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Introduction

Microfluidic device for the high-throughput and
selective encapsulation of single target cells

Masahiko Nakamura, & Masahiro Matsumoto, @ Tatsumi Ito, Isao Hidaka,
Hirokazu Tatsuta and Yoichi Katsumoto @*

Droplet-based microfluidic technologies for encapsulating single cells have rapidly evolved into powerful
tools for single-cell analysis. In conventional passive single-cell encapsulation techniques, because cells
arrive randomly at the droplet generation section, to encapsulate only a single cell with high precision, the
average number of cells per droplet has to be decreased by reducing the average frequency at which cells
arrive relative to the droplet generation rate. Therefore, the encapsulation efficiency for a given droplet
generation rate is very low. Additionally, cell sorting operations are required prior to the encapsulation of
target cells for specific cell type analysis. To address these challenges, we developed a cell encapsulation
technology with a cell sorting function using a microfluidic chip. The microfluidic chip is equipped with an
optical detection section to detect the optical information of cells and a sorting section to encapsulate
cells into droplets by controlling a piezo element, enabling active encapsulation of only the single target
cells. For a particle population including both targeted and non-targeted particles arriving at an average
frequency of up to 6000 particles per s, with an average number of particles per droplet of 0.45, our
device maintained a high purity above 97.9% for the single-target-particle droplets and achieved an
outstanding throughput, encapsulating up to 2900 single target particles per s. The proposed
encapsulation technology surpasses the encapsulation efficiency of conventional techniques, provides high
efficiency and flexibility for single-cell research, and shows excellent potential for various applications in
single-cell analysis.

containing surfactants as the continuous phase. In a T-
junction, the dispersed phase is supplied by the main

Single-cell analysis, which is the high-resolution analysis of
cell populations at the single-cell level, has become one of the
most important approaches for understanding complex
biological systems."”” Droplet-based microfluidic technologies
have developed rapidly in the field of single-cell analysis such
as single-cell RNA sequencing® ™' owing to their ability to
isolate cells within droplets. With its high encapsulation
capacity, droplet-based technology enables a higher
throughput than well-based techniques,'">™® rendering
scaling-up the number of analyzed cells feasible,"”® and
facilitating the precise assessment of cellular heterogeneity as
well as the identification of rare cells."*

Previous studies have shown that stable water-in-oil
droplets can be generated using microfluidic geometries such
as the T-junction,>*® flow-focusing,'®'” and co-flow'®'® by
applying aqueous solutions as the dispersed phase and oils
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channel and the continuous phase is introduced through the
side channel orthogonal to the main channel. In flow-
focusing, the continuous phase is supplied from two side
channels arranged vertically with respect to the central
channel to squeeze the dispersed phase flow. In co-flow
techniques, the inner dispersed phase and the outer
continuous phase flow in the same direction through coaxial
channels. Droplets are formed continuously at or
downstream of the junction in different breakup modes, as
determined by the balance of inertia, viscosity, and interfacial
tension, which vary with the flow rate, channel diameter, and
material properties of the fluid system."

Loading a single cell into a droplet in such passive droplet
generators uses a cell suspension as the dispersed phase. The
arrival of cells at the droplet generation section is random
and the number of cells encapsulated in each droplet follows
a Poisson distribution.>®*' In single-cell analysis, it is
desirable for only one cell to be encapsulated in each droplet.
Therefore, the probability of encapsulating multiple cells in
the same droplet should be minimized. To achieve the high-
purity encapsulation of single cells (purity is defined as the
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ratio of the number of droplets containing a single cell to the
number of droplets containing any cell), it is necessary to
reduce the average number of cells per droplet, by reducing
the average frequency at which cells arrive per unit time
(event rate) at the droplet generation section. However, this
also leads to a larger number of droplets that do not contain
any cells. This makes maximizing the encapsulation rate
obtained using droplet microfluidic technology challenging.

Droplet generation instruments such as Chromium
(10xGenomics), Nadia (dolomite), and InDrop system
(1CellBio) are available as commercial platforms for droplet-
based single-cell analysis, but none of them have cell sorting
functions. Cell sorting operations such as with cell sorters
are required prior to cell encapsulation when analyzing
specific phenotypic cells.??

To address these challenges, we present a cell-
encapsulation technology with cell-sorting functions using a
microfluidic chip. This technology enables the encapsulation
of single target cells into droplets with high purity and
throughput.

System implementation
Principles of selective encapsulation

A microfluidic chip was used to encapsulate cells selectively,
as shown in Fig. 1A. The chip was fabricated by bonding four
layers of pre-grooved plastic substrate composed of a cyclic
olefin copolymer (TOPAS, Polyplastics Corporation). A piezo
element was fixed to the substrate surface for the sorting
operation, which will be described later. The microchannel
was composed of three sections for sheath flow focusing,
optical detection, and sorting. During operation, the cell
suspension is loaded from the sample inlet and merged with
the sheath fluid in the sheath-flow-focusing section. The
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cross-sectional area of the channel in this section decreases
in the downstream direction and the thickness of the sample
flow is reduced to approximately the diameter of the cells.
Consequently, the cells are aligned in a single file in the flow
direction and introduced into the optical detection section.
In this section, multiple excitation lasers irradiate the cells
through the chip, and forward-scattered light (FSC),
backward-scattered light (BSC), and fluorescence can be
observed. The sample flow containing the cells passes
through the optical detection section and reaches the sorting
section. The sorting section is equipped with waste channels
on both sides and a collection channel in the center, which
is connected through an orifice. An oil immiscible with the
aqueous sheath liquid is loaded into the orifice in the vertical
direction and a flow divided into the upstream and
downstream directions is formed in the orifice. The upstream
flow prevents the sample from entering through the orifice
steadily and the downstream flow enters the collection
channel and fills it with oil. The collection channel is
equipped with a pressure chamber and a piezo element is
connected to it through a thin upper wall. By controlling the
voltage applied to the piezo element, rapid pressure control
can be achieved in the channel, enabling the sorting of target
cells into the collection channel.

A basic sorting operation can be performed as shown in
Fig. 1B. In the initial state, a driving voltage is applied to the
piezo element to stretch it and reduce the volume of the
pressure chamber. When the target cell is detected by the
optical detection section and reaches the sorting section, a
single-step waveform is applied to the piezo element. This
causes the piezo element to shrink and a negative pressure is
generated inside the pressure chamber. The target cell,
sheath fluid, and sample fluid are then sucked and
encapsulated in the collection channel filled with oil. After
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Fig. 1 Schematic illustration of the microfluidic chip and selective encapsulation mechanism. (A, top) A microfluidic chip equipped with a piezo
element on a pressure chamber. (A, bottom) Micro-channel consisting of a sheath-flow-focusing section, optical detection section, and sorting
section. (B, top) Wave form of the basic pulse applied to the piezo element to obtain target cells. (a) In the steady state, the upstream flow in the
orifice generated by the oil flow prevents cells from entering the collection channel. (b) When a driving voltage is applied, the volume of the
pressure chamber changes and a negative pressure is generated to sort the target cell. The cell, sheath fluid, and sample fluid are sucked and
encapsulated into the collection channel filled with oil. (c) When the applied voltage is restored, the piezo element returns to its original position
and an upstream flow is generated. (d) When the original steady state is restored, single-cell droplets are transported downstream in the collection

channel.
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suction, the voltage is released and the piezo element is
stretched again to provide the original pressure field. When
pressure is restored, the fluid is ejected into the sorting
section to generate an ejection flow. As a result, a water-in-
oil droplet containing the target cell, sheath fluid, and
sample fluid is formed in the collection channel. If the
target cell is not detected, then pressure control is not
performed and the cells flow into either of the two adjacent
waste channels. In this series of sorting operations, a
holding time for maintaining a constant displacement
(voltage) of the piezo element can be provided between the
suction operation when the piezo element shrinks and the
ejection operation when the piezo element is stretched to
recover pressure. When the holding time is long, the
suction of the sheath fluid and sample fluid increase as a
result of the longer duration of the suction flow. Therefore,
by increasing the holding time during the sorting
operation, the volume of the dispersed phase sucked into
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the collection channel can be increased, resulting in the
generation of larger droplets.

To study the response of the flow in the sorting section to
piezo actuation, numerical simulations were performed using
COMSOL Multiphysics®. Fig. 2 presents the simulation
results for the displacement pattern of the piezo element and
the flow generated inside the orifice. As shown in Fig. 2A,
structural analysis was applied to the structure around the
pressure chamber, and partial and temporal deformation was
considered. Specifically, the sorting operation was simulated
by applying time displacement to a structure resembling the
piezo element attached to the upper wall of the pressure
chamber. In this study, all fluids were analyzed as having the
properties of water. Fig. 2B presents the temporal variation of
the mean flow velocity in the mainstream direction inside
the orifice when the displacement pattern of the piezo
element is applied to the basic sorting operation (basic
pulse). The flow velocity U’ and time ¢’ in the graph were non-
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Fig. 2 Comparison of simulation results for flow velocity inside the orifice when applying a basic pulse and offset pulse to the piezo displacement
pattern. (A) Computational model created in COMSOL® Multiphysics. Symmetry conditions were applied in the width direction of the flow channel.
(A1) Cross-sectional view of the sorting section at the center of the flow channel width. (A2) Cross-sectional view of the pressure chamber. (B)
Temporal variation in flow velocity when applying a basic pulse. Cross-sectional view of the flow velocity distribution in the sorting section at the
time when the flow velocity is maximized in the (B1) suction direction, and (B2) ejection direction. When the piezo displacement returns to its
original state, flow velocity in the ejection direction equivalent to that in the suction direction is generated. (C) Temporal variation in flow velocity
when applying an offset pulse. (C2) Cross-sectional view of the flow velocity distribution in the sorting section at the same time as (B2). The flow in
the ejection direction is suppressed compared to that during application of the basic pulse and the recovery time to the steady state of the flow field
is shortened. The flow velocity and time were made dimensionless using the steady state orifice flow velocity Uy and orifice diameter Do.
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dimensionalized using the absolute value of the mean flow
velocity in the mainstream direction inside the orifice at a
steady-state with U, as the representative velocity and the
orifice diameter D, as the representative length. When the
basic pulse is applied, after the piezo element shrinks, the
flow rapidly accelerates in the suction direction and the fluid
is sucked into the collection channel. Next, when the piezo
element stretches and the pressure-recovery operation is
performed, the flow in the suction direction decelerates and
a flow in the ejection direction of similar magnitude to that
of the suction flow is generated. The labels B1 and B2
indicate the distribution of the mainstream flow velocity in
the sorting section at the time when the flow velocity reaches
its maximum in the suction direction and ejection direction,
respectively. When the ejection flow is generated, the target
cells cannot be sucked into the collection channel, even if
they reach the sorting section. In particular, when the event
rate of the target cell is high, the yield decreases owing to the
restriction of the fluid response.

To suppress the ejection flow and minimize the decrease
in yield, an offset pulse is applied, which adds a step-like
displacement pattern with a reduced displacement (drive
voltage) to the piezo element after the pressure-recovery
operation (Fig. 2C). As shown in the simulation results for
the temporal variation in the orifice flow velocity and flow
velocity distribution at the same time as B2, the generation
of the ejection flow is suppressed. This enables the
minimization of the settling time of the fluid fields in the
sorting section. However, because the displacement of the
piezo element remains during the sorting operation, the
number of continuous sorting operations is limited by
restrictions on the maximum displacement of the piezo
element. The sorting pulses applied to the piezo element are
optimally controlled by an original algorithm to maximize
yield with an offset pulse being applied when the event rate
is high.

System for selective single-cell encapsulation

Our experimental setup is presented in Fig. 3. The system
consisted of two optical systems, namely a selection optical
system and collection optical system, as well as a fluid
system, device control system, and signal processing system.
The system was equipped with an interchangeable
microfluidic chip connected to the fluid system through
tubes. The system was also equipped with three peristaltic
tube pumps for controlling the sheath, sample, and oil
fluids. These pumps supplied the corresponding fluids to the
chip. The sample fluid supplied flowed through the channels
inside the microfluidic chip and reached the selection optical
system. The selection optical system was designed to enable
the selection of fluorescently labeled cells within the
microfluidic channel. This system was equipped with two
lasers (488 nm: OBIS 488LS, 637 nm: OBIS 637LX,
COHERENT) as excitation light sources for fluorescent labels.
It measured the intensity of FSC, BSC, and fluorescence
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Fig. 3 Configuration of the selective single-cell encapsulation system.
Each fluid is supplied to the microfluidic chip by one of three peristaltic
pumps. Fluorescently labelled cells sent to the chip are sorted based
on scattering and fluorescence intensity information in the selection
optical system. Encapsulated cells are detected based on scattering
and fluorescence intensity information in the collection optical system.

emitted from the fluorescent labels at each excitation
wavelength. Target cells encapsulated in the sorting section
were transported downstream to the collection optical
system. The collection optical system was equipped with a
laser (488 nm: OBIS 488LS, COHERENT) as the excitation
light source. It measured the intensity of FSC emitted mainly
from droplets and fluorescence emitted from labeled cells
within the droplets. Scattering and fluorescence signals from
the collection optical system were used to determine the
presence or absence of fluorescently labeled cells within the
droplets. The signal information obtained from the optical
systems was used to control the piezo element attached to
the microfluidic chip surface. Additionally, sorting
parameters such as the delay time from the detection of
target cells to the application of the sorting pulse and the
driving voltage applied to the piezo element were adjusted.

Materials and methods
Sorting and encapsulation

Sorting experiments were performed using polystyrene
particles and human peripheral blood mononuclear cells
(PBMCs) as samples. In the sorting experiments using
polystyrene particles, phosphate-buffered saline (PBS,
10010031, Thermo Fisher Scientific) was used as the sheath
fluid. In the sorting experiments using PBMCs, a cell buffer
of PBS containing 0.04% BSA (130-091-376, Miltenyi Biotec)
was used as the sheath fluid. Additionally, 008-
FluoroSurfactant (RT008-2%500, RAN Biotechnologies) was
used as the oil fluid in both experiments. Each liquid was

Lab Chip, 2024, 24, 2958-2967 | 2961
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supplied at a constant flow rate using corresponding
peristaltic pumps: the sheath flow rate was 10 mL min ™", the
sample flow rate was 45 uL min ', and the oil flow rate was
170 uL min™". In the steady state without encapsulation, the
oil supplied was distributed at a rate of 70 pL min™" to the
orifice and 100 pL min " to the collection channel. During
encapsulation, a displacement of approximately 1 pm was
applied to the piezo element, causing a flow-rate change
equivalent to one droplet volume at the orifice. The capillary
number Caq indicating the conditions for droplet generation
for dispersed phase (sheath and sample) was calculated using
the simulation value of the average cross-sectional flow
velocity at the orifice during suction and found to be 0.74.
The capillary number Ca, for the continuous phase (oil) was
calculated using the average cross-sectional flow velocity in
the oil-supply channel and found to be 0.16. The gates used
for selection detection were set to include events based on
the intensity of each signal emitted by the target particles
(FSC, BSC, and fluorescence signals).

Calculation of effective yield and purity for fluorescent
polystyrene particles

The effective yield and purity of the microfluidic device were
evaluated using a sample consisting of a mixture of 5 um-
diameter polystyrene particles (G0500, excitation: 468 nm;
emission: 508 nm, Thermo Fisher Scientific) as target
particles and 3 um-diameter fluorescent polystyrene particles
(R0O300, excitation: 542 nm; emission: 612 nm, Thermo Fisher
Scientific) with different fluorescence properties as non-
target particles. The effective yield was defined as the ratio of
the number of target particles encapsulated as single
particles to the number of target particles detected in the
selection optical system. Purity was defined as the ratio of
the number of droplets containing only single target particles
to the number of droplets containing any particles. The
plurality of encapsulated fluorescent polystyrene particles
was imaged twice consecutively using a fluorescence
microscope (ECLIPSE Ti, Nikon) equipped with a lens (Plan
Fluor 4x/NA0.13, Nikon) with an optical filter (excitation: 389/
38-25; emission: 483/32-25) for the fluorescence observation
of target particles and an optical filter (excitation: 531/40-25;
emission: 593/40-25) for the fluorescence observation of non-
target particles. The effective yield was calculated by
multiplying the ratio of the number of particles counted in
the collection optical system to the number of particles
detected in the selection optical system by the ratio of the
number of particles encapsulating only single target particles
to the number of particles in the images captured by the
fluorescence microscope. The purity was calculated as the
ratio of the number of droplets containing only a single
target particle to the number of droplets containing any
particles in the images captured by the fluorescence
microscope. During fluorescence microscopy imaging, weak
bright-field light was applied to capture fluorescent particles
and droplets simultaneously.
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Preparation of PBMC samples

PBMCs derived from healthy individuals (CTL-UP1:
Uncharacterised PBMC, Cellular Technology Limited) were
cultured in ImmunoCult™-XF T Cell Expansion Medium (10
981, STEMCELL Technologies) supplemented with 12.5 pL
mL™" of ImmunoCult™ Human CD3/CD28 T Cell Activator
(10991, STEMCELL Technologies), 20 ng mL™" of Human
Recombinant IL-7 (78053.3, STEMCELL Technologies), 20 ng
mL™ of Human Recombinant IL-15 (7831.3, STEMCELL
Technologies), and 0.5% Human Plasma (Cellular Technology
Limited).

Viability assay using Calcein AM

Cell viability after encapsulation was evaluated using PBMCs.
The PBMCs (1 x 10° cells per ml in 1 mL) were stained with 2
puL of 50 uM Calcein AM (C1430, Thermo Fisher Scientific)
for 20 min, and then centrifuged and replaced with 0.04%
BSA PBS. The viability of the PBMCs prior to encapsulation
was quantified using an automated cell counter
(NucleoCounter ® NC-202, ChemoMetec). The concentration
of PBMCs was adjusted to 2.6 x 10° cells per ml. The
encapsulated PBMCs were imaged using a fluorescence
microscope (ECLIPSE Ti, Nikon) equipped with a lens (Nikon,
Plan Fluor 4x/NA0.13) using an optical filter (excitation: 457/
50; emission: 520/28). The live and dead cells were counted
based on the size of the bright dots in the fluorescence
images, and viability (live cell count/cell count) was
calculated.

Evaluation of lysis efficiency using Calcein AM

Homemade 1x ThermoPol reaction buffer and 0.3% NP-40
(Thermo Fisher Scientific) were added to the sheath fluid as
a cell lysis buffer to evaluate cell lysis efficiency after
encapsulation. Live and dead cells were counted, and the
lysis efficiency (number of dead cells/number of cells) was
calculated using the same evaluation method used for the
viability assay.

Results
Encapsulation rate

The encapsulation speed (minimum time interval after
particle encapsulation before pressure recovery and
encapsulation of the next particle) of the encapsulation
system was evaluated using 5 pm polystyrene particles
(G0500, excitation: 468 nm, emission: 508 nm, Thermo Fisher
Scientific). When the time interval between arriving particles
is below a certain value, the disturbance of the fluid field
generated by the encapsulation of leading particles does not
fully settle and the following particles cannot be
encapsulated. To evaluate this time interval, two consecutive
encapsulation operations were performed, as shown in
Fig. 4A: first a pseudo-encapsulation operation that only
generated a droplet, then true encapsulation of the detected
particles. The recovery performance was evaluated for various

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Recovery characteristics of proposed encapsulation device. (A)
Basic- and offset-pulse wave forms with two consecutive
encapsulation operations (pseudo-encapsulation and particle-
encapsulation). (B) Droplet and particle recovery were confirmed with
both the basic pulse and offset pulse using 5 um polystyrene particles
at various time intervals At.

time intervals A¢ between these two operations. The
waveforms applied to the piezo element were evaluated using
both basic and offset pulses.

The relationship between the time interval A¢ and recovery
is presented in Fig. 4B. For each At, the two consecutive
encapsulation operations were performed 1000 times. Here,
the ratio of the actual number of droplets counted based on
the FSC signal of the collection optical system to the total
number of particle-encapsulation and pseudo-encapsulation
operations is defined as the droplet recovery. The ratio of the
actual number of particles counted based on the fluorescence
signal of the collection optical system to the number of
particle-encapsulation operations is defined as the particle
recovery. When the basic pulse was applied, both the droplet
recovery and particle recovery increased rapidly at At = 165
us; the recoveries reached almost 100%. At At < 165 us,
particle encapsulation failed: number of particles and
droplets equivalent to the number of particle-encapsulation
operations were not detected in the collection optical system.
When the offset pulse was applied, again, both recoveries
were almost 100%, even at At = 75 us. When the offset pulse
was applied, the fluid field settled more rapidly after pseudo-
encapsulation, and particle encapsulation was successful
even for the short interval of At = 75 ps. The response speed
of the sorting device was limited by the settling time of the
fluid field after encapsulation. However, our evaluation
indicates that by designing the driving waveform applied to
the piezo element based on the results of numerical
simulations, the settling time can be minimized.

Droplet size

Next, by using the same polystyrene particles described
above, the droplet size was evaluated by changing only the

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Droplet size results at each holding time ratio. The droplet size
was evaluated at various holding times, during which the driving
voltage between the suction and ejection operations was kept
constant. (A) At the holding time ratio of 0, a mean droplet diameter of
56 um and CV of 5.5% were obtained. (B) At the holding time ratio of
0.56, a mean droplet diameter of 71 um and CV of 5.3% were obtained.

holding time between the suction and ejection operations, while
the driving time and voltage amplitude of the piezo element in
the suction and ejection operations remained constant, under
conditions where the average event detection rate of particles
arriving at the sorting section randomly was 1900 s . The
relationship between the holding time and droplet size is
presented in Fig. 5. Here, the holding time ratio is defined as
the ratio between the holding time and total driving time of the
piezo element in the suction and ejection operations. At each
holding time ratio, a plurality of droplets (n = 249 to 432) was
imaged using a microscope (VHX-1000, KEYENCE), and the
mean droplet diameter and coefficient of variation (CV, defined
as the ratio of the standard deviation to the mean) were
calculated. The droplet size increased with holding time. At a
holding time ratio of zero, a mean droplet diameter of 56 pm
was obtained and at a holding time ratio of 0.56, a mean droplet
diameter of 71 pm was obtained. This change corresponds to an
approximately two-fold change in volume. The holding time
ratio and the droplet volume calculated from the droplet
diameter have a nearly linear relationship. This suggest that the
dispersed phase sucked from the orifice into the collection
channel was transported downstream, maintaining its liquid
column shape and flow velocity during the holding time; then,
droplets were formed. The CV was 5.1% =+ 0.4% under all
evaluated holding time ratios. Increasing the piezo displacement
(the amplitude of the driving voltage applied to the piezo
element) also changed the droplet size. However, as the piezo
displacement increased, the continuous number of offset pulses
was limited by the maximum displacement of the piezo element,
decreasing the yield. From the perspective of yield, therefore, it
is preferable to change the droplet size based on the holding
time. These results indicate that in our system, the droplet size
can be adjusted by setting the parameters of the driving
waveform.

Effective yield and purity

The effective yield and purity were evaluated using a sample
mixed with the same polystyrene particles described above

Lab Chip, 2024, 24, 2958-2967 | 2963
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(a) Droplet containing single target particle. (b) Droplet containing double target particles.
(c) Droplet containing target and non-target particles.

Fig. 6 Images of encapsulated fluorescent particles captured by a fluorescence microscope. Selective encapsulation results represent a sample

mixed with 5 pm polystyrene particles (GO500) and 3 um polystyrene particles (R0300) with different fluorescent characteristics. (A, top and
bottom) Result obtained by gating only the target particles GO500 at a target concentration of 48.9% and event detection rate of 6000 s . (B, top
and bottom) Result obtained by gating only the target particles GO500 at a target concentration of 48.9% and event detection rate of 2000 s™. (C,
top and bottom) As a reference, both G0500 and R0300 were gated and sorted. (Top) Imaged using the optical filter for G0500. (Bottom) Imaged

using the optical filter for R0300. (All) Weak bright field light was applied for simultaneous imaging of fluorescent particles and droplets.

(used as target particles) and 3 pum fluorescent polystyrene
particles with different fluorescence characteristics (used as
non-target  particles). When increasing the sample
concentration, the average event detection rate increased
from 2000 to 6000 s™'. Approximately 50000 particles were
sorted in each experiment (n = 3). Fig. 6A and B present parts
of the fluorescence images of the droplets obtained at

Effective yield
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average event detection rates of 2000 and 6000 s,
respectively, with a target concentration of 48.7%. Almost all
droplets contained only a single target fluorescent particle.
The effective yield was defined as the ratio of the number of
target particles encapsulated as single particles to the
number of target particles detected in the selection optical
system, and purity was defined as the ratio of the number of

Purity
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Fig. 7 Sorting performance of the microfluidic chip. Effective yield (left) and purity (right) at various target concentrations and event detection
rates using two different polystyrene particles. The target concentrations were 18.2%, 48.7%, and 96.9%, and the average event detection rates
were 2000, 4000, and 6000 s (5300 s™* for a target concentration of 96.9%) with n = 3.
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Table 1 Summary of particle and droplet counts in fluorescence images
used for the calculation of purity (average of n = 3)

Number of
Number of droplets
Target Event droplets containing
population  detection  containing single = multiple Purity
[%] rate [s7'] target particles particles [%]
18.2 1938 402 2.0 99.5
3829 482 3.0 99.3
6036 334 4.0 99.0
48.7 2074 492 0.3 99.9
4280 561 3.0 99.5
5959 547 5.7 99.0
96.9 1946 416 0.3 99.9
3978 689 3.7 99.4
5345 663 11.7 98.3

droplets containing only single target particles to the
number of droplets containing any particles. The results
for the effective yield and purity are presented in Fig. 7
and listed in Table 1. At a target concentration of 48.7%
and average event detection rate of 2000 s', an effective
yield of 86.9% + 0.4% and purity of 99.9% =+ 0.1% were
obtained. An effective yield of 66.0% =+ 0.5% and purity of
99.0% + 0.3% were obtained at an average event detection
rate of 6000 s . As shown in Fig. 7, the effective yield
decreased with an increase in the event detection rate and
target concentration. This trend can be attributed to the
restrictions of the continuous response of the fluid as the
event rate of the target particles (target rate = target
concentration x event rate) increases. An effective yield of
56.7% =+ 1.0% was maintained even at a high target
detection rate with a target concentration of 96.9% and
average event rate of 5300 s ' by using the designed piezo
driving waveform to maximize the response speed of the
fluid. Purity was maintained at a high level (>97.9%) for
all event detection rates. A breakdown of the number of
particles and droplets used to calculate purity is presented
in Table 1.

Fig. 8 Evaluation of viability and lysis efficiency using PBMCs. (Left)
Fluorescence images after encapsulation of PBMCs stained with
Calcein AM. (Right) Fluorescence images after encapsulation of PBMCs
stained with Calcein AM by adding cell lysis buffer to the sheath fluid.
Live cells were captured as small bright dots, and dead cells were
captured as large bright dots, enabling the calculation of cell viability
and lysis efficiency based on the sizes of the bright dots.

This journal is © The Royal Society of Chemistry 2024
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Cell viability and lysis efficiency

PBMCs were used to evaluate cell viability after
encapsulation. The cells were stained with Calcein AM, gate
setting of the sorting system was set to live cells only, and a
plurality of encapsulated cells was imaged using fluorescence
microscopy to evaluate viability. Live cells can be recognized
as bright small dots, as shown in Fig. 8, because calcein
emits fluorescence inside the cells. In contrast, dead cells are
recognized as large bright dots because calcein diffuses
through the droplets. Multiple fluorescence images were
captured and the viability of 4739 cells was evaluated based
on the size of the bright dots. The viability was evaluated as
96.4%, indicating that the cells encapsulated by the
experimental system maintained high viability. Next, a cell
lysis buffer containing a surfactant was added to the sheath
fluid and the lysis efficiency of the cells after encapsulation
was evaluated. To encapsulate only live cells, cell
encapsulation was performed with the same gate setting as
when the viability evaluation was performed and cell lysis
efficiency was evaluated based on the size of the bright dots
in the fluorescence images. For the 4234 cells recognized in
the fluorescence images, all bright dots were diffuse and the
cell lysis efficiency was evaluated as 100%. The intensity
distributions of the scattering and fluorescence signals of the
cells obtained from the selection optical system differed
between live and lysed dead cells. Because the gate setting
only permitted live cells, the cell lysis buffer contained in the
sheath fluid did not affect the cells in the sample fluid at the
time of selection detection, where the sheath and sample
flow formed a laminar flow. Instead, the cells were mixed
with cell lysis buffer and lysed within the droplets at the time
of encapsulation in the sorting section.

Discussion

In this paper, we proposed a microfluidic device that
selectively encapsulates single cells with high throughput. In
conventional passive devices, to achieve high purity (more
than 95%), the average number of cells per droplet A must be
maintained at less than 0.1. In other words, because 1 is
equivalent to the ratio of the average event detection rate to
the droplet generation rate, the event detection rate must be
set to less than one-tenth of the droplet generation rate,
resulting in very low efficiency of single-cell encapsulation.
To improve the efficiency, a particle-ordering technique
utilizing Dean flow generated within a spiral microchannel
has been developed for passive devices. When the event and
droplet-generation rates are nearly equal, a high
encapsulation efficiency of 79.2% and a high purity of 96.2%
have been reported.”>** However, the particle-ordering
performance is sensitive to parameters such as sample
concentration, sample flow rate, and channel dimensions.
Moreover, the particle spacing and the droplet-generation
rate of the downstream droplet-generation device must be
adjusted, restricting usability. By contrast our proposed
device can acquire the optical and arrival information of cells
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using a selection optical system located upstream of the
sorting section. Therefore, it can actively encapsulate single
target cells. Experimental results show that our droplet
generation device, which has a response time of 75 pus, can
maintain a high purity (>97.9%), under a wide range of event
rates: the average event-detection rate ranged from 2000 to
6000 s~ (corresponding to A = 0.15 to 0.45, calculated as the
ratio of the event rate to the reciprocal of the response time).
Active encapsulation technology can provide flexibility in
supply conditions, such as sample and target concentration.
Under the experimental conditions with the highest target
rate (target concentration of 96.9% and event detection rate
of 5300 s7"), an effective yield of 56.7% was obtained. This
indicates that our system can encapsulate 2900 cells s ' and
generate more than 10 million droplets containing single
cells through continuous operation for 1 h. High throughput
is beneficial for the immune repertoire analysis of T and B
cells with extremely diverse receptors, large-scale CRISPR
screening of cells edited with diverse CRISPR gRNA libraries,
and exploration of novel cell types and rare cells from diverse
cell populations.

Additionally, the optical settings and sensitivity of our
sorting system are similar to those of conventional cell
sorters; hence, the gating settings used in standard flow
cytometry can be used. The use of a multi-parameter sorting
system with multiple scattering and fluorescence signals
enables the more efficient study of cellular heterogeneity for
subpopulations by focusing on specific cell types. For
example, it enables the removal of dead cells and analysis of
only live cells, as well as the encapsulation and analysis of T
cells or B cells from PBMCs containing diverse cell types.

The high viability of cells encapsulated in microchannels
can be maintained even after encapsulation based on the
physical advantages of a closed cell sorter that does not
generate the high pressure or impact associated with droplet
flight.>® In addition, the flow sucked into the short orifice
along with the cells does not develop, and cells smaller than
10 pm are minimally affected by wall shear stress. In this
study, the cells inside droplets were lysed by mixing the cell
lysis buffer with the sheath fluid. This indicates that by
introducing reagents into the sheath fluid, it is possible for
specific cells to react after encapsulation. Based on these
findings, our method can be applied to a wide range of
single-cell analyses. For example, by taking advantage of the
system's high cell viability, it may be applicable to single-cell
culture and live cell imaging. The variability in droplet size in
our system enables the adaptation of droplet sizes according
to the cell type and culture duration with reduced reagent
consumption, which is an advantage of single-cell culture. By
using sheath fluid containing drugs, it may be possible to
analyze drug responses because drugs are mixed with the
cells contained in the sample fluid when encapsulated. By
using sheath fluid containing antigens, capture beads for
secreted molecules, and fluorescent antibodies binding to
secreted molecules, it may be possible to identify droplets
containing cells with high secretion productivity by
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aggregating secreted molecules on the beads within the
droplets. Although this is possible with existing methods,”*>°
our method may be superior in terms of throughput.

Our selective encapsulation system enables cell sorting
immediately before encapsulation within a single device.
Compared to cell sorting using a separate cell sorter, cell
viability can be improved and cell loss can be reduced. It is
also possible to simplify complex workflows using multiple
instruments, thereby leading to more efficient experiments.
Additionally, active encapsulation using our sorting system
can overcome the poor encapsulation efficiency of passive
devices and achieve an outstanding throughput. With
progress in single-cell analysis, the number of cells analyzed
has increased annually, reaching 10> cells by 2020. It has also
been reported that there is a strong correlation between the
number of cell types and number of cells analyzed,"
suggesting that the number of cell analyses is expected to
continue to increase. The proposed technology may bring
high efficiency to single-cell research, enabling larger-scale
analyses with a greater number of analyzed cells.

Conclusions

In this paper, we reported a single-cell encapsulation
technology with a sorting function and demonstrated its high
encapsulation performance. The proposed method enables
high-throughput and high-purity encapsulation by actively
encapsulating only single target cells based on the optical
information of cells obtained from a selection optical system
upstream of the sorting section within the microfluidic chip.
Furthermore, a sorting function for cells, variability in
droplet size, and ability to mix reagents within droplets
enable flexible adaptation to various application
requirements. We believe that the proposed device can
support advanced single-cell studies. Additionally, we expect
that our device will facilitate potential applications that have
not yet been foreseen.
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