement of cell flow speed and determination of sort timing
in the IACS system

The timing of sort actuation was determined using forward-
scattered signals from three infrared (IR) laser spots [Fig. S3(a)].
Two of these (“IR1” and “IR2”) are positioned in the imaging
area at L = 31-32 mm with IR2 400 pm downstream of IR1, and
the other (“IR3”) was placed at L = 66 mm, 34-35 mm
downstream of IR1 (> 32 ms for particles flowing at ~1 m/s). The
passage times of each particle or cell at the three laser positions
(tire, tirz, and tirs) were recorded and plotted in real time on a
graph of tirz-tir1 versus tirs-tir1. A straight line with slope k was
determined which was fitted to the populated area of the plot.
The sort actuation timing for the n-th particle (touwt(n)) was
calculated as: tout(n) = tire(n) + k(tir2(n) — tir1(n)). For example,
Fig. S3(b) shows the scatter plot of IR timings measured from
particles classified as target during sorting, with the fitted line
corresponding to k = 95.1.

Functionality of dual-membrane push-pull pumps

Fig. S4(a) schematically shows the components and functionality
of the dual-membrane push-pull pumps, which consist of
piezoelectric actuators (AE0203D04DF, Tokin, Japan),
attachment balls (SBM-SUJ-2, Tsubaki Nakashima, Japan),
custom-made aluminum plates (diameter: 3 mm, thickness: 0.5
mm), and COP-based film membranes (diameter: 4 mm,
thickness: 0.188 mm). The membrane pumps sort target cells
from the flowing cell population as follows: at the sort timing of
the n-th target particle, a linear increase of voltage (V) is applied
to one of the piezoelectric actuators (piezo A), causing its
membrane to be pushed via the attachment ball and aluminum
plate. Simultaneously, the other actuator (piezo B) receives a
decreased voltage, pulling its membrane [Fig. S4(b)]. This
coordinated push-pull action generates a local flow from piezo A
to piezo B, directing the target cell into the upper channel at the
junction. At the next sorting event, the voltages are reversed,
piezo A pulls while piezo B pushes, producing a flow from piezo
B to piezo A and directing the target cell into the lower channel
[Fig. S4(a)]. Repetition of these alternating push-pull
movements enables successive sorting of target cells.? In this
study, the applied voltage (V) and the voltage change duration
(1) were set to 40 V and 400 ps, respectively.

Simulation of flow velocity and shear rate distributions in the
elasto-inertial focuser

To characterize the flow field in the elasto-inertial focuser, the
flow velocity and shear rate distributions where simulated based
on the finite-element method implemented in COMSOL

10 | J. Name., 2012, 00, 1-3

Multiphysics (version 6.0, COMSOL, USA). As showndndrig.
S5(a), the computational domain was a SfraightoibrocRaiiel
modeled as a cuboid with a length (x direction) of 500 pm and a
square cross-section with a height (y direction), and depth (z
direction) of 120 um. A tetrahedral mesh was applied with
minimum and maximum sizes of 1 um and 3 pm, respectively.
The simulated fluids were water and a 0.1% (w/v) HA (1,650
kDa) D-PBS(-) solution, corresponding to the fluid used in the
particle focusing and sorting experiments. Steady-state flow was
assumed between the inlet plane at x = -250 um and the outlet
plane x = 250 um, with a fixed volumetric flow rate of 420
pL/min. The HA solution was modeled as a shear-thinning fluid
using the Carreau model %:

u(¥) = tins + (o — Hinp[1 + (/1)")2]717_1,

where Uinf, Ho, 4, and n are the infinite rate viscosity, zero-shear-
rate viscosity, relaxation time, and power-exponent factor,
respectively. The rheological parameters used for water and the
HA solution are listed in Table S1. Flow velocity and shear-rate
profiles were evaluated on the plane x = 0 pm, along the
horizontal line (x, y) = (0, 0), and along the diagonal line defined
by x = 0 and y = z [Fig. S5(b)]. As shown in Fig. S5(c), water
exhibited a parabolic velocity profile with velocities ranging
from O m/s at the channel walls to a maximum of 1.0 m/s at the
microchannel center. In contrast, the HA solution showed a plug-
like velocity profile with a lower maximum centerline velocity
of 0.85 m/s. The corresponding shear-rate distributions [Fig.
S5(d)] showed that the shear rate is near zero at the channel
centerline and at the channel corners, while reaching its
maximum near the midpoints of the channel side walls (4 x 104
/s for water and 5 x 10* /s for HA).

Experimental evaluation of elasto-inertial focusing

The microfluidic chip, mounted between the chip holders, was
set on an inverted microscope (1X73, Olympus, Japan) equipped
with a high-speed camera (Phantom v9154, Vision Research,
USA). Particles flowed at different positions along the
microchannel were recorded at 10,000 frames/s with an exposure
time of 10 ps. Using ImageJ, the positions of gravity center of
each particle were measured from the video frames, and each
particle’s vertical distance from the microchannel center (d) and
standard deviation (SD) of d at different positions from the inlet
(L) were calculated. In addition, ellipse approximation was
performed on each cell image on the video frames, and minor
and major axes of the ellipses were extracted for the analysis of
correlations between cell shapes and focusing performance
shown in Fig. S6.

Construction of CNN models for sorting particles and E. gracilis
cells

Target and non-target image datasets were used to train and
validate the CNN models (LeNet-5-dropout model for particle
images and 8-layer CNN model for E. gracilis cell images) on
AlDeveloper,®? a python-based open-source software. For the
CNN-based sorting demonstration, the trained model was
integrated into the C++-based image analysis algorithm in the

This journal is © The Royal Society of Chemistry 20xx
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previously reported intelligent IACS system?!' for real-time
communication. The images used for CNN training and sort
decision-making were 88 x 88 pixels in size.

Measurement of sorting performance in particle sorting

Sorting performance was evaluated in terms of throughput,
purity, and yield, based on counts of target and non-target
particles flowing through the sort area, recorded by a high-speed
camera (Phantom v1211, Vision Research, USA). For each
sorting experiment, videos were recorded for a total duration T s.
The throughput was found by the total number of particles (C) in
the video divided by T. Here, T was fixed to 10.72 s among all
the particle sorting experiments. Purity and yield were given by:

Purity (%) = Nt 100
)= st
Ns,t+ Ns,n

Yield (%) = ——— x 100
Ns,t+ Nn,t

where Ns; is the number of sorted target particles, Ns,n the number
of sorted non-target particles, and Nnt the number of not-sorted
target particles.

Preparation of E. gracilis cells

E. gracilis cells (NIES-48, Microbial Culture Collection at the
National Institute for Environmental Studies, Japan) were
cultured in AF-6 medium free of carbon sources and incubated
at 25°C under a 14:10 light-dark cycle. One month prior to
imaging and sorting experiments, cells in the growth phase were
transferred to AF-6 medium without nitrogen (AF-6 N-). The
AF-6 N- medium was prepared from scratch (its components are
listed in Table S3). Intracellular lipids were stained with
BODIPY 505/515 (Thermo Fisher Scientific, USA), a green-
fluorescent nonpolar lipid dye with minimal spectral overlap
with autofluorescence of chlorophyll. BODIPY 505/515 powder
was dissolved in dimethyl sulfoxide at 1 mM, stored at -20°C in
the dark as a stock solution, and diluted by deionized water to 10
UM immediately before staining. Cells were washed by
deionized water, resuspended in the 10 uM BODIPY solution at
a density of 1 x 105 cells/mL, and incubated overnight in the dark
at 25°C. On the following day, cells were washed with deionized
water and resuspended in commercial AF-6 medium at twice the
final density. For elasto-inertial focusing, a 0.2% HA solution in
D-PBS(-) was added to the cell suspension at a 1:1 volume ratio,
resulting in a final suspension of cells in 0.1% HA solution with
a 1:1 volume ratio of AF-6 and D-PBS(-). We confirmed using
particle samples that elasto-inertial focusing performance in this
0.1% HA, AF-6:D-PBS(-) mixture was comparable to that
obtained with 0.1% HA in D-PBS(-) alone, as used in the Result
section [Fig. S6(b)].
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