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Single-cell trapping and retrieval
in open microfluidics

Tomoki Murakami,’* Hiroto Teratani,’* Dai'ichiro Aoki,” Masao Noguchi,®> Mamiko Tsugane,’
and Hiroaki Suzuki’~*

SUMMARY

Among various single-cell analysis platforms, hydrodynamic cell trapping systems remain relevant
because of their versatility. Among those, deterministic hydrodynamic cell-trapping systems have
received significant interest; however, their applications are limited because trapped cells are kept within
the closed microchannel, thus prohibiting access to external cell-picking devices. In this study, we develop
a hydrodynamic cell-trapping system in an open microfluidics architecture to allow external access to trap-
ped cells. A technique to render only the inside of a polydimethylsiloxane (PDMS) microchannel hydrophil-
ic is developed, which allows the precise confinement of spontaneous capillary flow in the open-type mi-
crochannel with a width on the order of several tens of micrometers. Efficient trapping of single beads and
single cells is achieved, in which trapped cells can be retrieved via automated robotic pipetting. The pre-
sent system can facilitate the development of new single-cell analytical systems by bridging between mi-
crofluidic devices and macro-scale apparatus used in conventional biology.

INTRODUCTION

Over the past decade, methodologies for single-cell analysis have increased exponentially.' In particular, droplet-based technologies have
expanded rapidly, beginning with early digital gene expression profiling methods, followed by the commercialization of single-cell compre-
hensive RNA sequencing (scRNA-seq).* In droplet-based methods, a single cell and barcode DNA are co-encapsulated and tagged in a
small, closed space; subsequently, the barcoded cDNA library is extracted in bulk for further analysis using a next-generation sequencer.
Although this method is extremely effective for revealing expression profiles of single cells, it is less flexible for multimodal analysis because
of the difficulty in adding reagents and imaging after the initial encapsulation step.

In applications such as single-cell imaging, cell culture, drug assays, screening, and other assays involving more complex reagent manip-
ulation, single cells could be isolated and transferred to conventional well plates for microscopic observations and assaying using existing
kits.”® A simple solution is to disperse cells over a substrate at an extremely low concentration and then retrieve and transfer them to a
well plate. However, the random positioning of cells renders their industrial use challenging; picking cells from random locations requires
sophisticated image processing, identification, and positioning. Moreover, this method may cause neighboring cells to be accidentally aspi-
rated. To facilitate robotic imaging and the picking of numerous single cells, single cells should be arranged in an array on a flat substrate. The
simplest method is to create single-cell arrays via vertical sedimentation in microwells,”'” which is a technique typically employed in industry
and basic research owing to its simplicity and ease of operation.'"'? However, the entry of cells into wells is typically stochastic, and a 100%
arraying efficiency is difficult to achieve.

To date, various deterministic lateral cell arraying methods have been investigated and developed using hydrodynamic trapping, with
the earliest studies conducted by Di Carlo et al. in 2006'® and Tan et al. in 2007."” Trapping efficiencies of approximately 100% have been
realized for many devices. However, the industrial applications of these devices are limited. One of the possible limitations is that, whereas
microwells can be opened at the top, thus allowing access to reagents and capillaries for picking, most hydrodynamic trapping devices are
constructed based on a closed microchannel driven by syringe pumps or pressure pumps. Therefore, additional operations after single-cell
isolation are difficult, and downstream protocols must be integrated within the same microchannel system. Fluidigm has realized multiple
operations (cell lysis and addition of PCR reagents) after microfluidic trapping using an integrated fluidic circuit (IFC) with built-in pneumatic
valves.'® However, the entire system and the IFC chip are complicated and expensive.

Open microfluidic platforms are expected to ease the integration of microfluidic devices and macroscale systems by allowing direct access
to additional reagents and manual or robotic pipettes.'”" In particular, fluid control techniques using spontaneous capillary flow (SCF) only
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require an extremely simple setup. By employing geometric confinement or spatial patterns of fluid wetting on a substrate, a microscale flow
in the desired paths can be generated. Although the mechanism of SCF has been investigated comprehensively,”>?*?* its application is still
limited despite its simplicity.”*** SCF-based microfluidic systems have been primarily demonstrated via microchannels on the order of mil-
limeters to submillimeters, although applications for single-cell analysis require a spatial resolution of 10 um. This is likely because precise flow
control comparable to the size of cells has been difficult to achieve in open microchannels. As a representative example, size-based separa-
tion of cells using deterministic lateral displacement has been demonstrated in an open microfluidics platform.?” Another group developed
an open-type stochastic cell-trapping device for a selective cell-picking apparatus for commercial use.”® However, to the best of our knowl-
edge, deterministic hydrodynamic single-cell trapping has not yet been achieved.

In this study, we show that precise fluid control in a single-cell trapping architecture can be realized by performing hydrophilic treatment
only on the inside of open channels measuring several tens of micrometers. We demonstrate single-bead and single-cell trapping by depos-
iting a water suspension, after which trapped cells can be retrieved via manual or robotic capillary pipette aspiration.

RESULTS AND DISCUSSION

Testing SCF in narrow channels

Open microfluidics are based on the spontaneous wetting of the inner walls of channels. This phenomenon is termed as SCF. Based on theo-
retic prediction, SCF occurs when the channel wall is hydrophilic (contact angle <90°) and the cross-sectional shape of the channel satisfies the
following equation?’:

g <cos 0, (Equation 1)
where p,, and psrepresent the wetted perimeter (the length of the liquid-solid interface) and free perimeter (the length of the air-liquid inter-
face) of the channel cross-section, respectively. Therefore, for an open channel with a rectangular cross-section (width W and height H), the
SCF of a liquid with contact angle 6 occurs when Equation 2 is satisfied.

W\J/rVZH <cosf. (Equation 2)

To date, SCFs have been demonstrated experimentally and analyzed theoretically, but most experimental studies were performed based
on relatively large channel dimensions, i.e., typically several hundreds of micrometers. For single-cell trapping, SCFs must be realized in a flow
path whose size is comparable to that of cells (10-50 um). Practical problems may arise under such a regime. Equation 2 theoretically predicts
that SCF occurs in trenches with relatively large aspect ratios (large H). Ideally, although the surface wettability is the same inside and outside
the channel, the flow should be confined to only the inside of the channel because of the pinning effect at the corners on the surface of the
rectangular trench. However, the corner angle of actual micro-trenches cannot be ideal 90°. If the outside of the channel (device surface) is
hydrophilic, then the solution tends to spread out and thus will not be introduced efficiently into the channel. Therefore, in this study, we
employed a strategy in which only the inner walls (bottom and side walls) of a top-side-opened polydimethylsiloxane (PDMS) microchannel
are treated as hydrophilic, whereas the outer surface of the channel (native PDMS) remains hydrophobic. This structure strengthens the
pinning effect at the corner of the rectangular channel, thus promoting liquid confinement within the channel.

The procedure for the hydrophilic treatment of the inside of an open PDMS channel is shown in Figure 1A. First, the microchannel side of
the PDMS plate, in which through-holes were opened at both ends of the channel, was temporarily made hydrophilic by applying O, plasma.
Additionally, another native PDMS flat plate was prepared. The flat plate was not treated with O, plasma to prevent covalent bonding. Sub-
sequently, the plates were laminated together via gentle pressing using a finger. Next, an aqueous solution containing an amphiphilic poly-
mer (either 1%v/v Pluronic F-68 surfactant or polyvinyl alcohol (PVA) solution) was introduced into the channel through a hole. We tested these
two polymer solutions because they have been previously used to hydrophilize PDMS surfaces.?’~>' These solutions flowed spontaneously
into the channel (Video S1) owing to the hydrophilic nature of the channel walls. After the inside of the channel was completely filled, it
was incubated for 30 min, and the solution was removed from the opposite hole via vacuum suction. Subsequently, the PDMS flat plate
was peeled off and the channel device was baked on a hot plate (20 min, 120°C) with the channel side down to promote drying. After removing
the device from the coverglass and flipping it, the inlets/outlets of the open channel device were covered with another PDMS plate from the
backside; thus, the device was ready for use. For long-term storage, the channel surface was protected with Scotch tape.

The open channel used for the SCF test was designed as shown in Figure 1B. This channel comprised three main sections: 1) a drop
section, 2) an open-channel section, and 3) a flow-drive section. The drop section is the area in which the sample is applied. This section
was designed to be wide such that it can function as a reservoir for the bulk sample. A large number of micropillars (width: 50 um, spacing:
50-10 um) was placed to initiate SCF such that the sample would be transported into the channel section. The single-track channel at the
channel section was designed such that the distance from the rectangular mark at the center of each meandering section to the next mark
was 1 mm and the total length was 20 mm (Figure 1C). The flow drive section is a wide and long section with a large number of micropillars.
Hence, the propagating front of SCF is maintained at a nearly constant velocity for a certain duration (typically several tens of seconds to a
few minutes depending on the velocity). At the same time, drying at the channel section was suppressed because a new solution was sup-
plied due to the flow (this section is unnecessary for the SCF test but necessary for hydrodynamic trapping experiments). A photograph of
the device is shown in Figure 1D.
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Figure 1. Fabrication process and design of the open microchannels

(A) Procedure for hydrophilic treatment of inner surfaces of PDMS open microchannel. (i) Oxygen plasma treatment of the channel. (ii) Introduction of hydrophilic
coating reagent after closing the channel. (iii) Incubation at RT. (iv) Suction of reagent. (v) Baking. (vi) SCF test.

(B) Design of open microchannel for SCF test.

(C) Close-up view of the channel region.

(D) Overview of the device. PDMS plate was attached to the backside of the channel device to close the hole used to introduce the surface treatment reagent.

The effects of the dimensions of the channel cross-section and hydrophilic treatment agents were investigated. Open-channel devices with
a rectangular cross-section, a constant width (W= 50 pum), and varying heights H (16, 42, and 78 pm) were fabricated. The differences between
PVA and F-68 surfactant treatments were investigated. When 1 uL of water (or aqueous solution) was deposited onto the drop section, the
front of the water propagated between the pillars and entered the channel. The time points at which the advancing front passed the marks
were extracted from the movie recorded at 40 fps.

In the case of the channel treated with 1% PVA, the speed of the moving front of pure water was slow (Video S2, real-time movie), with
velocities and corresponding flow rates ranging from 0.05to 0.2 mm/s and 0.1 to 1 nL/s, respectively (Figure S1). Meanwhile, it was much faster
in the channel treated with F-68 Pluronic surfactant (amphiphilic diblock copolymer), with velocities and corresponding flow rates up to
~6 mm/s and ~25 nl/s, respectively. Note that, as the front of the SCF proceeds, the velocity and the flow rate gradually decrease because
the viscous drug of fluid pulling behind the front increases. Although the simple criteria for the occurrence of SCF are expressed by Equation 1,
the propagation dynamics of the SCF (the distance traveled by the front, 2) is predicted in the viscous regime of the Lucas-Washburn-Rideal

law (LWR) as a function of time t, i.e.,”%?

z = \/i\/cos 0"V 2%t = B/, (Equation 3)
u
where 7 is the average friction length along the walls in a cross-section, v the surface tension of the fluid in air, u the viscosity of the sample

fluid, and 0 the generalized Cassie angle. This law states that zincreases proportionally to the square root of t. Based on this theory, we plotted
z obtained from the experimental observation against y/t. The SCF test was repeated thrice for each condition (Figure 2A). The results fitted
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Figure 2. Performance tests of the spontaneous capillary flow

(A) Travel distance of advancing front of SCF in open microchannels (W = 50 um) with various H and hydrophilic treatments. Each set of three lines with identical
colors shows the result of triplicated experiments.

(B) Plot of B values obtained using Equation 2 for PVA-treated open channels and various solutions.

(C) Plot of B values obtained using Equation 2 for Fé8-treated open channels and various solutions. Error bars in all panels represent standard deviations in
triplicated experiments.

the theory fairly well, with a linear increase in z against y/t (Figure S2), although in some cases, the data plot deviated from the line at the later
section of the channel. Under the same treatment (F-68 or PVA), the deeper channel yielded a faster SCF that traveled further within the same
period, which is consistent with the LWR law. Notably, the F-68 treatment yielded an SCF that was significantly faster than that afforded by the
PVA treatment. For example, the SCF traveled a distance of 20 mm (end of the test channel) within 5 s under F-68, whereas more than 2 min
was required under PVA. SCF did not occur in the PVA-treated channels at H = 16 pm.

The progression of the SCF also varied depending on the type of flowing solution. The same SCF tests were performed for Milli-Q water, an
aqueous solution containing 1%v/v F-68 surfactant, a cell culture medium (RPMI-FBS), and 25% sucrose solution with high viscosity (~2.5 cP).
Subsequently, the linear region was fitted via the least-squares method using Equation 3 to obtain the constant term g = LVcos V22
(Figures 2B and 2C). Larger B values represent faster SCFs. Under PVA treatment, Milli-Q water and F-68 solution flowed slowly in the 78
and 42 um channels but not in the 16 pm channel. The medium flowed only at H = 78 pm, and no flow of sucrose solution occurred at any
channel size (Figure 2B). However, under F68 treatment, the F68 solution and medium flowed at the same rate as Milli-Q water, although
the flow rate of sucrose was lower, which might be because 8 is proportional to —1/2 power of viscosity.

The static contact angle measurements showed similar values for the F-68-treated and PVA-treated PDMS surfaces (F68, 22.8° + 2.9°; PVA,
28.3° + 2.6°; native PDMS, 97.6° + 1.3) (Figure S3A). Therefore, the difference in SCF velocity was not due to the F-68-treated surface being
more hydrophilic. Thus, we hypothesized that the difference was due to the dynamic wetting properties. The measurement of the advancing
contact angle via the extension/contraction method revealed that the F-68-treated surface wetted significantly more easily in all the solutions
tested (Figure S3B). The dynamic contact angle is affected by surface roughness and uniformity.*” Thus, the difference in the speed of SCF
might be because the F-68-treated surface was uniform and smooth at the molecular level.

In addition, the baking time after F68 treatment affected the SCF. For device fabrication, we set 20 min as the standard baking time
because the channel should be dried to obtain reproducible SCF results. However, the SCF progressed faster in both solutions when the
channel was used after the soaking/aspiration and removal of the lid (Figure S4A). The 8 value decreased slightly as baking time increased
but remained almost constant above 20 min (Figure S4B). This is likely because the moist polymeric surface had better wetting dynamics and
water was completely dried after 20 min of baking. The open channel baked for 20 min resulted in an SCF even after one week of storage at a
rate comparable to that used on the same day as the treatment. We employed a baking time of 10-20 min in all subsequent experiments.
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Figure 3. Design and trapping results in the open microchannel with Tan’s architecture

(A) Design of the open microfluidic channel.

(B) Result of trapping 10 um polystyrene microbeads at 50 trapping sites. Wy =5, Ly = 5, W, = 15, L, = 200, and H = 16 um.

(C) Result of trapping Jurkat cell at 40 trapping sites. W; = 5, Ly = 10, W, = 20, L, = 400, and H = 16 um. A close-up micrograph of cell trapping sites, which are
marked with a dotted red line, is shown on the right.

Beads and cell trapping based on Tan’s architecture

Next, we tested the hydrodynamic trapping of cell-sized particles and cells using the SCF in an open channel. First, we designed the deter-
ministic trap channel based on that developed by Tan et al. in 2007" (Figure 3A), which was placed at the channel section among the three
sections shown in Figure 1B. In the drop section, the size and spacing of the pillars were reduced to separate the cells and filter out the cell
aggregates before they entered the trapping (channel) section.

The dimensions of the trap channel were determined as follows: First, if the bypass channel width (W) is overly large, then the flow rate
through the small gap in the trap (Q) decreases, which renders the trap inefficient. Furthermore, the narrower the bypass channel width, the
more likely the occurrence of an SCF. Thus, W, should not be significantly larger than the size of the cells. Second, a larger channel height (H) is
beneficial to the generation of SCF, as predicted theoretically and through preliminary experiments (Figure 2). By contrast, if His overly large
and exceeds the diameter of the cells, then multiple traps tend to occur in the depth direction of the trapping gap (Figure S5). Considering the
results of the preliminary tests (Figure 2) and the points above, Tan’s hydrodynamic trapping channel with an open architecture was fabricated
with H= 16 pm, W5 = 15 um, and L2 = 200 pm for trapping beads and cells measuring 10 um in diameter. The width of the trapping gap W, was
set to 5 pm (Figure 3A, right). In this device, Q1/Q, was calculated as approximately 3.7. The traps were placed at 50 different locations.

First, the trapping of 10 pm beads was tested. A drop of 1% F-68 solution (0.5-1 pL) was deposited in the drop section such that the fluid
was driven into and completely filled the channel section via SCF. This procedure, i.e., the filling of the cell-free solution, is recommended
because the initial velocity of the solution when filling the dry channel is extremely high and makes cells pass through the trap. Stable
flow at a relatively low velocity was achieved by initially applying the cell-free solution and then allowing the interface front to propagate
at a constant velocity in the flow-drive section to drag the fluid into the trap section. After the channel section was filled with fluid, 1 pL of
a 10.2 pm microbead solution at a concentration of 5 x 10%/mL diluted with 1%v/v F-68 solution was applied. The beads entered the channel
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section stochastically from the drop section to be trapped. After 1-3 min, trapping at an efficiency of approximately 100% was achieved (Fig-
ure 3B; Video S3). Triplicate experiments resulted in 49.3 successful single-bead trapping among 50 traps, with a maximum rate of 100%. Fac-
tors contributing to some locations not being trapped included multiple beads being trapped in a single trap or debris or bead aggregates
clogging the trap.

Next, we trapped the model cell (Jurkat cell; diameter: 10-15 um). In this experiment, we modified the geometry of the trapping channel to
reduce the flow velocity by widening and lengthening the bypass channel (W, = 20 pm and L, = 400 pm, resulting in Q;/Q, = 1.8). This was
performed because, when we attempted to trap cells with a channel identical to that for beads, the cells tended to be squeezed into the trap
and passed through it because of their deformability. Using the modified device, we achieved single-cell trapping at an efficiency of approx-
imately 100% (Figure 3C; Video S4). The reason why we could not determine the absolute trapping efficiency was that, under bright field light
microscopy, some trapped particles were difficult to judge if they were single cells or debris (e.g., the lowest trap within the inset marked by
the red dotted rectangle). Nonetheless, the present open trapping device was confirmed to work similarly to that comprising the closed
channel.

Beads and cell trapping and retrieval based on Chung'’s architecture

In the hydrodynamic trap channel of Tan's architecture,'” the traps were located at short distances. This design is suitable for dense arraying
but not for the selection of individual cells. To enable single-cell picking from an open microfluidic cell array, the distance between neigh-
boring trapping sites should be several times greater than the diameter of the pipette tip to avoid aspiration of multiple cells. Hence, we
created a modified version of the trapping channel proposed by Chung et al. (2011)** (Figure S4A), which featured a distance of approximately
1 mm between neighboring trapping sites.

When the same channel geometry as in the study above was used, beads accumulated in the middle of a wide area within the channel
(Figure S5B; Video S5). This occurred because a concave meniscus was formed at the edges and corners, which caused the liquid level to
decrease toward the center of the channel. Thus, the beads were immobilized at a point where the water level was less than the diameter
of the beads. Therefore, the wide section of the channel had to be partitioned into sections smaller than the capillary length of the solution
such that the liquid surface remained almost flat at the top surface. The entire microfluidic design comprised three sections, similar to that
used in previous experiments (Figure 4A), and the trap channels of Chung's architecture comprised channels partitioned with a width of 30 um
(Figure 4A, inset) inserted into the trapping section. Flow rate analysis using the equivalent electric circuit confirmed that the flow rate ratio
required for trapping was maintained even though the paths separated into complex geometries (Figures S6C and S6D). When the bead so-
lution (5 X 10°/mL in 1%v/v F-68 aqueous solution) flowed through this channel, a single bead was successfully trapped in all 10 traps
(Figures 4B and 4C; Video S6).

Similarly, we performed the same trapping experiment based on Jurkat cells using the same device and discovered that the cells were
trapped at all 10 trapping sites (Figures 5A and 5B; Video S7). Although the frequency was low, some cells deformed or aggregated during
trapping (Figure S7). However, this problem is not limited to open microfluidics but is characteristic of hydrodynamic cell trapping. Further-
more, it can be improved via pretreatment to improve cell uniformity and remove debris, or by embedding cells in gel microdroplets, if
necessary.”

Next, we attempted to capture the trapped cells via capillary suction. If the device remains exposed to air for a long duration (which de-
pends on the atmosphere but is typically more than several minutes) then drying becomes problematic. Therefore, after confirming cell trap-
ping under a microscope, the entire channel device was immersed in water in a dish with a diameter of 5 cm (Figure 5C). The cells and beads
were retained in the trap when the device was gently immersed manually. During viewing under a microscope, a glass capillary with a tip
diameter of 15 um was shifted closer to the trapped cell using a micromanipulator and aspirated using a micro-aspiration pump. Subse-
quently, the aspirated cell was discharged into another container (Figure 5D; Video S8).

Because picking using manual micromanipulators is labor-intensive and time-consuming, a robotic picking machine (Spheroid Go, Aeter-
nus, Japan) with positioning using a motorized XY stage was tested for picking trapped cells (Figure 5E). A glass capillary with a tip diameter of
30 um was used. The capillary tip was viewed on a screen and positioned by specifying the suction spot while the trapped cells in the channel
were observed with the zoom lens from the bottom. Furthermore, the capillary can discharge aspirated cells into a well plate placed on an
adjacent stage. In this study, only the picking (aspiration) operation was performed to demonstrate the principle of single-cell trapping in an
open trap and semi-automatic picking. After placing the trapping device on the stage of the robotic picking apparatus, Jurkat cell suspension
was introduced into the drop region in the same manner as shown in Figure S5A. After the trapping was completed, cells were aspirated by
clicking each trapped cell in the microscope image shown on the PC screen. Here, the z position of the capillary tip was found to be an impor-
tant parameter for cell aspiration from the trap. In the conventional cell-picking method, in which cells are dispersed on a glass plate, the
capillary tip position is typically set slightly above the cells (Figure S8A). However, in the present trapping device, the cells were placed below
the top surface of the PDMS substrate, which did not result in successful cell acquisition (Figure S8B). Even when the tip position was set at the
same height as the top surface of the substrate, the success rate of cell acquisition was relatively low (approximately 50%). When the capillary
tip was set 100 um below the top surface such that the tip was pressed against the PDMS (Figure S8C), the success rate of cell acquisition
drastically increased. We speculate that, owing to the deformability of PDMS, this better aspiration yield was achieved because the capillary
tip was set closer to the trapped cells. Under this setting, all trapped cells were successfully aspirated among 7, 7, and 9 trapped cells in the
10-trap device in triplicated experiments, resulting in a picking yield of 100% (Figure 5G; Video S9). The yields of single-cell trapping were not
always 100% mainly because of the presence of aggregates of several cells and/or cell debris similarly to the experiment shown in Figure 3C. In
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Figure 4. Design and trapping results in the open microchannel with modified Chung'’s architecture
(A) Design of the open microfluidic device. W, = 30 and H = 16 pm.

(B) Result of trapping 10 um polystyrene microbeads at a single trapping site.

(C) Result of trapping 10 um polystyrene microbeads at 10 trapping sites.

some cases (<10% of the trials), the cell squeezed into the trap required several aspirating trials, but eventually all trapped cells were success-
fully aspirated. In the future, this squeezing problem can be remedied by using softer channel material or partitioning the narrow trapping
path.?” This problem is not unique to open channels but is characteristic of deterministic hydrodynamic trapping. In this study, we successfully

constructed a system in which capillaries for picking can be readily accessed via an open single-cell trapping microchannel.

DISCUSSION

In this study, we constructed a system in which an open microfluidic channel driven by an SCF was applied to hydrodynamic single-cell
traps. Single-cell trapping requires fluid driving in a channel with a width and depth on the order of the cell size (10-50 um). To realize
a stable SCF in a semi-open channel on this scale, we established a protocol to hydrophilize only the inner walls of the channel and showed
that treatment with F-68 surfactant was suitable. Using this system, we tested the well-established deterministic hydrodynamic trapping
channels based on those developed by Tan et al. (2007)'” and Chung et al. (2011)** in an open-channel format. Results showed that similar
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Figure 5. Retrieval of trapped cells

(A) Result of trapping Jurkat cell.

(B) Close-up view of a trapped cell.

(C) Overview of experimental setup for cell picking via capillary suction using a manual micromanipulator. The open channel was immersed in water after cell
trapping was confirmed.

(D) Micrograph of a cell retrieved and transferred to another container.

(E) Overview of robotic picking machine equipped with a microscope and motorized XY stage.

(F) Close-up view of picking region. The trapping device was directly placed on a stage, where the cells were introduced and trapped for picking.

(G) Cell picking sequence.

trapping can be achieved using the same principle as the conventional closed channel to show the versatility of our open microfluidics
architecture. The former is suitable for high-density arraying, whereas the latter, by increasing the distance between the traps, allows suc-
tion by capillaries with diameters ranging from several tens to hundreds of micrometers. Here, we designed the latter trapping channel to
have a 1 mm distance between traps to allow aspiration with any capillary diameter, but traps could be placed with a higher density de-
pending on the capillary size. With this device, we demonstrated that the integration of the system with a semi-automatic cell-picking
robot is realizable. The trapped cells were directly aspirated in the demonstration shown in Figure 5 because simple picking is fast and
facile. However, it will take a much longer time to pick and transfer a larger number of cells. In such cases, drying of the fluid in the capillary
could be a problem. We also confirmed that firmly trapped (squeezed) cells remained at trapping sites even when the entire device was
immersed in a buffer in a dish (Figure S9; Video S10). Then, trapped cells can be aspirated with the same protocol. Finally, we emphasize
that the present open-channel device is flexible in the sense that it is compatible with most of the deterministic hydrodynamic cell-trapping

16,38-48

architectures, and the integration of additional components, such as electrodes, for in situ manipulation and analysis are also

straightforward.’""
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In summary, open microfluidics is superior in bridging microfluidic devices and the existing macroscale apparatus used in conventional
biology. The system can be extremely simple because the fluid is driven spontaneously without pumps and tubing. Picking cells from an array
offers the following advantages over picking them from a flat substrate where cells are sparsely and randomly dispersed. (1) Because the po-
sition of cells on the chip is determined, positioning via image recognition is unnecessary or simplified. (2) The risk of accidental drawing of
nearby cells is absent. (3) In single-cell analysis such as scRNA-seq, the presence or absence of cells using images can be confirmed, and the
correlation between cell morphology and gene expression patterns can be examined.>” The present technology is expected to expand the
applications of single-cell analysis protocols used in various fields such as pharmaceutics, diagnosis, healthcare, and life science.

Limitations of the study
The following issues remain to be resolved. First, in the present microchannel design, cells remained in the drop section and the flow-driving sec-
tion was not used, which decreases the trapping efficiency relative to the entire cell population. However, this is not a significant disadvantage
compared with using closed microchannel systems that require dead volume in the tubing. Second, SCF will stop when all of the flow paths
are filled with fluid. However, the flow could be continued or re-started if the fluid is soaked from the downstream, e.g., by applying a filter paper.
Our next challenge is to expand the present system to create large arrays. The flow path inevitably becomes sufficiently long to increase
the number of traps. However, SCF is driven by the wetting and spreading of the progressing front of the water interface, and the longer the
length of the channel trailing behind it, the slower is the progression because of the increased viscous drag. Consequently, a longer time is
required and more drying occurs, which necessitates trapping under strict humidity-controlled conditions. Therefore, the lengths of all trap-
ping sections were designed to be less than 1 cm in this study. If this length is increased 10-fold, then the problems above must be considered.
One possible solution is to introduce trapping and flow-driving sections alternately. Another issue is the improvement in the accuracy of sin-
gle-cell trapping. Conventional closed-channel hydrodynamic trapping devices can easily trap highly uniform and robust particles, such as
microbeads; however, single-cell trapping becomes less efficient because of the significant size variation, deformability, and presence of
debris. In addition, a problem specific to cell picking from an open-channel trap is that a certain percentage of cells are soft and difficult
to aspirate if they are pushed deeply into the trap. These issues require further detailed study, such as the use of softer PDMS substrates
or the design of easily deformable trap structures.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, cells, and other consumables

PDMS Dow Corning Corp., USA Sylgard-184
Negative photoresist Nippon Kayaku, Co. Ltd., Japan SU-8 3010

2inch one-side polished silicon wafer

10.2 um polystyrene beads

Matsuzaki Seisakusyo Co., Ltd., Japan
Spherotech, Inc., USA

<100 > t = 300um
PPS-4

Jurkat Cell Japanese Collection of Research Bioresources Cell Bank

Pluronic F-68 Thermo Fisher Scientific Inc., USA 24040032
Polyvinyl alcohol (PVA) Sigma Aldrich (Merck KGaA) 363170-25G
Sucrose Sigma Aldrich (Merck KGaA) S0389-500G
RPMI-1640 Medium Wako, Japan 189-02025
Fetal Bovine Serum (FBS) Hyclone SH30910.03
Software

Fiji (ImageJ) NIH

Other

Compact etcher (Oxigen plasma) Samco Inc., Japan FA-1

High-speed camera

Microscope

Automated cell-picking apparatus
Nanoliter suction device

L-shaped glass capillary

Teledyne FLIR LLC, USA
Olympus, Japan

Aeternus Co., Ltd., Japan
Nepa Gene Co., Ltd, Japan
Nepa Gene Co., Ltd, Japan

GS3-U3-2356M-C
IX51

Spheroid Go
PicoPipet
1-GS15L-10

RESOURCE AVAILABILITY
Lead contact

Requests for additional information and resources should be directed to the lead contact, Hiroaki Suzuki (suzuki@mech.chuo-u.ac.jp).

Materials availability

The design of microfluidic devices fabricated for this study may be available by contacting the lead contact.

Data and code availability

All data reported in this paper will be shared by the lead contact upon request. This paper does not report original code.

METHOD DETAILS
Device fabrication

The PDMS open microchannel was designed using CAD software (Rhinoceros 6.0) and fabricated as follows:

(1) Amaster mold with a height of 16 um was fabricated using a negative photoresist (SU-8 3010, Microchem) on a 2-inch silicon wafer via
photolithography based on the manufacturer’s protocol.
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PDMS resin (Sylgard-184, Dow Corning) mixed with its curing agent at a 10:1 wt ratio was poured into the master mold.
After curing at 80°C for 120 min, the PDMS slab was peeled off from the mold.
After removing undesired portions using a surgical knife, 0.75 mm holes were created as the inlet and outlet of the flow path.
Steps (2) and (3) were prepared to prepare a flat PDMS (without structure).
Oxygen plasma was applied to the channel side surface of the PDMS microchannel using a compact etcher (O, flow rate: 20 mL/min,
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(7) Aflat PDMS was placed on the channel surface of the PDMS device and pressed gently with a finger until air was removed. Subse-
quently, a drop of 1%v/v F-68 solution was deposited into the inlet hole to fill the channel for approximately 30 min.

(9) Atube was inserted at the inlet or outlet holes to apply negative pressure such that the F-68 solution was removed completely from
the microchannel.

(10) The flat PDMS was peeled off, and the PDMS device with the transferred structure face down (facing the hot plate face) was baked on
a hot plate at 120°C for 10-20 min.

(11) The hole at the inlet of the flow channel was covered with another flat PDMS.

(12) A drop of solution was deposited into the drop section for the SCF and trapping experiments.

Cell culture

Jurkat cells (Japanese Collection of Research Bioresources Cell Bank) were cultured in an RPMI-1640 medium (Sigma-Aldrich) supplemented
with 10% fetal bovine serum (Life Technologies) and penicillin/streptomycin (50 U ml—1; Sigma-) at 37°C in 5% CO,. The cells were resus-
pended in a buffer comprising 130 mM NaCl, 5.4 mM KCI, 1.8 mM CaCl,, 0.8 mM MgCl,, 5.5 mM glucose, and 10 mM HEPES-NaOH
(pH 7.3). The density of the cells was adjusted to ~1.0 x 10° cell/mL before they were applied to the open-channel trapping device.
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