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Abstract

The study of lymphocyte polarization upon antigen encounter typically relies on the random
pairing between the cells of interest and a stimulating particle (micro bead) that mimics only some
of the properties of the antigen-presenting cells. Here, we show how to build and use a microfluidic
chip that allows to multiplex and synchronize the encounter between a lymphocyte and an antigen-
presenting object: a functionalized oil-in-water droplet. We also explain how to fabricate and
functionalize lipid droplets, an antigen presenting tool that is, at the same time, deformable, fluid

and spherical.

Key words Microfluidics, immune synapse, dynamics, live imaging, polarization, lymphocyte

1. Introduction

Immune synapse formation is accompanied both in B and T lymphocytes by a quick cytoplasmic
rearrangement that leads to the establishment of a polarity axis passing through the center of the two cells.
In order to observe the polarization events that occur with antigen extraction (in B cells), CD4 signaling

(in CD4" T cells) and granules release (in cytotoxic T cells), one needs an activating object carrying the



ligands of the specific receptor (BCR or TCR) and a method to control the precise moment when cells are
activated and follow the cell in 3D+time with a seconds-to-minute time resolution.

In vivo, lymphocytes are activated by an antigen bearing cell, e.g. a subcapsular sinus macrophage for B
cell [1], antigen presenting cells for CD4" T cells [2] or target cells for CD8" T cells [3]. For in vitro
experiments, to homogenize the results, it is customary to use an object that mimics these cells' geometry,
physical and chemical properties, such as engineered cells [4-6] or functionalized micro-beads [7, 8]. A
recently introduced antigen presenting tool, functionalized lipid droplets, has sizes comparable to the
cellular one, is deformable, and presents the antigen to the cell on a fluid surface (as e.g. lipid bilayers)
[9-11]. We describe here how to produce and functionalize these lipid droplets. The development of this
protocol is thoroughly described in Refs. [12, 13].

The encounter can be conveniently synchronized and multiplexed in a dedicated microfluidic chip that we
designed for this purpose [14], inspired by previous setups [15, 16]. In this method paper, we present how
to build and use this microfluidic chip to follow cell activation by microscopy. The chips are produced in
PDMS by soft lithography after the design and construction of the mold (which can be reused after the
first production step). The fabrication and optimization of the chip have been thoroughly described in
Refs. [14, 17].

Ultimately, the experiment consists in loading the droplet in the chip, loading the cells and observe
several doublets by live microscopy, possibly using at least two colors to detect simultaneously the
kinetic of antigen accumulation (synapse formation) at the kinetic of polarization (e.g. cytoskeleton).

This protocol describes how to (1) microfabricate the master mold (reusable), (2) build the microfluidic
chip, (3) formulate and functionalize the lipid droplets, and (4) assemble the system and perform the
experiments using as example B lymphocyte cell lines from a B cell lymphoma (IIA1.6). Adaptation to

other cell types is possible and will be indicated, when possible, in the protocol.
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2. Materials

10.

11.

12.

2.1 Microfabrication

Single-side polished silicon wafer, 4-inches, pre-heated for > 30 min (see Note 1)
Negative tone photoresist, SU-8 2015, Microchem [18]

Spin-coater

Mask aligner, MJB4 - SUSS MicroTec - or UV-Kub -Kloe-, turned on 20 min before
microfabrication

SU-8 developer, Microchem, or PEGDA, CAS 26570-48-9
Isopropanol, =99.5%

3 Hot plates, set at 65°C, 95°C and 200°C > 30 min before microfabrication (see Note
2).

Chrome or plastic mask containing the micro-traps designs (see Note 3)

O, plasma

Silane, perfluorodichlorodimethylsilane

Vacuum bell jar

Pumice stones

2.2 Microfluidic chip assembly

PDMS, RTV 615 (see Note 4), mix the needed volume at 1:9 ratio, the mixture should
have plenty of bubbles. Prepare at the time of experiment (see Note 5).

Microfluidic traps master (initial wafer or epoxy replica) (see Notes 3 and 20)

Vacuum bell jar

Oven set at > 60°C

Scalpel

Razor blade (optional)
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10.

11.

12.

13.

14.

15.

16.

17.

18.

Cutting mat

0.5 mm diameter microfluidic biopsy puncher, with plunger (see Note 6)

Tape, 3M Scotch 810 magic tape

Ethanol >98 %

Dry compressed air

Disposable syringe, regular tip

Flat tweezers

Sonicator bath

Fluorodish, World Precision instruments FD35-100

Atmospheric plasma cleaner, PDC-32G Harrick

0.2 % w/v PVP K90 solution, MilliQ water with 0.2 % PVPK90, wait for dissolution and
store up to one month at 4°C. Filter before using.

Needle, Stainless Steel Plastic Hub Dispensing Needles 23 GA Kahnetics KDS2312P

(see Note 6).

2.3 Droplet formulation and functionalization

1.

Qil phase: DSPE-PEG(2000) Biotin, 880129, Avanti Lipids (see Note 7), 0.05 mg/mL in
soybean o0il (see Note 8). Resuspend DSPE-PEG(2000)-biotin at 10 mg/mL in
chloroform. Add 150 pL of this solution to 30 g of soybean oil, stir gently, and leave in a
vacuum bell jar for over 3h30 at room temperature (see Note 9).

Aqueous phase: 15%w/v Pluronic F68, CAS 9003-11-6 (from 30% stock solution in DI
water) + 1%w/v Sodium alginate, CAS 9005-38-3 (from 4%w/v stock in H,O). Prepare
the continuous by adding 2.5 g Sodium alginate 4%w/v with a spatula in a small beaker,
then completing to 5 g with deionized water. Add 5 g of Pluronic F68 solution 30%w/v.

Stir gently with the spatula, avoiding bubbles (remove bubbles using a vacuum bell once



the solution is prepared).

3. Couette emulsifier, TSR Instrument - Mérignac France

4. PB+Tween20: PB buffer, pH=7, 20mM ionic force (Phosphate buffer) + Tween 20 0.2%
v/v stock solution (see Note 10)

5. Fluorescent streptavidin stock solution (see Note 11)

6. Biotinylated ligand: Biotin-SP AffiniPure F(ab'), Fragment Goat Anti-Mouse IgG, F(ab"),
fragment specific, Jackson ImmunoResearch 115-066-072, resuspended in H-O,

aliquoted and stored at -80°C (see Note 12).

7. 0.60 mL Low-binding microtubes, Axygen MCT-060-L-C

2.4 Microfluidic pairing to reconstitute immune synapses

1. Metal injectors, Stainless Steel Plastic Hub Dispensing Needles 23 GA Kahnetics
KDS2312P, kept in ethanol >98% a long time in advance to recover only the metal
injector after the glue is degraded (see Notes 6 and 13).

2. Medical tubing, Tygon ND 100-80, Saint-Gobain, all pre-cut at the same length for
injection.

3. Cell culture media + 25 mM HEPES (see Note 14).

4. Fluorescence microscope for live imaging (videomicroscope or spinning disk), in a 37°C
cage incubator.

5. 2 (or 3) Pressure controllers, Fluigent LineUp Flow-EZ, with P-CAP-2 mL air-tight caps
for reservoir pressurization. Reservoirs for the controllers should be disposable or
washable (here, we use Eppendorfs tubes of 1.5 mL or 2 mL), and installed within the
37°C box of the microscope.

6. Lymphocyte cell suspension (see Note 15) in cell culture media + 25 mM HEPES, 200



pL/well in a 96-well plate (see Note 16).

7. Functionalized droplet suspension prepared in 3.3 (see Note 17).

3. Methods

3.1 Microfabrication

This procedure should be performed in a clean room for microfabrication. Here, we describe the
microfabrication protocol for designs adapted to trapping single cells of B lymphocyte cell lines
(Figure 1), where the microfluidic chip should have a height of 15 pm (see Note 18), and using
SU-8 2015, 1250 cSt (see Note 19.). This procedure should be performed once at the beginning

of the project, and then the mold can be reused until it degrades.

1. Bake at 200°C for 5 minutes on a hotplate to dehydrate the surface of the 4 inches silicon
wafer.

2. Place the silicon wafer on a spin-coater. Pour SU-8 photoresist in the center
(approximately 5 mL). Spin the resist for 3 min at 3250 rpm, with an acceleration of 300
rpm/second.

3. Proceed to the soft-bake of the photoresist by heating the SU-8 coated wafer for 3 min on
a 95°C hotplate.

4. Place the mask in hard contact with the silicon wafer in the mask aligner. Adjust the

exposure time to reach an exposure dose of 140 mJ/cm? (see Note 20).

5. Remove the mask, and post bake the coated silicon wafer at 95°C for 4 min.



10.

Develop the designs by gently immersing the wafer into SU-8 developer (provided by the
manufacturer, or pure PEGDA) for 3 min sharp while slowly rotating. Non-exposed
regions should be entirely dissolved.

Remove the mold from the PEGDA solution and gently rinse the mold (front and back)
with PEGDA for 10 s and then isopropanol for another 10 s (see Note 21).

Finally, dry the mold (front and back) with dry air pressure.

Check the design using binoculars. If it presents cracking, bake it at 200°C for a minute
and check it again. Repeat this step until observing homogeneous structures (see Note
22).

To improve long-term use and storage, coat the wafer with silane: clean the wafer and
activate it with an O, plasma for 5 min (30 W). Put the wafer in a Petri dish, with 20 pL
of silane aside in a small tube top, and pieces of pumice stones in another tube top, under

a closed, dedicated vacuum bell jar (saturated atmosphere) for 30 min (see Note 23).

[INSERT FIGURE 1 HERE]

3.2 Microfluidic chip assembly

Microfluidic chip preparation should be performed while avoiding dust and keeping everything as

clean as possible (rinsing tools with ethanol, changing tools regularly), to avoid damaging the

designs. Unless stated otherwise, microfluidic chips are always manipulated with the design face

up to avoid crushing, and put on the cutting board.

1.

Pour the mixed PDMS onto the microfluidic chip mold. Leave in the vacuum bell until
bubbles have disappeared. Cure at 70°C for at least 2 hours. Once baked, the PDMS-
filled mold can be kept to do an experiment later.

Cut out the microfluidic chips using the scalpel, and cut the sides of the chips to adjust to

the size of the bottom of a Fluorodish and to have clean sides, possibly with a razor



blade. PDMS chips can be stored like this, covered with tape and protected from dust, for
a few weeks.

3. Make 0.5 mm-diameter holes using the puncher at the inlet/outlet sites of the microfluidic
design (see Note 24). Rinse the puncher with ethanol between two punches to avoid
carrying dust or debris.

4. Flush ethanol into the holes using a syringe and a needle from the design side, then flush
from the opposite side while making the needle go through to make sure the hole is well
done.

5. With the help of flat tweezers, put the microfluidic chip in a beaker filler with >98 %
ethanol, design side down, and sonicate for 5 minutes.

6. Recover the microfluidic chip using the tweezers, dry it using compressed dry air, and
clean it with tape. If possible, check the integrity of the designs and the placement of the
injection holes using a benchtop magnifier (see Note 25).

7. Place the microfluidic chip and the fluorodish, without its cover, in the plasma cleaner for
1 min (follow manufacturer’s instructions for manipulating the plasma cleaner, we use it
at maximum power i.e. 18W), and then take the chip and add it on the glass bottom of the
fluorodish, design facing down. Ensure both sides are in contact by looking at the
homogeneity of the color of the contact zone. Put >1 h at 60°C to reinforce bonding.

8. Activate the bonded chip in the plasma cleaner for 1 min before injecting gently with the
0.2 %w/v PVP-K90 solution in MilliQ water using a syringe with a filter, until some
solution exited and visual control confirms the whole design is filled (see Note 26). Then,

add more solution on top to prevent drying and store the dish at 4°C (see Note 27).

3.3 Droplet formulation
This is one method of droplet formulation and functionalization that allows to obtain droplets of a

diameter comparable to that of a cell, and mobility of the ligand at the surface of the droplet to follow



antigen clustering during immune synapse formation, but other techniques allow to obtain very different

droplet characteristics (see Note 28).

1. Slowly add the oil phase to the aqueous phase: add 2-3 drops, stir gently with a spatula
until the oil is incorporated before adding more drops, and repeat this process.
Progressively, the oil phase gets incorporated more easily and can be added faster.
During this whole step, avoid introducing air bubbles. A rough, white emulsion should be
obtained.

2. Add the emulsion to the Couette cell, and shear at 150 rpm (e = 100 pm) (see Note 29).
Recover the emulsion as it gets out from the Couette cell, and collect it in a tared beaker.

3. The obtained emulsion is at 25% aqueous phase, with 15%w/v Pluronic F68 in it.

4. Adjust the concentrations to obtain a final emulsion at 5% in oil phase, and 1% in
Pluronic-F68. Place the emulsion in a separating funnel, protected from light, for 24 h at
1%w/v Pluronic F68, 5%w/v oil phase, then remove the clearer part under the cream of
droplet. Wash the emulsion in 1%w/v Pluronic F68 like this at least 2 times, or until the
lower part of the solution is clear (see Note 30).

5. After the last wash, remove the clear part of the solution, below the decanted emulsion,
and discard it. Recover the final emulsion and store it in glass vials at 12°C, protected
from light (see Notes 31 and 32). This emulsion is used as stock emulsion, and can be
used for up to a year, or until the appearance of the emulsion has changed i.e. oil and
water are two separated phases.

6. Before starting to do experiments with droplets, take some emulsion, dilute it 100 times
and verify their size distribution. Using this protocol, the droplet diameter should be

around 9 pm on average, with some dispersion in size.

[INSERT FIGURE 2 HERE]



3.3 Droplet functionalization
Droplet functionalization should be performed on the day of the experiment (Figure 2). Throughout the
protocol of droplet functionalization, use only low-binding microtubes. See Note 28 for an alternative
functionalization.
1. Take 2 pL of stock droplet emulsion using a cut pipet tip to not damage the emulsion,
and put it into a microtube, before adding 198 pL. of PB+Tween 20 buffer.
2. Wash the emulsion: centrifuge the emulsion at 2000 rpm for 30 sec in a minifuge.
Remove 180 pL of the aqueous phase (see Note 33).
3. Add 180 pL PB+Tween 20. Repeat the washing step (step 2) three times (see Note 34).
4. After the last wash, leave 20 pL of emulsion in the eppendorf. In another low-binding
microtube, prepare 180 pL of PB+Tween 20 buffer with 2.5 pg of streptavidin. Add this
solution to the 20 pL of droplet emulsion and homogeneize well.
5. Incubate for 30 min on a rotating wheel at RT, protected from light.
6. Wash droplets as detailed in steps 2-3 to remove the excess of streptavidin.
7. After the last wash, leave 20 pL of emulsion in the eppendorf. In another low-binding
microtube, prepare 180 pL of PB+Tween 20 buffer with 5 pg of biotinylated ligand.
8. [Incubate for 30 min on a rotating wheel at RT, protected from light.
9. Wash droplets as detailed in steps 2-3 to remove the excess of ligand, and leave in 200

pL total (see Note 35).

3.4 Immune synapse reconstitution in the microfluidic chip

[INSERT FIGURE 3 HERE]

1. On the morning of the experiment, take the microfluidic chips out of the fridge and to



room temperature.

Remove the PVP solution from the fluorodish, and inject the microfluidic chip with cell
culture media (with a drug if the experiment involves a treatment, see Note 36) until a
large drop has formed on the exit side. Add a little bit of media on top of the microfluidic
chip to prevent drying. Put the microfluidic chip in an incubator (37°C, 5% CO,) until the
time of experiment (see Note 37).

Cut 3 pieces of tubing or similar length, long enough to join the reservoir of the pressure
controller and the stage of the microscope. Insert a metal injector at the extremity of each
piece of tubing, and install two of these tubes on the two pressure controllers.

Take a microfluidic chip, remove some of the media on top, and install it on the
microscope stage (see Note 38). Orient it so that the entry injection point is on the side of
the pressure controller and reservoirs.

Prepare one eppendorf with the well-resuspended target suspension (see Note 39), and
one eppendorf with cell culture media + 25 mM HEPES (+ drug). Install them on the
reservoir holders.

Gradually increase the pressure for the target suspension, until a drop is getting out of the
metal injector. Lower the pressure to decrease the flow and prevent losing the content of
the reservoir, and deposit the drop on the entry point of the microfluidic chip before
inserting the injector in the entry point hole. Only then, increase the pressure to inject the
targets (see Note 40). Lower the pressure when enough targets have been trapped to
avoid more targets getting into the microfluidic chip (Figure 3) (see Note 41).

Gradually increase the pressure for the cell culture media, until a drop is getting out of
the metal injector. Lower the pressure to decrease the flow and prevent losing the content
of the reservoir, and deposit the drop on the entry point of the microfluidic chip. Hold the
fluorodish and the cell culture media tubing with one hand, remove the target suspension

tubing and injector with the other one, and replace it by the cell culture media tubing and



injector (see Note 42). Increase the injection pressure to wash the microfluidic chip from
all non-trapped targets (Figure 3). Cut the pressure for the target suspension, attach the
metal injector at a high point to prevent the remaining liquid in the tubing from flowing
out (see Note 43). Then, disconnect its tubing and reservoir.

8. While the microfluidic chip is being washed with cell culture media, set up the
microscopy settings (see Note 44). Look at the fluorescence of the target and adjust the
settings, identify the fields of view to image, and add some of the lymphocyte suspension
on the side of the fluorodish, next to the microfluidic chip, to adjust settings for
fluorescent imaging if they are stained.

9. Install the third tubing + metal injector on the free pressure controller. Prepare an
eppendorf with the lymphocyte suspension, and set it up on the pressure controller. As in
step 7, replace the cell culture media inlet with the lymphocyte suspension inlet. When
the injector is in place, keep the pressure low while selecting the fields of view for
acquisition.

10. Launch the acquisition, let one image be acquired before increasing the injection pressure
of the lymphocyte suspension to have the initial state of the target, and the first time of
contact between the target and the lymphocyte (Figure 4). When there are enough target-
lymphocyte doublets (see Note 41), decrease the injection pressure to prevent more

lymphocytes from accumulating.

[INSERT FIGURE 4 HERE]

3.5 Final remarks

The 4D (+ color if necessary) data collected with a confocal or epifluorescence

microscope can be reconstructed in a single movie to obtain a multi-tiff file (see Figure 4



4. Notes

for examples of images obtained). To analyze polarization phenomena we recommend to
crop, on each field of view, the traps where both a target and a lymphocyte are present,
and to remove the time points that precede the arrival of the cell. Image analysis tools
(Imaris, FLJI, etc) can then be applied to track, for example, organelles and cytoskeleton

dynamics and/or the morphodynamics of the nucleus and the cell.

This is to remove humidity/water that might prevent photoresist adhesion.

Pre-heat the hot plates to have a stable temperature, and make sure to keep the humidity
in the room as low as possible.

Various designs have been described over the years [9, 10, 14, 15, 19-21], and can be
used for that protocol. Here, we describe the protocol for the design used in [9] and
described in [14], with a B lymphocyte cell line. One can also use smaller micro-traps for

primary lymphocytes, as shown in Figures 1 and 4 [9]. Photomasks can be ordered via

several online services (e.g. https://www.selba.ch, https://www.jd-photodata.co.uk/
https://www.microlitho.co.uk/)

We find that the other commonly-used PDMS, Sylgard, has other mechanical properties
and tends to break more easily than RTV during the repeated injections with needles. Of
note, RTV and Sylgard may differ in adsorbing drugs during experiments.

The PDMS components can be mixed in a plastic cup, or a falcon tube, mixed using a
disposable pipette. The PDMS mix can also be prepared in advance, in excess, and stored
at -20°C in a falcon tube. In that case, bubbles will disappear over time, and the tube
should be put back to room temperature a little before using, but the PDMS-filled molds
will not need to be left very long in the vacuum bell.

One can also use a 0.75 mm diameter microfluidic puncher, and replace the metal
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10.

11.

12.

13.

14.

15.

injectors and needles by PTFE tubing by making a Tygon-PTFE junction.

This can also be replaced by DOPE, or other functionalization of DSPE-PEG.

One can also use other oils, such as mineral oil, to achieve different droplet properties.

It is crucial that the chloroform has well evaporated, otherwise this changes the viscosity
of the solution and will affect the final droplet size.

Keep a stock of PB buffer, pH=7, 20 mM, and a stock of PB+Tween 20 20% v/v, to
prepare the 0.2 % solution on the day of the experiment.

We tried different providers, fluorophores, and stock concentrations for the streptavidin,
and all were compatible with our system.

This ligand can be changed depending on the experiment. We have also used biotinylated
BSA as a negative control, F(ab'), anti mouse IgM or biotinylated HEL for primary B
cells, biotinylated ICAM-1, biotin anti-CD3 for primary T lymphocytes. These ligands
can also be mixed to have several functions on the droplets, although their proportions
would have to be calibrated.

Metal injectors can also be custom-made, but we find that this is the most cost-effective
protocol. Metal injectors can be re-used between experimental days, but need to be
flushed with MilliQ water after an experiment, kept in ethanol, and sonicated before
being reused. This avoids the presence of dried cells or medium components, and
therefore debris or clogging.

During the experiment, the chip is constantly connected to the pressure controller via the
metal injector and tubing, preventing us from adding the CO, control cover on top. We
find that adding 25 mM HEPES and keeping the whole microscope at 37°C keeps the
cells healthy for the duration of the experiment (1 h maximum in our case).

We find that the concentration of the lymphocyte cell suspension depends on the cell type
and version of the microfluidic design used. Typically, for the lymphocyte cell line, we

use 1.5.10° cells/mL, and for primary murine lymphocytes, we use 3.10° cells/mL.



16.

17.

18.

19.

20.

21.

22.

We use one well/chip. We find that it is better to separate the cells in wells so as to
prevent repetitive resuspension and manipulation of the same cells, and facilitate addition
of drugs for pre-incubation in a systematic manner during the day of the experiment.
Overall, this improves reproducibility.

Here, we use antigen-coated oil droplets to activate B lymphocytes. However, any object
of similar dimension such as beads or other cells can be used. The concentration of this
solution should be tuned to the size of the object. In experiments using beads or droplets,
and involving drug treatment, we advise to resuspend the beads/droplets with cell culture
media + 25 mM HEPES + drugs. Of note, under a certain concentration of droplets, we
found that almost nothing was trapped.

In our case, we use antigen-coated droplets on which the antigen is mobile, in order to
visualize antigen recruitment and follow immune synapse formation.

This protocol should be adapted for smaller cells, e.g. primary cells, where not only the
trap design is modified, but also the height of the microfluidic chip should be close to 8
pm to avoid cells going above or below droplets, or being stacked on top of each other.
Viscosity of the SU-8 varies between lots and with aging of the resin, so this protocol,
and in particular spin-coating (time, speed) of the SU-8 photoresist in step 2, should be
adapted to the SU-8 batch to control final thickness of mold. It is good practice to aliquot
the stock resin solution in 50-100 mL bottles to limit aging.

For a source having a power of 20 mW/cm/2, the exposure time is calculated by dividing
the dose by the lamp power, which gives an exposure time of 7.0 s.

If the wafer takes a whitish aspect when put in contact with isopropanol, that means that
the development is not complete, and you should increase the time or refresh the
developer solution.

If at this stage, the patterns are not well resolved, or you see detachment, oblique

sidewalls, etc., you have to consider optimizing the exposure and development steps.



23.

24,

25.

26.

27.

28.

This step improves long-term use and storage of wafers, and facilitates the detachment of
cured PDMS from the wafer. We advise frequent users to prepare epoxy replicates of the
microfluidic chips when possible (depending on size and design resolution), thus as to
avoid using the initial wafers on a day-to-day basis as they are very fragile. An example
of well adapted protocol for it can be found in Refs. [22, 23]. Of note for chips with small
patterns the procedure might not work.

Visualizing the injection sites can be made easier by putting ethanol on the chip, which
will be retained on the designs.

The cleaning procedures of the microfluidic chip can vary depending on the environment
they are prepared in. Here, we propose a protocol for chips prepared in a cleanroom-free
facility, and some steps could be eliminated or simplified in a microfluidics-dedicated
space, with less dust.

PDMS is initially very hydrophobic, making it difficult to inject liquid in it and avoid
bubbles. Filling the chip with the PVP solution allows a coating of the PDMS, and its
permanent contact with an aqueous solution, keeping it more hydrophilic until the time of
the experiment.

Microfluidic chips can be kept at 4°C in the 0.2 %w/v PVP K90-filled fluorodish for up
to a week before the experiment.

Of note we tested two types of functionalization: one where the biotinylated
phospholipids are mixed with the oil (bulk) and one where they are incorporated in the
droplet after droplet fabrication (surface) [10]. We present here only the bulk one, as it is
the one that permits the accumulation of the antigen at the synapse. Surface-
functionalized droplets do not show antigen accumulation, but allow, nevertheless, the
activation of the cells. This functionalization technique allows very precise quantification
of the ligands present at the interface and is less demanding in terms of materials. The

reader could be also interested in changing the mechanical properties of the droplets,
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30.

31.

32.
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which is doable modifying the oil mixture. Details on alternative functionalization
methods and surface tension can be found in [10] and [24].

The rough emulsion is sheared in the Couette cell to obtain more homogeneous and
smaller droplets. Changing the speed/settings of the Couette cell, or the viscosity of the
water phase will change the average size of the droplets.

These steps allow to remove some of the smallest droplets, which will not get decanted to
the surface of the funnel, and obtain a more homogeneous emulsion.

Separate the stock into several glass vials, as repeated openings of the vial will degrade
the emulsion faster. This way, the emulsion stock can be used for longer.

To store products at 12°C, we find that the most cost-effective item is a small wine cellar
for service, where the door can be covered with aluminum foil to block the light.

We encourage you to leave the tube in the centrifuge for at least 30 s after the spin so that
the emulsion is well concentrated at the surface, on one side. To remove the aqueous
phase, use a gel-loading pipet tip and insert it on the side of the eppendorf with the least
emulsion, then aspirate slowly the aqueous phase sitting below.

During these washes, the Pluronic F68 surfactant in continuous phase is removed. At the
oil/water interface, Tween 20 surfactant is progressively added to ensure a homogeneous
protein coating.

For experiments using drugs, we separate this solution into several eppendorfs, and
resuspend the droplets in media+drug to ensure the good equilibrium of drug
concentration.

PDMS is very permeable, and can adsorb drugs. It is therefore important to pre-incubate
the microfluidic chip with cell culture media + drug to obtain a stable concentration of
drug treatment during the experiment.

Equilibrating the microfluidic chip in an incubator allows it to be at the right temperature

and gaz (CO,) content for the experiment, and therefore maintain good conditions for the
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39.
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41.
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cell as well as for imaging, as temperature differences increase the risk of drifting during
time-lapse microscopy.

Do not dry the surface of the chip, and do not let it with little media for a long time. The
surface should not dry, because this increases the risk of introducing air bubbles into the
microfluidic chip when injecting, and of dry media debris entering and damaging the
microfluidic chip.

We find that it is better to not put all target suspension in the eppendorf at once, but
rather add some more for each microfluidic experiment during the day. Indeed, in case of
a problem with the pressure controller, one could lose the full content of the eppendorf.
In addition, this allows the use of a suspension from the same fresh and clean stock for
each acquisition.

With our design, our pressure controller, and when putting the reservoir on the side of the
microscope stage at a height close to the one of the microfluidic chip, we find that setting
the pressure around 12 mbar until liquid gets out of the injector, lowering the pressure to
8-9 mbar while inserting the metal injector into the hole, then injecting
targets/lymphocytes with a pressure around 20 mbars, and setting to a resting pressure
(very low flow to prevent arrival of more targets/lymphocytes) around 6-8 mbars (this
can vary a lot depending on the design and the length of the tube) is a good starting point.
A good rule of thumb is that if the microscope settings allow to image 30 traps, then
having 10-15 traps with a target/lymphocyte in it is enough (keeping in mind the field of
view of the microscope). One should keep in mind that more targets/lymphocytes will
certainly arrive and be trapped in the next few minutes, during the wash with cell culture
media, and that if there are traps containing several targets/lymphocytes, analysis will be
compromised.

This manipulation is critical and will be repeated in the next step. It requires some

training before being able to avoid injecting air bubbles, which can be mostly prevented



by ensuring that the incoming metal injector has media going out of it. Another risk is to
trigger backflow and have targets flowing back to the entry.

43. We find that taping it to the ceiling of the 37°C box of the microscope is the most
convenient.

44. As an example of imaging settings, with a spinning disk confocal microscope, we could
do 40 minutes acquisitions with 1 image every 30 s, at 3 positions, in 3 colors
(Transmission + 2 fluorescent channels), and 21 z slices, using a spinning disk confocal
microscope and streaming each channel. For the cell line microfluidic chip design, the
Nikon perfect focus system does not work, but one can use the software autofocus on the
transmission channel at each time point, and an offset on the z-position for the

fluorescent channels.

5. References

Yuseff M-I, Pierobon P, Reversat A, Lennon-Duménil A-M (2013) How B cells capture, process
and present antigens: a crucial role for cell polarity. Nat Rev Immunol 13:475-486. https://doi.org/
10.1038/nri3469

Dustin ML (2014) The immunological synapse. Cancer Immunol Res 2:1023—1033. https://doi.org/
10.1158/2326-6066.CIR-14-0161

Dustin ML, Long EO (2010) Cytotoxic immunological synapses. Immunol Rev 235:24-34. https://
doi.org/10.1111/.0105-2896.2010.00904.x

Batista FD, Iber D, Neuberger MS (2001) B cells acquire antigen from target cells after synapse
formation. Nature 411:489-494. https://doi.org/10.1038/35078099

Ritter AT, Asano Y, Stinchcombe JC, et al (2015) Actin depletion initiates events leading to
granule secretion at the immunological synapse. Immunity 42:864-876.
https://doi.org/10.1016/j.immuni.2015.04.013

Delon J, Bercovici N, Raposo G, et al (1998) Antigen-dependent and -independent Ca2+ responses
triggered in T cells by dendritic cells compared with B cells. J Exp Med 188:1473-1484.
https://doi.org/10.1084/jem.188.8.1473

Negulescu PA, Krasieva TB, Khan A, et al (1996) Polarity of T cell shape, motility, and sensitivity
to antigen. Immunity 4:421-430. https://doi.org/10.1016/s1074-7613(00)80409-4


https://sciwheel.com/work/bibliography/770714
https://sciwheel.com/work/bibliography/770714
https://sciwheel.com/work/bibliography/13539530
https://sciwheel.com/work/bibliography/13539530
https://sciwheel.com/work/bibliography/13539530
https://sciwheel.com/work/bibliography/357715
https://sciwheel.com/work/bibliography/357715
https://sciwheel.com/work/bibliography/357715
https://sciwheel.com/work/bibliography/328343
https://sciwheel.com/work/bibliography/328343
https://sciwheel.com/work/bibliography/1117927
https://sciwheel.com/work/bibliography/1117927
https://sciwheel.com/work/bibliography/1318663
https://sciwheel.com/work/bibliography/1318663
https://sciwheel.com/work/bibliography/422078
https://sciwheel.com/work/bibliography/422078
https://sciwheel.com/work/bibliography/422078

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Luxembourg AT, Cooper NR (1994) T cell-dependent, B cell-activating properties of antibody-
coated small latex beads. A new model for B cell activation. J Immunol 153:604-614

Pineau J, Pinon L, Mesdjian O, et al (2022) Microtubules restrict F-actin polymerization to the
immune synapse via GEF-H1 to maintain polarity in lymphocytes. BioRxiv.
https://doi.org/10.1101/2022.01.03.473915

Pinon L, Ruyssen N, Pineau J, et al (2021) Phenotyping Polarization Dynamics Of Immune Cells
Using A  Lipid Droplet - Cell Pairing Microfluidic  Platform.  BioRxiv.
https://doi.org/10.1101/2021.12.22.473360

Bourouina N, Husson J, Hivroz C, Henry N (2012) Biomimetic droplets for artificial engagement
of living cell surface receptors: the specific case of the T-cell. Langmuir 28:6106-6113.
https://doi.org/10.1021/1a300398a

Barek KBM (2015) Adhesion et phagocytose de gouttes d’emulsions fonctionnalisees. Doctoral
dissertation, Ecole Normale Supérieure, Paris

Ben M’Barek K, Molino D, Quignard S, et al (2015) Phagocytosis of immunoglobulin-coated
emulsion droplets. Biomaterials 51:270-277. https://doi.org/10.1016/j.biomaterials.2015.02.030

Mesdjian O, Ruyssen N, Jullien MC, et al (2021) Enhancing the capture efficiency and
homogeneity of single-layer flow-through trapping microfluidic devices using oblique
hydrodynamic streams. Microfluid Nanofluidics 25:91. https://doi.org/10.1007/s10404-021-02492-
1

Dura B, Dougan SK, Barisa M, et al (2015) Profiling lymphocyte interactions at the single-cell
level by microfluidic cell pairing. Nat Commun 6:5940. https://doi.org/10.1038/ncomms6940

Jang JH, Huang Y, Zheng P, et al (2015) Imaging of Cell-Cell Communication in a Vertical
Orientation Reveals High-Resolution Structure of Immunological Synapse and Novel PD-1
Dynamics. J Immunol 195:1320-1330. https://doi.org/10.4049/jimmunol. 1403143

Mesdjian O (2018) Etude des phénomenes d’adhésion entre des cellules B et des gouttes d’huile
fonctionnalisées par des anticorps a 1’aide de pieges microfluidiques . Doctoral dissertation, Ecole
Normale Supérieure

Microchem PROCESSING GUIDELINES FOR:SU-8 2000.5, SU-8 2002, SU-8 2005, SU-8 2007,
SU-8 2010 and SU-8 2015.
https://kayakuam.com/wp-content/uploads/2019/09/SU-82000DataSheet2000_5thru2015Ver4.pdf.

Skelley AM, Kirak O, Suh H, et al (2009) Microfluidic control of cell pairing and fusion. Nat
Methods 6:147-152. https://doi.org/10.1038/nmeth.1290

Sinha N, Subedi N, Tel J (2018) Integrating immunology and microfluidics for single immune cell
analysis. Front Immunol 9:2373. https://doi.org/10.3389/fimmu.2018.02373

Hoehl MM, Dougan SK, Ploegh HL, Voldman J (2011) Massively parallel microfluidic cell-
pairing platform for the statistical study of immunological cell-cell interactions. In: 15th
International Conference on Miniaturized Systems for Chemistry and Life Sciences 2011,
MicroTAS 2011. MicroTAS, pp 1508-1510

Heuzé ML, Collin O, Terriac E, et al (2011) Cell migration in confinement: a micro-channel-based


https://sciwheel.com/work/bibliography/1255927
https://sciwheel.com/work/bibliography/13422689
https://sciwheel.com/work/bibliography/13422689
https://sciwheel.com/work/bibliography/13422689
https://sciwheel.com/work/bibliography/13422673
https://sciwheel.com/work/bibliography/13422673
https://sciwheel.com/work/bibliography/1360388
https://sciwheel.com/work/bibliography/1360388
https://sciwheel.com/work/bibliography/13548474
https://sciwheel.com/work/bibliography/13548474
https://sciwheel.com/work/bibliography/13548474
https://sciwheel.com/work/bibliography/7642962
https://sciwheel.com/work/bibliography/7642962
https://sciwheel.com/work/bibliography/7642962
https://sciwheel.com/work/bibliography/1692422
https://sciwheel.com/work/bibliography/1692422
https://sciwheel.com/work/bibliography/1692422
https://sciwheel.com/work/bibliography/1192827
https://sciwheel.com/work/bibliography/1192827
https://sciwheel.com/work/bibliography/13534790
https://sciwheel.com/work/bibliography/13534790
https://sciwheel.com/work/bibliography/13534790
https://sciwheel.com/work/bibliography/1686900
https://sciwheel.com/work/bibliography/1686900
https://sciwheel.com/work/bibliography/13422569
https://sciwheel.com/work/bibliography/13422569
https://sciwheel.com/work/bibliography/8681643
https://sciwheel.com/work/bibliography/8681643
https://sciwheel.com/work/bibliography/8681643
https://sciwheel.com/work/bibliography/12725609
https://sciwheel.com/work/bibliography/12725609
https://sciwheel.com/work/bibliography/12725609
https://sciwheel.com/work/bibliography/12258448
https://sciwheel.com/work/bibliography/12258448
https://sciwheel.com/work/bibliography/12258448
https://sciwheel.com/work/bibliography/13534832
https://sciwheel.com/work/bibliography/13534832

assay. Methods Mol Biol 769:415-434. https://doi.org/10.1007/978-1-61779-207-6_28

23. An inexpensive and durable epoxy mould for PDMS - Chips and Tips.
https://blogs.rsc.org/chipsandtips/2009/04/22/an-inexpensive-and-durable-epoxy-mould-for-
pdms/?doing_wp_cron=1662134774.7026081085205078125000.

24.  Pinon L, Montel L, Mesdjian O, et al (2018) Kinetically enhanced fabrication of homogeneous
biomimetic and functional emulsion droplets. Langmuir 34:15319-15326.
https://doi.org/10.1021/acs.langmuir.8b02721

Acknowledgements

JP was supported by the Ecole Doctorale FIRE-Programme Bettencourt, Université de Paris and by
funding from the Agence Nationale de la Recherche (ANR-21-CE30-0062-01 IMPerIS). LP was
supported by the IPV scholarship program (Sorbonne Université). JF and PP acknowledge funding from
CNRS, PP and JP acknowledge funding from the Agence Nationale de la Recherche (ANR-10-IDEX-
0001-02 PSL*), and JF acknowledges funding from the Agence Nationale de la Recherche (ANR Jeune

Chercheur PHAGODROP, ANR-15- CE18-0014-01).


https://sciwheel.com/work/bibliography/7642091
https://sciwheel.com/work/bibliography/7642091
https://sciwheel.com/work/bibliography/7642091
https://sciwheel.com/work/bibliography/13544486
https://sciwheel.com/work/bibliography/13544486
https://sciwheel.com/work/bibliography/13544486
https://sciwheel.com/work/bibliography/1255927

Figure captions

Figure 1: (a) Bright field image of one of the chambers of the microfluidic chip designed for lymphocyte
cell lines. Each microfluidic chip has four chambers in parallel, each containing a large array of
microfluidic traps. Scale bar 100 pm. (b) (Left) Microfluidic traps designed for the B lymphocyte cell line
(diameter ~14 pm) and the (Right) design adapted to primary lymphocytes (diameter ~7 pm). Scale bar

10 pm.

Figure 2: Functionalization of oil droplets. The stock emulsion is prepared as described in section 3.3
Droplet formulation. Oil droplets presenting biotinylated phospholipids at their surface are sequentially
functionalized with a fluorescent streptavidin and a biotinylated ligand, here a biotinylated BCR ligand
acting as antigen. Images of diluted, functionalized droplet suspension by spinning disk confocal

microscopy below. Scale bar 20 pm.

Figure 3: Steps for immune synapse reconstitution in the microfluidic chip.

Figure 4: Examples of images obtained using this system, on a spinning disk confocal microscope. (a) B
lymphocyte cell line (IIA1.6) stained with Hoechst to visualize the nucleus, in contact with an antigen-
coated droplet. (b) Naive primary murine B lymphocyte expressing LifeAct-GFP, stained with Hoechst to
visualize the nucleus, in contact with an antigen-coated droplet. Illustrations are z-projections over a few

planes at the center of the cell, from z-stacks covering the full depth of the cell. Scale bar 5 pm.
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Abstract

The study of lymphocyte polarization upon antigen encounter typically relies on the random
pairing between the cells of interest and a stimulating particle (micro bead) that mimics only some
of the properties of the antigen-presenting cells. Here, we show how to build and use a microfluidic
chip that allows to multiplex and synchronize the encounter between a lymphocyte and an
antigen-presenting object: a functionalized oil-in-water droplet. We also explain how to fabricate
and functionalize lipid droplets, an antigen presenting tool that is, at the same time, deformable,

fluid and spherical.

Key words Microfluidics, immune synapse, dynamics, live imaging, polarization, lymphocyte

1. Introduction

Immune synapse formation is accompanied both in B and T lymphocytes by a quick cytoplasmic
rearrangement that leads to the establishment of a polarity axis passing through the center of the two cells.
In order to observe the polarization events that occur with antigen extraction (in B cells), CD4 signaling
(in CD4" T cells) and granules release (in cytotoxic T cells), one needs an activating object carrying the
ligands of the specific receptor (BCR or TCR) and a method to control the precise moment when cells are

activated and follow the cell in 3D+time with a seconds-to-minute time resolution.



In vivo, lymphocytes are activated by an antigen bearing cell, e.g. a subcapsular sinus macrophage for B
cell [1], antigen presenting cells for CD4" T cells [2] or target cells for CD8" T cells [3]. For in vitro
experiments, to homogenize the results, it is customary to use an object that mimics these cells' geometry,
physical and chemical properties, such as engineered cells [4-6] or functionalized micro-beads [7, 8]. A
recently introduced antigen presenting tool, functionalized lipid droplets, has sizes comparable to the
cellular one, is deformable, and presents the antigen to the cell on a fluid surface (as e.g. lipid bilayers)
[9-11]. We describe here how to produce and functionalize these lipid droplets.

The encounter can be conveniently synchronized and multiplexed in a dedicated microfluidic chip that we
designed for this purpose [12], inspired by previous setups [13, 14]. In this method paper, we present how
to build and use this microfluidic chip to follow cell activation by microscopy. The chips are produced in
PDMS by soft lithography after the design and construction of the mold (which can be reused after the
first production step).

Ultimately, the experiment consists in loading the droplet in the chip, loading the cells and observe
several doublets by live microscopy, possibly using at least two colors to detect simultaneously the kinetic
of antigen accumulation (synapse formation) at the kinetic of polarization (e.g. cytoskeleton).

This protocol describes how to (1) microfabricate the master mold (reusable), (2) build the microfluidic
chip, (3) formulate and functionalize the lipid droplets, and (4) assemble the system and perform the
experiments using as example B lymphocyte cell lines from a B cell lymphoma (IIA1.6). Adaptation to

other cell types is possible and marked along the protocol.

2. Materials

2.1 Microfabrication

1. Silicon wafer (4-inch large), pre-heated for > 30min (see Note 1)

2. Photoresist, SU-8 2015
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10.

I1.

12.

13.

Spin-coater

Mask aligner, MJB4, turned on 20 min before microfabrication

SU-8 developer, PEGDA

Isopropanol

Hot plates, set at 95°C > 30 min before microfabrication (see Note 2).
Chrome or plastic mask containing the micro-traps designs (see Note 3)
Oven set at 200°C

O, plasma

Silane

Vacuum bell

Pumice stones

2.2 Microfluidic chip assembly

1.

0.

10.

I1.

12.

PDMS, RTV 615 (see Note 4), mix the needed volume at 1:9 ratio, the mixture should
have plenty of bubbles. Prepare at the time of experiment (see Note 5).
Microfluidic traps mold (initial wafer or epoxy replica) (see Note 3)
Vacuum bell

Oven set at > 60°C

Scalpel

Razor blade (optional)

Cutting mat

0.5 mm diameter microfluidic puncher (see Note 6)

Tape, 3M Scotch 810 magic tape

Ethanol >98 %

Compressed air

Syringe



13.

14.

15.

16.

17.

18.

Flat tweezers

Sonicator bath

Fluorodish, World Precision instruments FD35

Plasma cleaner, PDC-32G Harrick

0.2 % w/v PVP K90 solution, MilliQ water with 0.2 % PVPK90, wait for dissolution and
store up to one month at 4°C. Filter before using.

Needle, Stainless Steel Plastic Hub Dispensing Needles 23 GA Kahnetics KDS2312P

(see Note 6).

2.3 Droplet formulation and functionalization

1.

Oil phase: DSPE-PEG(2000) Biotin, Avanti Lipids (see Note 7), 0.05 mg/mL in soybean
oil (see Note 8). Resuspend DSPE-PEG(2000)-biotin at 10 mg/mL in chloroform. Add
150 uL of this solution to 30 g of soybean oil, stir gently, and leave in a vacuum bell for
over 3h30 (see Note 9).

Aqueous phase: 15%w/v Pluronic F68 (from 30% stock) + 1%w/v Sodium alginate (from
4%w/v stock in H,0). Prepare by adding 2.5 g Sodium alginate 4%w/v with a spatula in a
small beaker, then completing to 5 g with deionized water. Add 5 g of Pluronic F68
solution 30%w/v. Stir gently with the spatula, avoiding bubbles (remove bubbles using a
vacuum bell once the solution is prepared).

Couette device

PB+Tween20: PB buffer, pH=7, 20mM ionic force (Phosphate buffer) + Tween 20 0.2%
v/v stock solution (see Note 10)

Fluorescent streptavidin stock solution (see Note 11)



6. Biotinylated ligand: Biotin-SP AffiniPure F(ab'), Fragment Goat Anti-Mouse IgG,
F(ab")2 fragment specific, Jackson ImmunoResearch 115-066-072, resuspended in H,O,

aliquoted and stored at -80°C (see Note 12).

7. 0.60 mL Low-binding microtubes, Axygen MCT-060-L-C

2.4 Microfluidic pairing to reconstitute immune synapses

1. Metal injectors, Stainless Steel Plastic Hub Dispensing Needles 23 GA Kahnetics
KDS2312P, kept in ethanol >98% a long time in advance to recover only the metal
injector after the glue is degraded (see Notes 6 and 13).

2. Medical tubing, Tygon ND 100-80, Saint-Gobain, all pre-cut at the same length for
injection.

3. Cell culture media + 25 mM HEPES (see Note 14).

4. Fluorescence microscope for live imaging (videomicroscope or spinning disk), in a 37°C
box.

5. 2 (or 3) Pressure controllers, Fluigent LineUp Flow-EZ, with P-CAP-2 mL air-tight caps
for reservoir pressurization. Reservoirs for the controllers should be disposable or
washable (here, we use eppendorfs), and installed within the 37°C box of the microscope.

6. Lymphocyte cell suspension (see Note 15) in cell culture media + 25 mM HEPES, 200
puL/well in a 96-well plate (see Note 16).

7. Functionalized droplet suspension prepared in 3.3 (see Note 17).



3. Methods

3.1 Microfabrication

This procedure should be performed in a clean room for microfabrication. Here, we describe the
microfabrication protocol for designs adapted to trapping single cells of B lymphocyte cell lines
(Figure 1), where the microfluidic chip should have a height of 15 pm (see Note 18), and using
SU-8 2015, 1250 cSt (see Note 19.). This procedure should be performed once at the beginning of

the project, and then the mold can be reused until it degrades.

1. Bake a 4-inch silicon wafer for 3 min.

2. Place silicon wafer on a spin-coater. Pour SU-8 photoresist in the center and rotate for 3
min at 3250 rpm for 45 sec.

3. Place the wanted mask in hard contact with the silicon wafer in the MJB4 mask aligner.
Expose at 140 mJ/cm?,

4. Remove the mask, and post bake the coated silicon wafer at 95°C for 4 min.

5. Develop designs: gently immerse the mold into SU-8 developer (PEGDA) for 3 min
sharp while slowly rotating. Non-exposed regions should be entirely dissolved.

6. Remove the mold from the PEGDA solution and gently rinse the mold (front and back)
with PEGDA for 10 s and then isopropanol for another 10 s. Finally, dry the mold (front
and back) with air pressure.

7. Check the design using binoculars. If it presents cracking, bake it at 200°C for a minute
and check it again. Repeat this step until observing homogeneous structures.

8. To improve long-term use and storage, the mold is coated with perfluoro-silane: clean
wafer and activate it with an O, plasma for 5 min (30 W). Put the wafer with 20 uL of
silane and pieces of pumice stones under a closed, dedicated vacuum bell (saturated

atmosphere) for 30 min (see Note 20).



[INSERT FIGURE 1 HERE]
3.2 Microfluidic chip assembly
Microfluidic chip preparation should be performed while avoiding dust and keeping everything as
clean as possible (rinsing tools with ethanol, changing tools regularly), to avoid damaging the

designs. Unless stated otherwise, microfluidic chips are always manipulated with the design face

up to avoid crushing, and put on the cutting board.

1. Pour the mixed PDMS onto the microfluidic chip mold. Leave in the vacuum bell until
bubbles have disappeared. Cook at > 60°C. Once cooked, the PDMS-filled mold can be
kept to do an experiment later.

2. Cut out the microfluidic chips using the scalpel, and cut the sides of the chips to adjust to
the size of the bottom of a fluorodish and to have clean sides, possibly with a razor blade.
PDMS chips can be stored like this, covered with tape and protected from dust, for a few
weeks.

3. Make 0.5 mm-diameter holes using the puncher at the entry-exit sites of the microfluidic
design (see Note 21). Rinse the puncher with ethanol between two punches to avoid
carrying dust or debris.

4. Flush ethanol into the holes using a syringe and a needle from the design side, then flush
from the opposite side while making the needle go through to make sure the hole is well
done.

5. With the help of flat tweezers, put the microfluidic chip in a beaker filler with >98 %

ethanol, design side down, and sonicate for 5 minutes.



6. Recover the microfluidic chip using the tweezers, dry it using compressed air, and clean it

with tape. If possible, check the integrity of the designs and the placement of the injection
holes using a benchtop magnifier (see Note 22).

Place the microfluidic chip and the fluorodish, without its cover, in the plasma cleaner for
I min (follow manufacturer’s instruction for manipulating the plasma cleaner), and then
take the chip and add it on the glass bottom of the fluorodish, design facing down. Ensure
both sides are in contact by looking at the homogeneity of the color of the contact zone.
Put >1 h at 60°C to reinforce bonding.

Activate the bonded chip in the plasma cleaner for 1 min before injecting gently with the
0.2 % w/v PVP-K90 solution in MilliQ water using a syringe with a filter, until some
solution exited and visual control confirms the whole design is filled (see Note 23). Then,

add more solution on top to prevent drying and store the dish at 4°C (see Note 24).

3.3 Droplet formulation

This is one method of droplet formulation and functionalization that allows to obtain droplets of a

diameter comparable to that of a cell, and mobility of the ligand at the surface of the droplet to follow

antigen clustering during immune synapse formation, but other techniques allow to obtain very different

droplet characteristics (see Note 25).

1.

Slowly add the oil phase to the aqueous phase: add 2-3 drops, stir gently with a spatula
until the oil is incorporated before adding more drops, and repeat this process.
Progressively, the oil phase gets incorporated more easily and can be added faster. During
this whole step, avoid introducing air bubbles. A rough, white emulsion should be
obtained.

Add the emulsion to the Couette cell, and shear at 150 rpm (¢ = 100 um) (see Note 26).
Recover the emulsion as it gets out from the Couette cell, and collect it in a tared beaker.

The obtained emulsion is at 25% aqueous phase, with 15%w/v Pluronic F68 in it.



4.

Adjust the concentrations to obtain a final emulsion at 5% in oil phase, and 1% in
Pluronic-F68. Place the emulsion in a separating funnel, protected from light, for 24 h at
1%w/v Pluronic F68, 5%w/v oil phase, then remove the clearer part under the cream of
droplet. Wash the emulsion in 1%w/v Pluronic F68 like this at least 2 times, or until the
lower part of the solution is clear (see Note 27).

After the last wash, remove the clear part of the solution, below the decanted emulsion,
and discard it. Recover the final emulsion and store it in glass vials at 12°C, protected
from light (see Notes 28 and 29). This emulsion is used as stock emulsion, and can be
used for up to a year, or until the appearance of the emulsion has changed.

Before starting to do experiments with the droplets, take some emulsion, dilute it 100
times and verify the size distribution of the droplets. Using this protocol, the droplet

diameter should be around 9 um on average, with some dispersion in size.

[INSERT FIGURE 2 HERE]

3.3 Droplet functionalization

Droplet functionalization should be performed on the day of the experiment (Figure 2). Throughout the

protocol of droplet functionalization, use only low-binding microtubes. See Note 25 for an alternative

functionalization.

1.

Take 2 pL of stock droplet emulsion using a cut pipet tip to not damage the emulsion, and
put it into a microtube, before adding 198 pL of PB+Tween 20 buffer.

Wash the emulsion: centrifuge the emulsion at 2000 rpm for 30 sec in a minifuge.
Remove 180 pL of the aqueous phase (see Note 30).

Add 180 pL PB+Tween 20. Repeat the washing step (step 2) three times (see Note 31).



After the last wash, leave 20 pL of emulsion in the eppendorf. In another low-binding
microtube, prepare 180 pL. of PB+Tween 20 buffer with 2.5 pg of streptavidin. Add this
solution to the 20 pL of droplet emulsion and homogeneize well.

Incubate for 30 min on a rotating wheel at RT, protected from light.

Wash droplets as detailed in steps 2-3 to remove the excess of streptavidin.

After the last wash, leave 20 pL of emulsion in the eppendorf. In another low-binding
microtube, prepare 180 pL of PB+Tween 20 buffer with 5 ug of biotinylated ligand.
Incubate for 30 min on a rotating wheel at RT, protected from light.

Wash droplets as detailed in steps 2-3 to remove the excess of ligand, and leave in 200

uL total (see Note 32).

3.4 Immune synapse reconstitution in the microfluidic chip

[INSERT FIGURE 3 HERE]

1.

On the morning of the experiment, take the microfluidic chips out of the fridge and to
room temperature.

Remove the PVP solution from the fluorodish, and inject the microfluidic chip with cell
culture media (with a drug if the experiment involves a treatment, see Note 33) until a
large drop has formed on the exit side. Add a little bit of media on top of the microfluidic
chip to prevent drying. Put the microfluidic chip in an incubator (37°C, 5% CO,) until the
time of experiment (see Note 34).

Cut 3 pieces of tubing or similar length, long enough to join the reservoir of the pressure
controller and the stage of the microscope. Insert a metal injector at the extremity of each

piece of tubing, and install two of these tubes on the two pressure controllers.



Take a microfluidic chip, remove some of the media on top, and install it on the
microscope stage (see Note 35). Orient it so that the entry injection point is on the side of
the pressure controller and reservoirs.

Prepare one eppendorf with the well-resuspended target suspension (see Note 36), and
one eppendorf with cell culture media + 25mM HEPES (+ drug). Install them on the
reservoir holders.

Gradually increase the pressure for the target suspension, until a drop is getting out of the
metal injector. Lower the pressure to decrease the flow and prevent losing the content of
the reservoir, and deposit the drop on the entry point of the microfluidic chip before
inserting the injector in the entry point hole. Only then, increase the pressure to inject the
targets (see Note 37). Lower the pressure when enough targets have been trapped to
avoid more targets getting into the microfluidic chip (Figure 3) (see Note 38).

Gradually increase the pressure for the cell culture media, until a drop is getting out of the
metal injector. Lower the pressure to decrease the flow and prevent losing the content of
the reservoir, and deposit the drop on the entry point of the microfluidic chip. Hold the
fluorodish and the cell culture media tubing with one hand, remove the target suspension
tubing and injector with the other one, and replace it by the cell culture media tubing and
injector (see Note 39). Increase the injection pressure to wash the microfluidic chip from
all non-trapped targets (Figure 3). Cut the pressure for the target suspension, attach the
metal injector at a high point to prevent the remaining liquid in the tubing from flowing
out (see Note 40). Then, disconnect its tubing and reservoir.

While the microfluidic chip is being washed with cell culture media, set up the
microscopy settings (see Note 41). Look at the fluorescence of the target and adjust the
settings, identify the fields of view to image, and add some of the lymphocyte suspension
on the side of the fluorodish, next to the microfluidic chip, to adjust settings for

fluorescent imaging if they are stained.



10.

Install the third tubing + metal injector on the free pressure controller. Prepare an
eppendorf with the lymphocyte suspension, and set it up on the pressure controller. As in
step 7, replace the cell culture media inlet with the lymphocyte suspension inlet. When
the injector is in place, keep the pressure low while selecting the fields of view for
acquisition.

Launch the acquisition, let one image be acquired before increasing the injection pressure
of the lymphocyte suspension to have the initial state of the target, and the first time of
contact between the target and the lymphocyte (Figure 4). When there are enough
target-lymphocyte doublets (see Note 38), decrease the injection pressure to prevent more

lymphocytes from accumulating.

[INSERT FIGURE 4 HERE]

3.5 Final remarks

4. Notes

The 4D (+ color if necessary) data collected with a confocal or epifluorescence
microscope can be reconstructed in a single movie to obtain a multi-tiff file (see Figure 4
for examples of images obtained). To analyze polarization phenomena we recommend to
crop, on each field of view, the traps where both a target and a lymphocyte are present,
and to remove the time points that precede the arrival of the cell. Image analysis tools
(Imaris, FIJI, etc) can then be applied to track, for example, organelles and cytoskeleton

dynamics and/or the morphodynamics of the nucleus and the cell.

This is to remove humidity/water that might prevent photoresist adhesion.



10.

I1.

12.

Pre-heat the hot plates to have a stable temperature, and make sure to keep the humidity
in the room as low as possible.

Various designs have been described over the years [9, 10, 12, 13, 15-17], and can be
used for that protocol. Here we describe the protocol for the design used in [9] and
described in [12], with a B lymphocyte cell line. One can also use smaller micro-traps for
primary lymphocytes, as shown in Figures 1 and 4 [9].

We find that the other commonly-used PDMS, Sylgard, has other mechanical properties
and tends to break more easily than RTV during the repeated injections with needles.

The PDMS mix can also be prepared in advance, in excess, and stored at -20°C in a
falcon tube. In that case, bubbles will disappear over time, and the tube should be put
back to room temperature a little before using, but the PDMS-filled molds will not need
to be left very long in the vacuum bell.

One can also use a 0.75 mm diameter microfluidic puncher, and replace the metal
injectors and needles by PTFE tubing by making a Tygon-PTFE junction.

This can also be replaced by DOPE, or other functionalization of DSPE-PEG.

One can also use other oils such as mineral oil, FC-40, lipiodol oil, to achieve different
droplet properties.

It is crucial that the chloroform has well evaporated, otherwise this changes the viscosity
of the solution and will affect the final droplet size.

Keep a stock of PB buffer, pH=7, 20 mM, and a stock of PB+Tween 20 20% v/v, to
prepare the 0.2 % solution on the day of the experiment.

We tried different providers, fluorophores, and stock concentrations for the streptavidin,
and all were compatible with our system.

This ligand can be changed depending on the experiment. We have also used biotinylated
BSA as a negative control, F(ab'), anti mouse IgM or biotinylated HEL for primary B

cells, biotinylated ICAM-1, biotin anti-CD3 for primary T lymphocytes. These ligands
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13.

14.

15.

16.

17.

can also be mixed to have several functions on the droplets, although their proportions
would have to be calibrated.

Metal injectors can also be custom-made, but we find that this is the most cost-effective
protocol. Metal injectors can be re-used between experimental days, but need to be
flushed with MilliQ water after an experiment, kept in ethanol, and sonicated before
being reused. This avoids the presence of dried cells or medium components, and
therefore debris or clogging.

During the experiment, the chip is constantly connected to the pressure controller via the
metal injector and tubing, preventing us from adding the CO, control cover on top. We
find that adding 25 mM HEPES and keeping the whole microscope at 37°C keeps the
cells healthy for the duration of the experiment.

We find that the concentration of the lymphocyte cell suspension depends on the cell type
and version of the microfluidic design used. Typically, for the lymphocyte cell line, we
use 1.5.10° cells/mL, and for primary murine lymphocytes, we use 3.10° cells/mL.

We use one well/chip. We find that it is better to separate the cells in wells so as to
prevent repetitive resuspension and manipulation of the same cells, and facilitate addition
of drugs for pre-incubation in a systematic manner during the day of the experiment.
Overall, this improves reproducibility.

Here, we use antigen-coated oil droplets to activate B lymphocytes. However, any object
of similar dimension such as beads or other cells can be used. The concentration of this
solution should be tuned to the size of the object. In experiments using beads or droplets,
and involving drug treatment, we advise to resuspend the beads/droplets with cell culture
media + 25 mM HEPES + drugs. Of note, under a certain concentration of droplets, we
found that almost nothing was trapped.

In our case, we use antigen-coated droplets on which the antigen is mobile, in order to

visualize antigen recruitment and follow immune synapse formation.
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19.
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25.

This protocol should be adapted for smaller cells, e.g. primary cells, where not only the
trap design is modified, but also the height of the microfluidic chip should be close to 8
um to avoid cells going above or below droplets, or being stacked on top of each other.
Viscosity of the SU-8 can vary between lots, so this protocol, and in particular spinning
of the SU-8 photoresist in step 2, should be adapted to the SU-8 batch to control
thickness.

This step improves long-term use and storage of wafers. We advise frequent users to
prepare epoxy replica of the microfluidic chips when possible, so as to avoid using the
initial wafers on a day-to-day basis as they are very fragile.

Visualizing the injection sites can be made easier by putting ethanol on the chip, which
will be retained on the designs.

The cleaning procedures of the microfluidic chip can vary depending on the environment
they are prepared in. Here, we propose a protocol for chips prepared in a cleanroom-free
facility, and some steps could be eliminated or simplified in a microfluidics-dedicated
space, with less dust.

PDMS is initially very hydrophobic, making it difficult to inject liquid in it and avoid
bubbles. Filling the chip with the PVP solution allows a coating of the PDMS, and its
permanent contact with an aqueous solution, keeping it more hydrophilic until the time of
the experiment.

Microfluidic chips can be kept at 4°C in the 0.2 % w/v PVP K90-filled fluorodish for up
to a week before the experiment.

Of note we tested two types of functionalization: one where the biotinylated
phospholipids are mixed with the oil (bulk) and one where they are incorporated in the
droplet after droplet fabrication (surface) [10]. We present here only the bulk one, as it is

the one that makes the interface more fluid and permits the accumulation of the antigen at
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27.

28.

29.

30.

31.

32.

the synapse. Surface-functionalized droplets do not show antigen accumulation, but
allow, nevertheless, the activation of the cells. This functionalization technique allows
very precise quantification of the ligands present at the interface and is less demanding in
terms of materials. The reader could be also interested in changing the mechanical
properties of the droplets, which is doable modifying the oil mixture. Details on
alternative functionalization methods and surface tension can be found in [10] and [18].
The rough emulsion is sheared in the Couette cell to obtain more homogeneous, smaller
droplets. Changing the speed/settings of the Couette cell, or the viscosity of the oil phase
will change the average size of the droplets.

These steps allow to remove some of the smallest droplets, which will not get decanted to
the surface of the funnel, and obtain a more homogeneous emulsion.

Separate the stock into several glass vials, as repeated openings of the vial will degrade
the emulsion faster. This way, the emulsion stock can be used for longer.

To store products at 12°C, we find that the most cost-effective item is a small wine cellar
for service, where the door can be covered with aluminum foil to block the light.

We encourage you to leave the tube in the centrifuge for at least 30 s after the spin so that
the emulsion is well concentrated at the surface, on one side. To remove the aqueous
phase, use a gel-loading pipet tip and insert it on the side of the eppendorf with the least
emulsion, then aspirate slowly the aqueous phase sitting below.

During these washes, the Pluronic F68 surfactant in continuous phase is removed. At the
oil/water interface, Tween 20 surfactant is progressively added to ensure a homogeneous
protein coating.

For experiments using drugs, we separate this solution into several eppendorfs, and
resuspend the droplets in mediatdrug to ensure the good equilibrium of drug

concentration.
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34.

35.

36.

37.

38.

PDMS is very permeable, and can absorb drugs. It is therefore important to pre-incubate
the microfluidic chip with cell culture media + drug to obtain a stable concentration of
drug treatment during the experiment.

Equilibrating the microfluidic chip in an incubator allows it to be at the right temperature
and gaz (CO,) content for the experiment, and therefore maintain good conditions for the
cell as well as for imaging, as temperature differences increase the risk of drifting during
time-lapse microscopy.

Do not dry the surface of the chip, and do not let it with little media for a long time. The
surface should not dry, because this increases the risk of introducing air bubbles into the
microfluidic chip when injecting, and of dry media debris entering and damaging the
microfluidic chip.

We find that it is better to not put all target suspension in the eppendorf at once, but rather
add some more for each microfluidic experiment during the day. Indeed, in case of a
problem with the pressure controller, one could lose the full content of the eppendorf. In
addition, this allows the use of a suspension from the same fresh and clean stock for each
acquisition.

With our design, our pressure controller, and when putting the reservoir on the side of the
microscope stage at a height close to the one of the microfluidic chip, we find that setting
the pressure around 12 mbar until liquid gets out of the injector, lowering the pressure to
8-9 mbar while inserting the metal injector into the hole, then injecting
targets/lymphocytes with a pressure around 20 mbars, and setting to a resting pressure
(very low flow to prevent arrival of more targets/lymphocytes) around 6-8 mbars (this
can vary a lot depending on the design and the length of the tube) is a good starting point.
A good rule of thumb is that if the microscope settings allow to image 30 traps, then
having 10-15 traps with a target/lymphocyte in it is enough (keeping in mind the field of

view of the microscope). One should keep in mind that more targets/lymphocytes will



39.

40.

41.

certainly arrive and be trapped in the next few minutes, during the wash with cell culture
media, and that if there are traps containing several targets/lymphocytes, analysis will be
compromised.

This manipulation is critical and will be repeated in the next step. It requires some
training before being able to avoid injecting air bubbles, which can be mostly prevented
by ensuring that the incoming metal injector has media going out of it. Another risk is to
trigger backflow and have targets flowing back to the entry.

We find that taping it to the ceiling of the 37°C box of the microscope is most convenient.
As an example of imaging settings, with a spinning disk confocal microscope, we could
do 40 minutes acquisitions with 1 image every 30 s, at 3 positions, in 3 colors
(Transmission + 2 fluorescent channels), and 21 z slices, using a spinning disk confocal
microscope and streaming each channel. For the cell line microfluidic chip design, the
Nikon perfect focus system does not work, but one can use the software autofocus on the
transmission channel at each time point, and an offset on the z-position for the fluorescent

channels.
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Figure captions

Figure 1: (a) Bright field image of one of the chambers of the microfluidic chip designed for lymphocyte
cell lines. Each microfluidic chip has four chambers in parallel, each containing a large array of
microfluidic traps. Scale bar 100 pum. (b) (Left) Microfluidic traps designed for the B lymphocyte cell line
(diameter ~14 pum) and the (Right) design adapted to primary lymphocytes (diameter ~7 um). Scale bar

10 pm.

Figure 2: Functionalization of oil droplets. The stock emulsion is prepared as described in section 3.3
Droplet formulation. Oil droplets presenting biotinylated phospholipids at their surface are sequentially
functionalized with a fluorescent streptavidin and a biotinylated ligand, here a biotinylated BCR ligand
acting as antigen. Images of diluted, functionalized droplet suspension by spinning disk confocal

microscopy below. Scale bar 20 pm.

Figure 3: Steps for immune synapse reconstitution in the microfluidic chip.

Figure 4: Examples of images obtained using this system, on a spinning disk confocal microscope. (a) B
lymphocyte cell line (IIA1.6) stained with Hoechst to visualize the nucleus, in contact with an
antigen-coated droplet. (b) Naive primary murine B lymphocyte expressing LifeAct-GFP, stained with
Hoechst to visualize the nucleus, in contact with an antigen-coated droplet. [llustrations are z-projections
over a few planes at the center of the cell, from z-stacks covering the full depth of the cell. Scale bar 5

pm.
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Figure 1: (a) Bright field image of one of the chambers of the microfluidic chip designed for
Ilymphocyte cell lines. Each microfluidic chip has four chambers in parallel, each containing a large
array of microfluidic traps. Scale bar 100 um. (b) (Left) Microfluidic traps designed for the B
lymphocyte cell line (diameter ~14 um) and the (Right) design adapted to primary lymphocytes

(diameter ~7 pm). Scale bar 10 pm.
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Figure 2: Functionalization of oil droplets. The stock emulsion is prepared as described in section 3.3
Droplet formulation. Oil droplets presenting biotinylated phospholipids at their surface are
sequentially functionalized with a fluorescent streptavidin and a biotinylated ligand, here a
biotinylated BCR ligand acting as antigen. Images of diluted, functionalized droplet suspension by

spinning disk confocal microscopy below. Scale bar 20 um.
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Figure 3: Steps for immune synapse reconstitution in the microfluidic chip.
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Figure 4: Examples of images obtained using this system, on a spinning disk confocal microscope. (a)
B lymphocyte cell line (IIA1.6) stained with Hoechst to visualize the nucleus, in contact with an
antigen-coated droplet. (b) Naive primary murine B lymphocyte expressing LifeAct-GFP, stained with
Hoechst to visualize the nucleus, in contact with an antigen-coated droplet. Illustrations are
z-projections over a few planes at the center of the cell, from z-stacks covering the full depth of the

cell. Scale bar 5 um.



