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Analyzing cell-cell interaction is essential to investigate how immune cells function. Elegant designs have
been demonstrated to study lymphocytes and their interaction partners. However, these devices have been
targeting cells of similar dimensions. T lymphocytes are smaller, more deformable, and more sensitive to
pressure than many cells. This work aims to fill the gap of a method for pairing cells with different
dimensions. The developed method uses hydrodynamic flow focusing in the z-direction for on-site
modulation of effective channel height to capture smaller cells as single cells. Due to immune cells'

Received 21st December 2021, sensitivity to pressure, the proposed method provides a stable system without any change in flow

Accepted 20th January 2022 conditions at the analysis area throughout experiments. Paired live cells have their activities analyzed with
calcium imaging at the immunological synapse formed under a controlled environment. The method is

demonstrated with primary human T lymphocytes, acute myeloid leukemia (AML) cell lines, and primary
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Introduction

Cell-cell interaction is crucial in the development and
function of multicellular organisms. Beyond maintaining
tissue homeostasis, understanding how these interactions
work provides insightful information on different
pathological contexts such as cancers,' genetic diseases,”
immunological responses,” and bacterial infections.” They
play an essential role in cell behavior and affect how cells
migrate, proliferate, and differentiate.’

Regarding immunological responses, these interactions
during the formation of immunological synapses (IS) between
immune cells and their partners or target cells could dictate
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cell fate diversity and, therefore, regulation of immune
functions.®® In cancer, innate and adaptive immune
responses strongly cooperate in fighting against malignant
cells. Among the adaptive immune system, cytotoxic T cells
expressing cell-surface CD8 (cluster of differentiation 8) are
the most potent effectors in the anticancer immune response
and form the backbone of current successful cancer
immunotherapies.” Nonetheless, dysfunctional immune
responses of the T Ilymphocytes could lead to cancer
progression.®  Investigating the bi-directional cell-cell
interactions between T lymphocytes and cancer cells would
reveal underlying mechanisms of the (i) resistance of cancer
cells and (ii) the dysfunctions of T lymphocyte activities
against the malignant cells. Heterogeneity of both cancer
cells and immune effectors and their interactions is a
hallmark of malignant diseases. In hematological
malignancies, as in acute myeloid leukemia (AML), the
immune biology is even more complex to study because
leukemia cells share some immunological characteristics of
their normal hematopoietic progenitor counterpart, and
interaction may occur in various environments like the bone
marrow niche or circulating blood.” Thus, AML is a perfect
model to highlight the importance of IS studies. The fine and
dynamic monitoring of events (e.g., calcium mobilization)
during IS formation highlights key mechanisms ruling cell
fate. IS formation will result in events starting from the
initial contact between T lymphocytes and leukemic cells and
extending over several hours. While these events include

This journal is © The Royal Society of Chemistry 2022
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calcium responses in both cell types, monitoring these
responses remains challenging, especially when dealing with
primary cells obtained from patients. Indeed, these cells are
difficult to obtain in great quantity without adding an extra
burden on the patients. Moreover, the heterogeneity of the T
lymphocytes and leukemic cells with resistive properties,
depending on the stage of the disease, demands IS analysis
at a single pair level to characterize IS signatures. Also,
analyzing specific conditions requires certain subpopulations
of T lymphocytes and leukemic cells, which uses a limited
number of cells from patients for analysis, thus limiting the
use of conventional observation methods such as flow
cytometry.

Conventional methods such as bulk coculture systems"’
and  poly-i-lysine-coated coverslips'’ show significant
limitations. These systems have no control over forming cell
pairs.’> Low efficiency in pairing is inevitable, and single-cell
pairing is only possible by chance. Such systems can provide
information at the population level but will miss crucial
single-cell responses to monitor the heterogeneity among
cells.” Precise information on the nature of the contact, e.g.,
duration and cells forming the contact, is essential to analyze
the cellular response. In addition, observing the response
under different experimental conditions, e.g., absence or
presence of specific ions or molecules, provides valuable
information to characterize the interaction at an IS. It is clear
that conventional methods are inadequate for a detailed
analysis of the immune response between two cells in
contact, and alternative techniques providing high control on
cell pairing are required.

Microtechnologies, e.g., micro-wells and droplet-based
systems,"”*° attempted to overcome some of the limitations
the conventional methods. Although these approaches
improved performance over the conventional ones, they still
have significant limitations on the spatial and temporal
control over the contact, making sensitive analysis of early
events unfeasible. The resulting low-throughput format leads
to low spatiotemporal resolution.® Another impractical point
is the lack of control over the environmental conditions,
which restricts multi-step assays, e.g., staining, washing, and
drug testing. On the other hand, microfluidic systems
provide practical solutions to major limitations. Due to the
better handling capabilities, physical traps define precise
positions of cell pairs,> and controlling the flow in a
microfluidic channel brings pairs in contact within a given
time interval. Paired cells are monitored in a controlled
environment by exchanging the solution in the channel.
Elegant designs exhibit high efficiency in forming pairs of
single cells by (i) applying a bi-directional flow to fill
surrogate capture sites prior to the pairing step®>*® or (ii)
inducing a lower flow rate for cells positioned at the narrow
entrance of a trap before captured inside with a higher flow
rate.”® A dense trap geometry allows a massive number of
pairs to be formed in parallel without compromising single-
pair monitoring. However, despite all demonstrated
functionalities, these techniques still exhibit a critical
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limitation on the dimensions of the cells to pair. When
physical traps are used, efficient pairing performance is
available only for cells with similar dimensions. As a critical
part of IS, T lymphocytes are significantly smaller than many
other cells, e.g., one-third of the size of stem cells.”® Cells
with significant size differences can cause pairs formed with
multiple cells. Developing the channel and trap design for
the larger cell can capture smaller cells, e.g., T lymphocytes,
in doublets or triplets due to the height of the channel and
traps. As a result, an alternative method, which is practical
and efficient enough to work with patient samples, is needed
to pair single cells of different dimensions.

Here, we develop a method to pair non-adherent cells
having different dimensions without compromising the
benefits of microfluidics. We specially designed physical
traps to bring different types of cells in contact. Trap
positions provide the exact locations of pairs formed in a
given time. Continuous monitoring allows real-time
measurements of the early and late events in a controlled
environment. Cell pairing of different sizes is based on on-
site channel height modulation and a 3D trap design
capturing smaller cells only at the channel bottom so that
the higher part of the channel is designed for capturing
larger cells. The on-site channel height modulation ensures
that small cells stay at the bottom of the channel through
hydrodynamic flow focusing in the z-direction. The method
is suitable for analyzing patient samples due to the simple
unidirectional flow protocol reducing required steps after
sample insertion and minimizing possible
contamination. To validate our method, we used primary
human T lymphocytes from healthy donors and formed IS
with two cell types, KG1 and primary human blasts obtained
from acute myeloid leukemia (AML) patients, while
monitoring Ca** responses in T lymphocytes.

Cross-

Experimental

Fabrication

The microfluidic device is a PDMS slab with embedded
channels bonded on a glass coverslip. The PDMS slab is
fabricated in two steps: fabrication of the mold by SU8
photolithography and PDMS molding on the fabricated
structures.

The mold had three SU8 layers deposited and patterned
on a silicon wafer. The first layer having 1.5-2.5 pm of
thickness was created to pattern supporting pillars. SU8 2002
was spin-coated at 3500 rpm for 30 s on a 3 inch wafer and
exposed with a maskless lithography system (100 mJ] cm™
with a 375 nm laser, Heidelberg MLA-150) after a soft bake of
2 minutes at 95 °C. The wafer was then post-baked for 2
minutes at 95 °C. The second layer, SU8 2005, was spun at
600 rpm for 30 s to have 4-6 pm of height for capturing small
cells. After a soft bake of 1 minute at 65 °C followed by 2
minutes at 95 °C, the photoresist was patterned (120 m]
em™?). The exposed wafer was baked for 1 minute at 65 °C
followed by 2 minutes at 95 °C. The last layer was 12-14 ym
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of height. SU8 3010 photoresist was spun at 3000 rpm for 30
s, baked for 1 minute at 65 °C followed by 10 minutes at 95
°C, and exposed to UV light of 220 mJ cm™. Following the
third layer exposure, the wafer was post-baked at 1 minute at
65 °C followed by 5 minutes at 95 °C, developed in a SU8
developer solution and hard-baked at 150 °C for 15 minutes.
As the last step, a thin layer of Teflon was deposited with an
RIE machine (100 W, C,Fg 30 mTorr, 30 s, Oxford
PlasmaPro80) for easy molding of the PDMS slab.

PDMS, having a 10:1 ratio for base elastomer:curing
agent, was poured on the silicon wafer with SU8 structures
after adequate mixing and degassing. The thickness of the
PDMS slab was around 1 mm to keep the inlet reservoirs at a
reasonable volume for rapid injection of the cell suspensions
and other required solutions. The device was cured at 70 °C
for 5 hours. The solidified PDMS was then peeled off, and
individual devices were cut into proper dimensions. The
inlets and the outlet were created using biopsy punchers (1.5
mm diameter for primary inlets and 0.5 mm diameter for the
auxiliary inlet and the outlet to connect to pumps). The
bottom surface of the PDMS slab was activated with a plasma
cleaner (Harrick, Hi-level, 5 minutes), bonded to a glass
coverslip (0.17 mm thickness), and baked at 90 °C for 30
minutes. The top surface of the device was covered with tape
during the plasma exposure to protect the hydrophobic
surface properties.

Setup and protocol

Experiments were performed on an inverted microscope stage
(Nikon Eclipse Ti2-E) in a controlled environment (i.e., 37
°C). A confocal microscope (ZEISS LSM 880) was used for
monitoring side views of cell pairs. The microfluidic device
was connected to a pressure pump (Fluigent, LineUp™
Push-Pull) with two control units. One of the controllers was
connected to the outlet and the other to the auxiliary inlet.
Each controller had a dedicated flow sensor (Fluigent, FLU-
M-D), allowing precise control of the flow rates of the
injected and withdrawn liquid.

Prior to experiments, the microfluidic device surface was
treated to avoid non-specific attachments by injecting 50 mg
ml ™" pluronic (F-127) solution from the outlet using a syringe
pump (Kd Scientific) with an initial flow rate of 25 ul min™"
for 3 min, followed by 5 ul min™" for 7 min. Then, the device
was washed with deionized (DI) water. Water was inserted via
the primary inlets while the outlet pump was working in the
withdraw mode at 25 pl min ™" for 5 min. Finally, the device
channels were filled with culture medium injected via
primary inlets while being withdrawn at 25 pl min™" for 5
min. The washing step with water was essential to prevent
aggregate/crystal formation when pluronic solution and
media were mixed. While performing this surface treatment
step, we used a surrogate PDMS layer (thin layer with 1.2 mm
diameter openings) aligned with the primary inlets to keep
the hydrophobic surface properties of the device's top
surface. This step was crucial for efficient sample solution
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injection at the inlets during the experiments by preventing
spread on the surface. After the surface treatment step, the
device was placed on the microscope stage, proper
microfluidic connections were made, and injection inlets
were sealed with separate thin PDMS pieces.

The first step of the experiments was to capture cell type 1
(smaller cells), ie., T lymphocytes. After removing the seal over
primary inlet 1, 5 ul T lymphocyte suspension was dropped at the
inlet 1 while the outlet flow was set to —2 ul min™ and the
auxiliary inlet flow to 1 ul min™'. Depending on the patient
sample conditions, the flow rates were decreased to -1 pl min™
and 0.5 ul min~", respectively when cells were smaller or softer.
The auxiliary inlet pushed T lymphocytes down to the channel
bottom and provided single-cell capturing at the specifically
designed trap layer, ie., layer 1. After 5 minutes of flow, we
increased the auxiliary inlet flow to 2.5 ul min™" to prevent cell
arrival at the trapping area and clean the channel without
changing the flow conditions on the trapped cells. Then, the seal
of primary inlet 2 was removed, and the primary inlet 1 was
sealed. Similar to the first step, 5 pl of cell type 2 (KG1 cell lines)
were dropped on inlet 2, and the auxiliary inlet was turned OFF
due to the larger size of these cells. As the row and column
spacing were designed according to cell type 2, these cells showed
higher efficiency in capturing. Over 80% of the cells were paired
after 3 minutes of flow. For long monitoring sessions, the
auxiliary inlet can be turned ON (2.5 pl min™") to seal the
trapping area, or the flow can continue in the case of patient
samples as such cases might not have the expected concentration
levels. The trapping area was monitored with Ca** imaging
protocol using the Fura 2 ratiometric calcium dye throughout the
experiment. If post-pairing actions were required, the seal of
primary inlet 3 was removed, and primary inlet 2 was sealed
while the auxiliary flow was at 2.5 pl min~. Paired cells could be
exposed to any drugs or other solutions injected via primary inlet
3 after stopping the auxiliary flow. A demonstration was
performed to stain the cytoskeleton after pairing.

Finite element fluidic modeling

The finite element method (FEM) was used to model and
optimize the device. The microchannel geometry was drawn
on COMSOL Multiphysics v.5.5 platform. The geometry used
for the simulations was identical to the actual device. The
user-defined proper meshing was optimized to reduce the
simulation error and minimize the simulation time. Coarse
or extremely coarse meshing introduces error in the results,
while extremely fine meshing takes long simulation time and
memory. The geometry-dependent selective meshing
(position dependent) helps to improve the result in a time-
efficient manner. The fluid velocity fields were simulated
using the Navier-Stokes equation for an incompressible
Newtonian fluid,

p {% + (v-V)v] = —Vp+ V¥ (1)

This journal is © The Royal Society of Chemistry 2022
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where v is the velocity (m s™'), p is the is pressure (Pa), p is
the density (kg m™), u is the viscosity (kg m™ s™"), and ¢ is
the time (s). The device wall boundaries had no-slip
conditions, and all the velocity conditions followed the
experimental protocols.

Channel height modulation was verified using the
transport of the dilute species module and the Laminar flow
module for the fluid velocity profile simulation. Primary inlet
and auxiliary inlet solutions were simulated as fluids
containing different concentrations. The parametric sweep
study condition was chosen for auxiliary and outlet to alter
the flow condition, thus different flow ratio (r) as in Table 1.

The species concentration was monitored inside the
microfluidic channel using convection-diffusion equation,

oc

— = DV?’c—u-Vc (3)
ot

where c is the concentration (mol m ™) and D is the diffusion
coefficient (m* s™'). The auxiliary inlet and the primary inlet
fluid concentrations were set to 0 and 1 mol m™. The
diffusion concentration was chosen as 10™° m” s '. Water was
the working fluid for all the simulations.

Cell culture and preparations

KG1 acute myeloid leukemia cell line was purchased from
ATCC® (CCL-246™). This cell line was cultured at 37 °C
in a humidified atmosphere with 5% CO, in RPMI 1640
medium (Gibco) supplemented with 1%  penicillin
streptomycin antibiotic cocktail (Gibco) and 10% of fetal
bovine serum (FBS) (Gibco). Healthy T lymphocytes and AML
blasts were obtained from peripheral blood samples prepared
by the French National Blood transfusion service (France)
and Lille Hospital, respectively. PBMC were separated by
Ficoll-Hypaque density gradient centrifugation, and CD§" T
cells were negatively selected using the EasySep Human CD8"
T Cell Isolation Kit and magnetic separation columns (Stem
Cell Technology). AML blasts were isolated from peripheral
blood after Ficoll separation and after lymphocyte depletion
using immunomagnetic negative selection (CD3 for T-, and
CD20 for B-lymphocytes). For microfluidic assays, samples
were treated with DNase (50 U ml™) to prevent long DNA
segments from sticking in the device. Before injecting into

Table 1 Flow conditions for the channel height modulation simulation

Auxiliary flow Outlet flow Flow ratio (r)

(ul min™) (1l min™) (Auxiliary : outlet)
0 2 0

0.5 2 0.25

1 2 0.5

1.5 2 0.75

2 2 1

2.5 2 1.25

This journal is © The Royal Society of Chemistry 2022
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the device, the cells were filtered through nylon mesh with 30
pm pore size (MACS® SmartStrainers) to eliminate any
remaining aggregates. Cells were stained with membrane
dyes Dil and DiO (Life Technologies) for pairing efficiency
experiments following the manufacturer's instructions. The
local ethics committee approved all studies, and all healthy
and leukemia suffering patients signed an informed consent
(EFS, CHRU de Lille, Tumorothéque du C2RC, approval
numbers CSTMT079 and PLER/2021/005).

Cell stimulation protocols

Ionomycin stimulation was performed by perfusing
ionomycin (Invivogen) at 10 upM final concentration.
Antibody stimulations were performed by pairing CD8" T
cells with anti-CD3/CD28-coated microbeads (Thermofischer
Scientific). For SOC channels activity experiments,
thapsigargin (focus biomolecules) was added at 2 uM final
concentration, and then a 2 mM Ca®>" solution was
subsequently injected 6 minutes later. Calcium channel
inhibitors Synta66 (Sigma Aldrich) and BTP2 (Abcam) were
added at a final concentration of 10 pM to assess the
implication of SOC calcium channels in the thapsigargin-
induced calcium entry.

For the cell pairing experiments, first, allogenic healthy
CD8" T lymphocytes were activated by anti-CD3/CD28 beads
at a 1:1 ratio for 3 days and cultured 7 days with 30 U ml™
of human recombinant IL-2. Activated allogenic healthy CD8"
T lymphocytes were subsequently pulsed with or without 1 pg
ml™ of a cocktail of superantigens (SEA and Tsst-1; Sigma-
Aldrich) for 30 min at 37 °C and AML blast cell was stained
with membrane dye Dil (Thermo Fischer Scientific) before
cell-cell pairing experiments.

Calcium imaging

Ratiometric dye Fura-2/AM (Interchim) was used as a Ca®*
indicator. Cells were loaded in serum-free RPMI 1640 (phenol
red-free; Gibco) at 37 °C and 5% CO, for 45 min. Cells were
washed in RPMI 1640 by centrifugation and then
resuspended in an extracellular solution containing (in mM):
140 NacCl, 5KCl, 1 MgCl,, 2 CaCl,, 10 glucose, 10 Hepes (pH
7.4 adjusted with NaOH). A similar solution devoid of
calcium (0 Ca®") was used during the imaging experiments,
as indicated in the text and figures. All experiments were
conducted at 37 °C in microfluidic devices installed on a
microscope stage (Nikon Eclipse Ti2-E). Every 10 seconds,
fluorescence was alternatively excited at 340 and 380 nm with
an Optoscan monochromator (Roper Scientific) and captured
at 510 nm by a CMOS camera (photometrics). Acquisition
and analysis were performed with the MetaFluor software
(Molecular Devices Corp.).

On-chip actin staining and imaging

Actin filament staining was performed on the chip by
adapting the manufacturer's protocols. After washing with
PBS, cell pairs were fixed in 10% neutral buffered formalin

Lab Chip, 2022, 22,908-920 | 91
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for 10 min, rewashed with PBS, and then permeabilized with
0.1% Triton X-100 for an additional 10 min. Cells were
rewashed with PBS before adding phalloidin-488 dye solution
for actin filaments staining. Cells were imaged at
corresponding wavelengths with an inverted fluorescence
microscope.

View Article Online
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Results and discussion
Device design and optimization

Microfluidic systems provide practical solutions to investigate
early signaling events of heterogeneous cell-cell interaction
of single-cell pairs. These solutions allow analysis in a

a) Pressure Cell pairing: T lymphocytes b) side view
pump R I AUX|!|ary Palrlpg
. | | inlet site
Outlet area Flow LeUKig::: PDMS Layer 2
- flow control (trapping) Layer 1 \_{l
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Fig. 1 Overall view of the proposed method. a) The device has three areas: inlet area for cells/drugs injection and channel height modulation,
trapping area for cell pairing and activity monitoring, and outlet area for flow control. A multi-layer PDMS device captures T lymphocytes (layer 1)
and leukemic cells (layer 2) at the pairing sites. First, T lymphocytes are injected via primary inlet 1 and captured using auxiliary and outlet flows at
the trap site. Then, primary inlet 2 is turned ON (others OFF), allowing layer 2 walls to guide leukemic cells to form pairs as demonstrated
schematically. b) A side view of the device schematics demonstrates three layers: layer O for helping T lymphocytes capture at layer 1, and layer 2
walls directing leukemic cells to a pairing site. c) Brightfield image (left) and SEM images (right) show the trapping area and a close-up view of a
trap with two layers on the PDMS device. d) The auxiliary inlet provides three flow conditions: (i) for channel height modulation, auxiliary flow is
lower than the outlet flow allowing single-cell capturing of smaller cells. (ii) For separating the trapping area from the inlet area, auxiliary flow is
set to a value higher than the outlet flow. This condition is used when changing the inlet in use. (i) For allowing larger-cell capturing, the auxiliary
flow is set to zero. The outlet flow, and thus, the flow condition in the trapping area, is set to a constant value throughout the experiments to

minimize the mechanical stimulation of cells.
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controlled environment with remarkable spatial and
temporal controls. The critical requirement for such practical
solutions is having complete control over the cell handling
process. Cells must be positioned at predefined locations,
and pairs must be formed within a limited time. These steps
must be observed in real-time to measure cellular activity,
e.g., monitoring intracellular Ca** concentrations using
ratiometric dyes with fluorescence microscopy. Therefore, the
proposed design uses specially designed physical traps on a
glass coverslip to pair cells while monitoring fluorescence
throughout an experiment.

The microfluidic device is a fabricated PDMS slab placed
on a coverslip. The device has three parts (Fig. 1a): an inlet
area, an outlet area, and a trapping area. Inlet and outlet
areas are used for cell handling by injecting a cell suspension
in the channel and controlling the flow. The trapping area is
because both cell pairing and the activity
measurements are performed in this area.

The inlet area has three primary inlets for cells or drugs
injection and an auxiliary inlet for on-site channel height
modulation. Two primary inlets are assigned to the two types
of cells to pair. The remaining primary inlet is required when
post-pairing actions are taken, eg., setting specific
environmental conditions, staining, and drug insertion.
These inlets are not connected to any pumps and allow direct
injection of solutions into the channel to improve the
practicality and provide rapid responses. The inlets are sealed
to prevent cross-contamination and opened only during
sample insertion (Fig. S1t). The auxiliary inlet is connected
to a pressure pump with precise control of the induced flow.
The sub-channels of primary inlets merge into the main
channel before reaching the auxiliary inlet. An essential
element of the inlet area is the filter site. Each cell-injection
primary inlet has a cell-size specific filter area before the
main channel (Fig. 1a and S2f). This filter prevents cell or
debris aggregates from reaching the trapping area and
clogging the channel.

The outlet area connects the main channel to a pressure
pump to control the flow. The pump is first used to fill the
channel prior to the experiments. After surface treatment, the
channel is filled with a buffer solution (or media) until all air
bubbles are removed from the channel using the “injection”
mode (positive pressure). The second use of the pump is to
control the flow in the “withdrawn” mode (negative pressure)
to provide a unidirectional flow. Flow sensors connected to
pumps provide precise monitoring and control of the
constant unidirectional flow applied throughout the
experiment.

The trapping area is the most critical part of the device,
where cells are paired and monitored for analysis. An array of
3D traps is fabricated in the PDMS structure with dedicated
layers for each cell type. There exist three layers (Fig. 1b). The
first one (layer 0) at the bottom has a 2 pm height without
any structures except for several columns maintaining
structural integrity. The next layer (layer 1) captures cell type
1 (smaller cells) during the unidirectional flow from the

crucial
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primary inlet 1 to the outlet. Layer 1 structure starts from 2
pm until 8 pm above the bottom surface for capturing T
lymphocytes. Traps are formed of two parts on each side of a
narrow opening (Fig. 1b and c) to provide a flow path for cell
capture. A second cell following the first one is forced to take
another flow path as the narrow opening was blocked
(demonstrated with velocity profile simulations; Fig. S37).
The channel height modulation is critical for cell type 1
(smaller cells) to be kept at the bottom surface for avoiding
multiple cells captured on top of each other because the
height of the trap can accommodate multiple cells (Fig. 1d).
The last layer (layer 2) is designed as a wall from 8 um height
to 20 um height to affect only cell type 2 (larger cells)
(Fig. 1d). The wall is designed to have an angle (45°) with the
initial flow direction to direct larger cells specifically to the
pairing positions (Fig. 1a and S4f). The angle is reversed for
the later part of the assay to improve the capture rate, which
results in a >shaped array (Fig. S41). Due to its small size,
cell type 1 is not affected by layer 2 and can move under the
wall structures, while the auxiliary flow is used for height
modulation. The formed pair has a contact plane
perpendicular to the visualization plane, allowing
fluorescence imaging of each cell.

The trapping array is formed with specific spacing
between each row and column. The array must be designed
according to the size of larger cells, i.e., cell type 2, to prevent
clogging. As a trade-off, the capturing efficiency of the
smaller cells, ie., cell type 1, decreases due to trap-site
density being scarce for the size of cell type 1. Experimental
evaluation showed that an optimum row spacing corresponds
to ~2 times and the column spacing to ~1.4 times the cell
diameter (cell type 2) (Fig. S57). In the demonstrations, we
used primary human CD8" T lymphocytes (5-8 um in
diameter) and KG1 AML cell line (12-18 um in diameter).
Thus, the row and column spacings were chosen as 30 pm
and 20 um, respectively.

On-site channel height modulation

On-site channel height modulation is essential for providing
pairs of single cells from each cell type. As the device must
be designed with a height suitable for the larger cells (cell
type 2) to avoid clogging, active on-site control is needed for
adjusting the channel height for smaller cells (cell type 1) to
sustain single-cell pairing without compromising practicality.
We integrate the auxiliary-inlet 3D hydrodynamic focusing
flow”® with the outlet cell handling flow when channel height
is modulated. Positioned between primary inlets and the
trapping area, the flow introduced at the auxiliary inlet forms
a laminar flow pushing the injected type 1 cells (via inlet 1)
to the bottom surface for trapping at the capture sites
(Fig. 1d-i). This effective channel height can be modulated by
collective control of the auxiliary inlet and outlet flow (Fig. 2a
and S61).

The relation between the auxiliary inlet flow and the outlet
flow plays a critical role in single-cell capturing for cell type 1
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On the other hand, high auxiliary flow (r = ~1) prevents cells from moving to the trapping area and causes the vast majority of the trap sites to
stay unoccupied. The auxiliary flow being around half of the outlet flow (r = ~0.5) is optimum, resulting in >80% of the trap sites being filled with

single T lymphocytes.

(smaller cells). We demonstrated the effect of on-site channel
height modulation with primary human CD8" T lymphocytes
from healthy donors. When we did not use any auxiliary flow,
only ~30% of the trap sites were occupied with single T
lymphocytes. The vast majority of the traps (~70%) had
multiple cells because the channel was too high for these
small cells to capture as single cells. While keeping the outlet
flow constant, increasing the auxiliary flow rate improved the
single-cell capturing percentage. The auxiliary flow being half
of the outlet flow (flow ratio, » = 0.5) provided the optimum
condition with a single cell trapping rate being >80% and a
multiple-cell trapping rate being ~10%. Further increase in
the auxiliary flow decreased the effective channel height
preventing T lymphocytes from reaching the trapping area,
resulting in fewer single-cells captured and increased empty
traps (reaching ~90% for r = 1). Therefore, for the given
channel configuration, T lymphocyte experiments used half
of the (withdrawn) outlet flow as the (injected) auxiliary flow
(Fig. 2b).

Besides the single-cell capturing capability, the auxiliary
flow could practically separate the trapping area from the
inlet area. This separation helped stability when switching
from using one primary inlet to another. Among three
primary inlets, we used only one of them at once to provide
practicality and prevent cross-contamination between inlet
channels. Therefore, we sealed injection inlets with PDMS
pieces when they were not used. Physically opening and
sealing the primary inlets caused pressure fluctuations which
could remove the captured cells from the traps. The auxiliary
flow prevented any pressure fluctuation at the inlet area
affecting the trapping area and separated them by making
effective channel height zero (auxiliary inlet flow > outlet
flow, i.e., r = 1, Fig. 1d-ii and S67). As the outlet flow, and
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thus, the flow at the trapping area did not change, the
captured cell condition stayed constant throughout the
experiment.

Single-cell capturing

Cell pairing was performed between two cell types which
required independent single-cell capturing of two different
cell types at specific positions. Small type 1 cells were
captured using the outlet and auxiliary flows, while type 2
cells were captured only with the outlet flow (Fig. 1d).
Single-cell capturing of the smaller cells was demonstrated
with primary human CD8" T lymphocytes obtained from
healthy donors. T lymphocytes with a concentration of
150000 cells ml™" were injected into a fabricated device. The
effect of the channel height modulation on single-cell
capturing was investigated by comparing different pump
configurations. An outlet flow rate of 2 ul min™ was applied on
the microfluidic device using a syringe pump (Kd Scientific)
and a pressure pump (Fluigent, LineUp™ Push-Pull). These
conditions were compared with a combined auxiliary and
outlet flow case with 1 pl min™ auxiliary and 2 pl min™
outlet flow rates (flow ratio, » = 0.5 for auxiliary:outlet flows
to stay in the optimum range). The results showed a clear
improvement over the no auxiliary conditions after a 5
minute flow (Fig. 3a). Both syringe and pressure pumps
showed similar results: only ~25% of the traps were occupied
with single cells, and double, triple, and quadruple
occupations were all >20%. The auxiliary flow use improved
the single-cell occupancy rate above 80%. Multiple-cell
occupancy rates were <10%, where most of the multiple- cell
occupancies were because of the arrival of cell aggregates
rather than multiple single-cells being captured separately.

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Single-cell capturing requires optimized flow conditions. a)
Using auxiliary flow improves the capture of a single T lymphocyte
drastically. b) Keeping the auxiliary to outlet flow ratio at 0.5, different
flow rates show different trap occupancy characteristics. Obtaining
80% single-cell occupancy in 5 minutes is chosen as an acceptable
condition (1 pl min™ auxiliary and 2 ul min™ outlet flow) to keep
mechanical stimulation at low levels. c) KG1 cells are captured with
only the outlet flow. Over 80% single-cell occupancy was achieved in
3 minutes with the same outlet flow (2 ul ml™) due to the trap array
design being better suited for the size of KG1 cells than T lymphocytes.

Essential parameters to obtain optimum capturing
performance were the auxiliary and outlet flow rates. We used
the optimum flow rate ratio, ie., 0.5, to test different flow
conditions. Higher flow rates brought more cells and, thus,
filled the trap sites in a shorter time. However, on the one

This journal is © The Royal Society of Chemistry 2022
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hand, high flow rates provided higher drag forces on the cells
that could cause cells to be compressed at the flow layer (the
2 pum layer at the bottom of the channel) and to slip away.
We prefer minimizing mechanical stimulations as the
pressure can activate signaling pathways and ion channels.
On the other hand, lower flow rates did not exhibit notable
mechanical effects but took longer to fill the trap sites.
Injecting T lymphocytes (150 000 cells mI™") in the device with
flow rates of 4 ul min™" auxiliary and 8 ul min™ outlet flows
filled 80% of the traps with single cells in 2 minutes while
flow rates of 0.5 pl min™" auxiliary and 1 pl min™" outlet flows
took 10 minutes to reach >80% occupancy for single cells.
We considered 5 minutes acceptable for >80% single-cell
occupancy and chose 1 ul min™" auxiliary and 2 pl min™
outlet flows (Fig. 3b). However, when handling primary
human CD8" T lymphocytes from AML patients (not shown
here) we observed a higher variation of the cells’ size (and
possibly stiffness). We had to use lower flow rates for some
experiments to prevent cells from slipping away from the
capture site.

Similar experiments were performed to capture larger
cells, ie, single KG1 cells, using only the outlet flow.
Although an 80% single-cell capture rate was achieved in 2
minutes with 4 ul min™ outlet flow, we decided to use 2 ul
min~" outlet flow to keep the same flow rate throughout the
experiments while minimizing the potential mechanical
stimulation of cells. According to the results, an 80% single-
cell capture rate is achieved in 3 minutes of outlet flow
(Fig. 3c).

The size difference between the two types of cells resulted
in a decrease in the capturing efficiency of T lymphocytes.
The row and column spacings were decided according to the
KG1 cells to avoid clogging. Their diameters were 1.5-3 times
larger than T lymphocytes. Consequently, there were large
gaps between the T lymphocyte capture sites. We considered
>80% of a single-cell trap occupancy as a sufficient level. The
experimental results showed that around 30% of the T
lymphocytes injected in the channel could be captured to
reach this occupancy level in 5 minutes of combined
auxiliary/outlet flow (Fig. S7at). In contrast, >50% of the
injected KG1 cells were captured in 3 minutes of outlet flow
to reach >80% of a single-cell trap occupancy (Fig. S7bt).

Single-cell analysis: SOC monitoring

The previous sections demonstrated the single-cell capturing
performance of the proposed method. A crucial step is to
validate the functionality of the captured cells before
applying for cell-cell interactions at an IS. We took this
opportunity to perform a single-cell analysis of early signaling
and functional responses of non-adherent cells. We
performed experiments using cells loaded with the
ratiometric Fura 2 calcium dye to validate cell viability and
drug responsiveness. Cells were captured in our device while
monitoring over time calcium concentrations [Ca®]; in the
cytoplasm with a dedicated calcium imaging rig. We used
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Fig. 4 Calcium response of CD8"* T-lymphocytes and KG1 cells. a)
Time course of T-lymphocytes calcium responses to the application of
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responses to thapsigargin, either alone (control) or combined with
Synta66 or BTP2, two inhibitors of SOC channels. ¢) The same
experiment as (b), but with KG1 cells. n corresponds to the number of
analyzed cells.

two representative cell types: primary human CD8" T
lymphocytes isolated from healthy donors and the KG1 AML
cell line as proof of principle.

The calcium response of CD8" T-lymphocytes was
monitored at 37 °C after being captured in the device
(Fig. 4a). We first used the calcium ionophore ionomycin as a
positive control to determine whether captured cell remained
alive. The application of 2 pM ionomycin in the presence of 2
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mM calcium in the extracellular solution elicited a rapid
increase in [Ca®']; expressed here as a ratio of fluorescence
(F340/F380). This experiment showed that (i) cells remained
viable in the device, and (ii) the extracellular solution around
the cells could be exchanged within seconds.

We then evaluated cells' capacity to respond to a
commonly used drug, namely thapsigargin, to further
validate the potential application of our device to
pharmacological studies. Thapsigargin is an inhibitor of
SERCA (sarcoplasmic endoplasmic reticulum calcium ATPase)
pumps. Application of this drug induces a calcium release
from the endoplasmic reticulum (ER), leading to the
activation of store-operated calcium (SOC) channels in the
plasma membrane and the resulting capacitative calcium
entry. SOCs represent the main calcium entry pathway in
non-excitable cells, and their activation and roles are well
documented in T cells and leukemia cells.***” We thus
decided to use SOC channels as a readout for our device's
practical applications to biological studies. Application of 2
uM thapsigargin at ¢ = 3.5 min elicited a transient increase in
[Ca®>"); corresponding to the ER calcium stores release
(Fig. 4b and c). Subsequent application of 2 mM extracellular
calcium at ¢ = 10 min allowed us to determine SOC activity in
both cell types. SOC activity resulted in a calcium entry into
the cells, leading to an increase in [Ca®']; visualized through
an increase in the fluorescence ratio of the calcium dye Fura
2. Experiments were repeated in the presence of 10 uM BTP2
or 10 uM Synta66 (added with thapsigargin at ¢ = 3.5 min),
two well-known inhibitors of SOC channels, to further
validate our ability to apply pharmacological modulators in
our device. The perfusion of T lymphocytes and KG1 cells in
separate devices with both compounds led to the expected
inhibition of SOC activity. Indeed, in the presence of BTP2
and Synta66, extracellular calcium application only resulted
in a slight increase in [Ca*]; as shown by the reduced
fluorescence variations compared to respective control
conditions (Fig. 4b and c). Overall, these experiments show
that this new device is compatible with biological systems
studies.

Cell pairing and cellular activity monitoring

Investigating an immunological synapse requires a controlled
cell pairing process between two cells, e.g., T lymphocytes
and leukemic cells. We used primary human CD8" T
lymphocytes and KG1 AML cell lines for cell pairing
demonstrations. As explained in the methods section, we first
injected T lymphocytes via primary inlet 1 and captured them
at the trapping area in the presence of an auxiliary flow.
Then, the active primary inlet was changed from 1 to 2 while
the auxiliary flow was separating the inlet area from the
trapping area. KG1 cells were injected via inlet 2 and
captured after stopping the auxiliary flow. The outlet flow
was kept constant throughout the experiment to minimize
mechanical stimulation of the cells. We considered >80%
single-cell occupancy acceptable for both T lymphocytes and

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Cell pairing and monitoring their activities. a) The proposed method formed pairs of single primary human T lymphocytes and single KG1
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as doublets. (i) Imaging a pair with confocal microscopy. c) Ca®* imaging experiments showing T cell activity following IS formation. Cell pairs
were formed at t = 1 min. d) An allogenic condition was obtained by pairing primary human CD8" T lymphocytes from healthy donors and primary

AML blasts.

KG1 cells and performed cell pairing by operating the pump
with the chosen flow parameters. The results showed that
single T lymphocytes and single KG1 cells formed pairs at
~70% of trap sites (Fig. 5a). An additional ~10% of the sites
were single-to-doublet cell pairs. Most of these multi-cell
pairs (Fig. 5a and b) were formed by cells arriving in the
trapping area as aggregates rather than being captured as
two separate cells.

Cell-cell interaction studies benefit from observing late
events and the early ones. For monitoring late events, pairs
must stay at each trap site they were captured until the end
of the observation. We tested our protocol with two different
designs for a 4 hour observation period under constant outlet
flow at 37 °C. Slower flows, e.g., 0.02 ul min', resulted in
losing pairs (<15%) mainly due to Brownian motion
separating KG1 away, while faster flows resulted in losing
pairs mainly due to T lymphocytes being slipped away
through the narrow opening of the trap or the flow layer
(layer 0) at the bottom. The narrow opening design affected
the ratio of lost pairs. Continuous flow caused many pairs to
slip away in a straight narrow opening design (80% at 4 ul

This journal is © The Royal Society of Chemistry 2022

min'). Tilting the narrow opening at an angle of 45°
increased the fluidic resistivity and decreased the adverse
effects significantly. The lost pairs were only at ~15% at 4 ul
min ' outlet flow in an angled narrow opening device. For
long observation sessions, the optimum flow rate was
obtained as 0.3 pl min™", at which rate only <3% of the pairs
were lost at the end of a 4 hour observation (Fig. S81). The
number of lost pairs did not change after 0.5 hours, which
suggested that much longer observation was possible (Fig.
S8t).

The ability to monitor cell-cell interactions from initial
contact to an extended time opens a unique opportunity to
perform single-cell analysis of the resulting early signaling
and functional responses. We studied the early events that
occurred during an IS formation between an effector immune
cell with its target cell to validate the principle for our
device's practical applications. We monitored early activation
of the immune cell in real-time, reflected by the calcium
mobilization at 37 °C. Here, the IS was formed by the
interaction between one KG1 cell and one CD8" T lymphocyte
cell. Using our device coupled to a calcium imaging rig, we

Lab Chip, 2022, 22,908-920 | 917
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monitored in real-time basal [Ca*'];, and [Ca*']; variations, a
rapid and sensitive readout of T cell receptor (TCR)
engagement following IS formation between superantigen
pulsed primary human CD8" T lymphocytes and KG1. The
results showed the induced -calcium responses in T
lymphocytes loaded with Fura2 calcium dye due to the pairs
formed between CD8" T lymphocytes and KG1 (Fig. 5¢ and
S9at). A similar unidirectional flow protocol was applied to
pair CD8" T lymphocytes and primary human leukemic blasts
(Fig. 5d and S9bt). Positive control was performed by adding
ionomycin at the end of all experiments to check T cells
viability and responsiveness to stimuli (Fig. S9¢t). Our results
proved that the proposed method enables real-time analysis
of cellular activities on pairs of single cells, even for size
differences reaching three times.

The third primary inlet allows the proposed method to
perform some post-pairing actions. After the formation of the
IS and the assay period, the auxiliary inlet separates the inlet
and the trapping areas without compromising the constant
flow conditions at the trap sites. In this condition, the second
primary inlet is sealed, and the third primary inlet is opened
to inject solutions into the channel. We demonstrated the
feasibility of our method to assay the early molecular events
during lymphocyte activation. As actin filaments are
reorganized during synapse formation, we stained them to
monitor whether they were polarized at the cell contact point.
We first fixed and then permeabilized the cells to perform
staining. As the last step, we injected phalloidin-488 to
finalize actin filaments fluorescent staining (Fig. S107).

Discussion

The presented method provided pairs of non-adherent cells
having different sizes to investigate early and late cellular
activities at IS. Techniques such as droplet microfluidics
could potentially bring cells of different sizes nearby but still
cannot study early signaling dynamics and their correlation
to subsequent functional behaviors.”* Demonstrated
microfluidic channels show excellent performance in
investigating early signaling and high efficiency in forming
pairs of similar-sized cells.>> 2D design changes on such
systems could capture cells with different dimensions.
However, when the smaller cell is as small as half of the
larger cell, multiple cell capturing is inevitable in the
z-direction. Therefore, we introduced a practical channel
height modulation to provide pairs formed by single cells
despite their size differences. Hydrodynamic flow focusing in
the z-direction allowed us to flow the smaller cells by the
bottom surface and capture them at the trap sites positioned
at that level. As discussed below, this flow, named auxiliary
flow, showed several other advantages.

Pairing cells of different sizes required a device designed
according to the larger cells. The channel height, trap
density, and trap position were decided accordingly. Although
we could overcome the channel height effect on smaller cells
with an auxiliary flow, the trap density and positioning could
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not be designed according to the smaller cells. Consequently,
such cells showed a lower capturing rate and efficiency. The
overall capture efficiency can be improved by repeating the
>shaped trap sites. This paper demonstrated the method
with primary human samples after several sorting steps,
which resulted in a limited number of cells. Moreover, to
achieve sensitive Ca®" imaging, we used relatively higher
magnification (20x), limiting our observation area. As a
result, we did not push higher efficiency rates but focused on
pairs of single cells.

Pressure can activate the signaling pathways of a cell. It
can also induce ATP release from the cells, activating SOC
channels of the same and surrounding cells.>’” T cells are not
only sensitive to pressure®® but also smaller and more
deformable than many other cells, e.g., cardiac myocytes®
and stem cells.>® As we monitor TCR with Ca®* imaging to
investigate cellular activities, stable and reliable protocols
minimizing the pressure fluctuations applied on cells are
crucial. A unidirectional flow format and single-step trapping
minimize the disturbance to the captured cells, unlike other
examples requiring bidirectional flows with consecutive two-
trap-site capturing® or multi-step trapping through physical
constraints with different flow rates.”® Compressing cells
(reaching 50%) during capturing®® may lead to unexpected
cellular responses in addition to the ones due to
immunological responses. The auxiliary inlet completely
separates the inlet area from the trapping area without
changing the flow conditions in the latter. Therefore, the
auxiliary inlet flow and single-step cell capturing provide
constant flow conditions at trap sites throughout the
experiments minimizing potential external effects on cellular
activity during actions taken at the front end of the device.

The proposed three primary inlet geometry may seem
intricate; however, it minimizes washing steps and cross-
channel contamination as only one inlet works at a time.
When we increase the auxiliary flow rate above the outlet flow
rate (flow ratio, r > 1) right before changing from inlet 1 to
inlet 2, we induce a flow towards inlet 1 which cleans the
main channel. The new cells injected in inlet 2 flow along
the main channel without contamination from inlet 1. As a
result, the auxiliary flow separating the inlet and trapping
areas makes the system much more stable during the
injection of new cells or solutions in the channel by
preventing any flow fluctuation in the trapping area while
cleaning the main channel simultaneously.

Conclusions

Studies on cell-cell interactions attracted many researchers,
particularly cancer immunology, to develop cell pairing
devices to investigate early events. Although some designs
were demonstrated for analyzing pairs with similar-sized
cells, these devices show difficulties maintaining pairs of
single cells when the dimension of cells differs. We filled this
gap by introducing 3D hydrodynamic flow focusing on
changing the effective channel height while pairing cells with

This journal is © The Royal Society of Chemistry 2022
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different dimensions. We used physical traps having different
geometries to capture different cell types. Ca>* imaging was
performed in real-time to monitor early events at an
immunological synapse formed by paired cells at specific
trap sites. We demonstrated the method using primary
human T lymphocytes, KG1 AML cell lines, and primary AML
blasts. As T lymphocytes are sensitive to pressure, our
method provided minimal disturbance to the cells and pairs
by keeping the flow conditions at the trapping area constant
throughout the experiments, including both cell capturing
steps. The results showed that the proposed method could
pair primary human cells having different dimensions
forming an IS in a controlled environment.

To sum up, the proposed method leads to deciphering
mechanisms of IS formation between tumor cells and
different types of immune cells (e.g., T and natural killer),
which play a significant role in cancer immunology. In
addition, despite the heterogeneity of immune-cancer cells
interactions caused by their specific properties, our method
allows detailed functional studies at the IS level reflecting the
diversity of immune cells and malignant cells behaviors. The
detailed tracking of immune-cancer cell interactions at the
single pair level helps uncover key mechanisms to improve
the efficiency of various immunotherapeutic strategies.
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