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The understanding of cell-cell and cell-matrix interactions via
receptor and ligand binding relies on our ability to study the
very first events of their contact. Of particular interest is the
interaction between a T cell receptor and its cognate peptide-
major histocompatibility complex. Indeed analyzing their bind-
ing kinetics and cellular avidity in large-scale low-cost and fast
cell sorting would largely facilitate the access to cell-based can-
cer immunotherapies. We thus propose a microfluidic tool able
to independently control two types of micro-sized objects, put
them in contact for a defined time and probe their adhesion
state. The device consists in hydrodynamic traps holding the
first type of cells from below against the fluid flow, and a di-
electrophoretic system to force the second type of object to re-
main in contact to the first one. First the device is validated
by performing an adhesion frequency assay between fibroblasts
and fibronectin coated bead. Then, a study is conducted on
the modification of the cellular environment to match the di-
electrophoretic technology requirements without modifying the
cells viability and interaction functionalities. Finally, we demon-
strate the capability of the developed device to put cancer cells
and a population of T cells in contact and show the discrimi-
nation between specific and non specific interactions based on
pairs lifetime.
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1. Introduction

Multicellular organisms require a very well organized and
finely balanced cell-cell communication, adhesion, coordi-
nation and programmed cell death to ensure the organism’s
homeostasis. These functions rely on specialized receptors
placed at the cells membrane whose binding to their ligand
triggers a defined function. Receptor-ligand interaction is
thus a cornerstone of multicellularity, not only maintaining
the cells physically adhered to one another, but also enabling
communication to ensure function and organism homeosta-
sis. Malfunction of the receptors to properly trigger the ap-
propriate response leads to imbalances in the organism and
failure to exert specific functions and our understanding of
these pathologies thus relies on the capacity to study such in-

teractions. Because they characterize the very first instant of
the reaction chain induced by a binding event, the binding ki-
netics parameters defining the rate of bond formation and dis-
sociation are of particular interest. Receptors whose ligand
are in solution benefit from well characterized tools to study
their binding kinetics, such as surface plasmon resonance (1).
In contrast, tools available to study receptors whose ligand
are anchored on a cell or on a surface remain relatively inac-
cessible.

Measuring the binding kinetics of two surface anchored re-
ceptors and ligands demands the independent control on the
spatial position of two micrometer sized objects with high
temporal resolution, which is technically challenging (2).
State of the art methods for such assays comprise atomic
force microscopy (AFM), which is a precision tool of choice
to measure the force characteristics. Typically, a cell is
picked and attached to the tip of a soft microfabricated can-
tilever using either surface functionalization (3) or an em-
bedded fluidic system (4) and used to contact another cell
adhered to a substrate. The time of contact can be controlled
before probing the adhesion state and measuring the force re-
sistance of the formed bond(s) through the deformation of the
cantilever. Single bond detachment can be resolved thanks to
the high force sensitivity of the probe. Alternatively, the dual
pipette assay (DPA) makes use of two micropipettes to attach
one cell per pipette via the aspiration of the cells. The pipettes
can then be guided using micromanipulators coupled to high
resolution high speed imaging to probe the adhesion state as
a function of time of contact (5). Variations of this method
comprise the attachment of a red blood cell coated with a
specific ligand to one of the cells. Indeed red blood cells are
soft and a precise force measurement of the bond can be de-
duced from their deformation. Alternatively, a bead coated
with the ligand can be attached to an aspirated red blood cell
and put in contact to the receptor presenting cell attached to
the other pipette. In that case, the thermal fluctuations of the
bead are measurable because of the high deformability of the
red blood cells and indicate the adhesion state of the pair (6).
A direct measurement of the on and off rates from the adhe-
sion state timeline is then made possible. Optical tweezers
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(OT) are another tool that makes possible the precise manip-
ulation of objects thanks to the attraction of particles towards
the waist of a highly focused laser beam. OT are thus able
to both push an object trapped in the waist towards a cell ad-
hered to a surface or trapped in another OT as well as pull
on it with known force to probe the adhesion state and force
of adhesion (7, 8). These three methods rely on a very soft
spring linked to one of the cells to push and pull it to and
from another cell to allow a controlled force and time of in-
teraction. They are thus highly precise in force and position
control but are also of very low throughput and require highly
skilled staff to perform the assay.

Thanks to their ability to control position of micro-sized ob-
jects through various forces, microtechnologies have a po-
tential to control the contact between two objects at larger
throughput than the above mentioned methods. The strat-
egy of confining two objects in the same micro-sized envi-
ronment was largely used to study downstream effects after
the contact (9—11), but lacks the possibility of independently
controlling the two objects to study binding kinetics. Sys-
tems for the dynamic and serial cell-cell and cell-bead inter-
action were developed in microfluidic chips by immobilizing
in a first step the first type of particle using monolayer adhe-
sion (12, 13), hydrodynamic traps (14, 15) and hydrodynamic
traps combined with sedimentation (16). The second type of
cell was flown on top and reduction in speed upon contact be-
tween the two objects, pair lifetime, resistance to flow shear
stress or downstream signalling molecules monitored to char-
acterize the interaction. These systems are powerful tools to
probe receptor-ligand interactions at higher throughput than
the macrosized methods presented above, but they lack a pos-
sibility to control both force and contact time between the two
objects.

Controlled contact between cells is of specific interest for
cell-based cancer immunotherapies. Indeed the process of
selecting patient T cells with high antitumor activity is cur-
rently a long and very expensive process, limiting the gener-
alization of such approach despite their proven efficacy (17).
In this context, a tool able to reliably pair T lymphocytes with
antigen presenting cells (APCs) or tumor cells and rapidly as-
sess the specificity of the interaction could simplify the long
process of T cell selection and facilitate in the long term the
access to this kind of therapy. In this context, we propose
a microfluidic tool to control cell-cell and cell-bead contact
in a microfluidic chip using forces deriving from a different
phenomenon for each object. The effects are thus orthogo-
nal for an independent manipulation of the two micro-sized
particles. The method relies on the combination of two pre-
viously published trapping methods based on planar hydro-
dynamic trapping of cells (18) and dielectrophoretic (DEP)
trapping (19), both physical principles being widely used to
precisely manipulate and trap single cells (20, 21). We first
present the working principle of the microfluidic device and
its capabilities (Section ). The functionality of the tool is then
validated by performing an adhesion frequency assay with fi-
broblasts cells and fibronectin coated beads and the extracted
binding kinetics parameters are compared to literature (Sec-
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tion ). In order to demonstrate the potential of such a tool in
immunotherapy applications, the pairing of T cells with can-
cer cells is then performed and the effect of the binding of
T cells receptors (TCR) to its cognate peptide-major histo-
compatibility complex (pMHC) studied (Section ). The mea-
surement of the pair’s lifetime was measured and the effect
of TCR-pMHC bonds in this latter are demonstrated. A mea-
surement of cellular avidity based on these measurements is
then proposed by assigning a pair lumped off rate as metric.
The characteristic of the device are finally discussed in Sec-
tion as well as future developments and perspectives.

2. Material and Methods

2.1. Microfabrication. Buried microchannels were fabri-
cated as detailed by (18) for the planar hydrodynamic trap-
ping. Shortly, 500 nm Al,O3 was sputtered on a fused sil-
ica substrate and access holes as well as traps and outlets
were defined by photolithography and etched using ion beam
etching. The channels are defined by exposure to a vapor
phase of hydrofluoric acid (HF) that selectively underetches
the fused silica substrate without attacking the Al,O3 layer.
Access holes are then sealed by depositting a 2.5 um thick
layer of low temperature oxide doped with boron and phos-
phate (BPSG) leading to 3 um diameter traps. Electrodes
for the dielectrophoretic actuation are then defined by a lift-
off process. The negative resist AZ nLOF (MicroChemicals)
is coated (ACS 200, Siiss), exposed (MLA 150, Heidelberg
Instruments) and developed (ACS 200, Siiss) on top of the
structured fused silica substrate. 20 nm of titanium and 200
nm of platinum are evaporated (EVA 760, Alliance-Concept)
and lifted off in a remover bath (MICROPOSIT Remover
1165). The remaining photoresist residues remaining in the
buried channels are then cleaned using an oxygen plasma
(GIGAbatch, PVA TePla). The top PDMS channels are then
molded, aligned and permanently bonded to the electrodes
and glass channels as described in (19). The full fabrication
process is illustrated in Figure S4 in supplementary material,
and pictures of the fabricated combined traps and the whole
final chip respectively in Figures S5 and S2A.

2.2. Experimental platform and protocols. The chips
were primed with Pierce protein-free (PBS) blocking buffer
for 2 hours to prevent proteins from adhering to the sur-
faces. The cells or beads were placed in a chromatography
vial connected to the punched PDMS with 360 um outer di-
ameter tubing for tight sealing. Pressure was applied to the
vials using Fluigent Flow-EZ pressure controllers. The chip
was mounted on and electrically connected to a custom PCB
placed on the stage of a Leica DMI3000 B inverted micro-
scope and observed using a uEye (IDS) camera. All the elec-
tric signals needed to control the positions of the particles are
sent through a home made PCB creating the multiplication of
an AC signal at 100 kHz and different DC signals whose am-
plitudes are controlled by the computer with an adapted C++
program through an analog output generator (Mccdaq USB-
3100). The full setup is illustrated in Figure S1 and the chip
and PCB mounting in Figure S2B in supplementary material.
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The peak value for deviation voltages V7 and V> was set to
10 V whereas the peak trapping voltages Visyne and Veontact
were set to 8 V. Pressures during contact experiments were
set to 15 mbar to ensure constant drag force exerted on the
DMPs.

2.3. Cell culture and preparation. The adherent mouse fi-
broblast cell line NIH-3T3 was cultured in medium (DMEM,
high glucose, GlutaMAX Supplement) supplemented with
10% FBS and 1% penicillin—streptomycin at 37 °C in a
5% CO, atmosphere. The semi-adherent cancer cell line
Colo205 was cultured in medium (RPMI) supplemented with
10% FBS and 1% penicillin—streptomycin at 37 °C in a 5%
CO; atmosphere. Col0205 tumor cell lines were pulsed with
10 pg/mL of specific or irrelevant peptide, and incubated for
1h at 37°C in 5% CO2 in RPMI medium supplemented with
10% FBS and 1% penicillin-streptomycin. The specificity of
CD8+ T cells towards the peptide was previously assessed by
co-culture of 5-10* T cells with pulsed tumor cell lines in the
presence of Golgi Plug (BD Biosciences) in 96-well plate at
1:1 E:T cell ratio.

Staining of the cells was performed by incubating the cells
in PBS with 4 pym Calcein UltraBlue AM (Cayman Chemi-
cal) or with 1 um Calcein AM (Invitrogen™) for 1 h. The
working solution is composed of 40% RPMI and 60% deion-
ized water. The solution is compensated for osmolarity by the
addition of dextrose (Sigma-Aldrich) and cleaned through a
0.22 um filter. After staining, the cells were resuspended in
the working solution and passed through a 40 um cell strainer
before the experiment. All reagents are from Gibco unless
specified.

2.4. Medium compatibility protocols. For cell viability
assay, cells were immersed for 5 h in complete medium di-
luted in different percentage of DI water with corresponding
amount of dextrose to compensate for osmolarity at 37 °C in
a 5% CO, atmosphere. After 5 h, the cells were resuspended
in standard complete medium and cultivated at 37 °C in a 5%
CO, atmosphere for 48 h. Cell viability was assessed using
trypan blue after the 5 h incubation in custom medium and
24 h and 48 h after resuspension in standard medium.

For cell activation assay, CD8+ T cells were stimulated with
specific or irrelevant peptides at Sug/mL (JPT Technologies)
in the presence of Golgi Plug (BD Biosciences) in com-
plete medium (RPMI medium supplemented with 10% FBS
and 1% penicillin-streptomycin) or in complete medium di-
luted in different percentage of DI water with corresponding
amount of dextrose to compensate for osmolarity. CD8+ T
cells were incubated at 37°C in 5% CO2 for 5h for cell vi-
ability and cytokine production analysis. Cytokine produc-
tion was analyzed by flow cytometry upon cell staining per-
formed according to the manufacturer’s instructions (BD).
Briefly, cells were stained for 30 min with Live/Dead fix-
able dead cell stain (eBioscience™ Fixable Viability Dye
eFluo™ 506 Invitrogen), anti-CD3 (PB, BD Pharmingen),
anti-CD4 (APC-H7, BD Pharmingen) and anti-CD§ (PE,
Diaclone). For intracellular staining, cells were incubated
with Cytofix/Cytoperm™ (BD Biosciences) for 30 min then
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stained with anti IFNy (APC, BD Pharmingen) and anti
TNFo (FITC, BD Pharmingen). Cells were acquired on a BD
FACS- Canto IT (BD Biosciences) flow cytometer and data
analyzed using FlowJo Software.

2.5. Bead coating.5 um in diameter polystyrene beads
coated with streptavidin were purchased from Spherotech.
The beads were cleaned 3 times in PBS and resuspended in a
solution of PBS with 20 pg/ml biotinylated fibronectin (Cy-
toskeleton) or biotinylated BSA (Pierce) and left to incubate
for 1 h at room temperature and with gentle rotation. The
beads were then washed three times in PBS supplemented
with 7.5% BSA to prevent the beads from adhering to each
other and resuspended in the working solution.

3. Results

3.1. Principle of operation: Combining hydrodynamic
traps and dielectrophoresis in a microfluidic chip. We
present a microfluidic system combining fluidic and dielec-
trophoretic actuation capable of performing in flow cell-
particle interaction. The device is illustrated in Figure 1 a
and comprises two inlets for medium perfusion controlled by
the pressures P;, 1 and P, o followed by serpentines chan-
nels to increase its flow resistance. The two channels merge
before entering the interaction chamber. This latter is com-
posed of an upstream DEP actuated deviation system capa-
ble of steering the incoming particles to specific streamlines
(22), followed by an expansion of the channel and two lines
of DEP traps. Each line is made of coplanar electrodes and
comprises four distinct trapping units capable of focusing the
particles to one point in three dimensions (19) as well as a
bypass zone to which unwanted particles can be deviated to
leave the chamber. The upstream line is named the synchro-
nization line because its role is to synchronize the arrival of
particles to the second line once the amount of particles per
trap is reached. The second line is named the contact line and
features hydrodynamic traps placed along the centers of each
one of the DEP traps. The hydrodynamic traps are precisely
described in (18) and feature holes, placed at the bottom of
the main PDMS channel and connected to a second lower
level of channels, named buried channels. The buried chan-
nels connect the traps to a pressure control channel, whose
pressure P. defines the flow direction in the buried chan-
nel. Particles of larger diameter than the trap and lying in
the streamlines passing through the traps and buried chan-
nels clog the traps due to their larger dimensions, stopping
the flow in the buried channels and immobilizing the particle
thanks to the pressure difference built across it. Figure 1 b
is an optical microscope image of the synchronization (top)
and contact (bottom) lines with transparent buried channels
and hydrodynamic traps. Figure 1 d is a scanning electron
microscopy image with two hydrodynamic traps surrounded
by coplanar electrodes (highlighted in yellow for better visu-
alization).

The interaction zone thus comprises DEP and hydrodynamic
traps, whose roles are to exert independent effects on the par-
ticles. Once a particle is immobilized in the hydrodynamic
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Fig. 1. a Schematic representation of the microfluidic chip and electrodes with controlled voltages and pressures. The orange part represent the buried channel embedded in
the glass substrate and running at a lower level under the PDMS channel. b Optical microscope picture of the interaction zone with the synchronization line (top) and contact
line (bottom). Each funnel shaped electrode feature generates a DEP force field with single position of equilibrium against the flow at their center when a voltage is applied.
The contact line comprises hydrodynamic traps at the center of the DEP traps. ¢ Workflow steps for the controlled interaction between objects with emphasis on two traps of
the synchronization line. d SEM picture of two units of the synchronization line. The hydrodynamic trap is visible at the center of the funnel shaped electrodes. e Timelapse
image of the controlled contact between two cells. The hydrodynamically trapped cell is coloured in white and the dielectrophoretically manipulated cell in green by image

processing for clarity.

trap, the DEP force does not affect it anymore because it
is weaker than the force exerted by the difference of pres-
sure across the hydrodynamic trap. This particle is hereafter
named the Hydrodynamically Trapped Particle (HTP). A sec-
ond particle however is affected by the DEP induced force
when a difference of potential is applied across the contact
electrodes. Because the hydrodynamic trap is placed at the
equilibrium position of the DEP trap, its effect directs the
second particle, hereafter named Dielectrophoretically Ma-
nipulated Particle (DMP), towards the HTP and immobilizes
it in close contact to the HTP against the flow. The workflow
steps for the controlled interaction are depicted in Figure 1
¢ with emphasis on two traps of the contact line. The first
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step consists in the introduction of the first type of particles
in the interaction chamber by increasing P, 1 and setting
P;p, 2 to zero. The particles are then immobilized in the hy-
drodynamic traps by setting a negative value to P, (Figure 1
c i) ). Once all the traps are filled with HTPs, P, can be in-
creased to a value close to zero to minimize the difference of
pressure across them and associated deformation. The sec-
ond type of particles are then introduced in the chamber by
increasing P, o and setting P;,, 1 to zero. The arriving par-
ticles are first steered towards each of the trapping units of
the synchronization line (not shown) using the deviation sys-
tem and trapped against the flow drag force under the effect
of the DEP force generated by V... The destination of the
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particles is defined by the ratio of voltage applied to each side
of the channel V; /V5 (22). Once the synchronization line is
filled by one particle per trap, Vsyn. can be turned off and
the DMPs are dragged downstream by the flow and immobi-
lized in close contact to the HTP by turning on V,optct (Fig-
ure 1 c ii) ). The voltage is maintained for the desired con-
tact duration (Figure 1 c iii) ). Once this duration is elapsed,
Veontact 18 turned off and the DMPs are dragged away from
the HTP by the constant flow. Adhesion events mediated
through receptor-ligand bonds can be observed and related
parameters such as state of adhesion or lifetime of the pairs
can then be assessed and measured (Figure 1 c iv) ).

Figure 1 e is a timelapse image of the contact between
two cells demonstrating the device’s capability, the HTP is
coloured in white and the DMP in green by image post-
processing for clarity.

3.2. Validation of the device via the interaction be-
tween fibronectin and fibroblasts. In order to validate
the device, a well known and characterized pair of receptor-
ligand interaction was studied using the developed microflu-
idic chip. Integrins present on the surface of mouse fibrob-
lasts were shown to bind specifically to fibronectin coated on
a surface (7). For the specific case of a species outnumber-
ing the other one, the mathematical expression describing the
probability of adhesion of one bond after a contact time ¢ was
derived (5):

MonazKon

) =——7""—
p( ) mma:ﬂkoff +kon

[1 = exp(—(Mmazkon +Eof )t)]
1)

With ko, and k¢ the forward and reverse binding constant
in um?s~! and s~ ! respectively and 1,4, the surface den-
sity of the most abundant species out of the two in pm 2.
The probability p,, of forming n bonds after a time ¢ is then

given by the binomial distribution:

P = (Acm’""”) (p(H)" 1 — p(t)Aemmin = (2)

n

With A, the surface of contact in umz and M,;y, the surface
density of the less abundant species in zm =2 and (AC";W”)
the binomial coefficient. The probability of adhesion P, me-
diated by minimum 7,,,;,, bonds is then given by:

Nmin—1

Py=1- pc(t) 3
=0

For cases where a single bond is sufficient to mediate an ad-
hesion event, the last expression becomes:

Py =1—[L—p(t)]Aemmin @

In this experiment, 5 pm in diameter polystyrene beads
coated with fibronectin were taken as DMPs and were put
in contact during a controlled amount of time to mouse
fibroblasts who played the role of HTPs. The adhesion state
was assessed after the forced contact was released. The
negative control consisted of 5 um in diameter polystyrene
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beads coated with bovine serum albumin (BSA) as DMPs.
Figure 2 a illustrates a controlled contact of 3 seconds
between a fibronectin coated bead and a fibroblast that does
not display any adhesion after the contact. The measure
was taken for more than 20 events per contact time and
the fraction of adhesion events is reported as a function
of contact duration in Figure 2. The contact time was
measured from video analysis and taken as the time the
bead was immobile in contact to the HTP. Disparities in
contact duration were observed and its standard deviation is
reported as the horizontal error bar. The large majority of
beads had a position of equilibrium downstream of the HTP
between this latter and the electrode, ensuring repeatable
experimental conditions. The vertical error bar represents
the 95% confidence interval on the percentage calculated
from a binomial distribution of the adhesion events.

Integrins were taken as the less abundant species and one
bond considered as sufficient to mediate an adhesion as de-
duced by the similar work performed by Thoumine et al. (7).
As expected from equation 4, the percentage of adhesion of
fibronectin coated beads increases as a function of contact
duration until reaching a plateau. The control data displays a
significantly lower percentage of adhesion with no adhesion
event reported for the lower range of contact duration. Ex-
perimentally, the strength of adhesion was significantly lower
for BSA as the adhered beads would detach from the cell at
very low flow rate, contrary to most fibronectin beads who
remained attached even when increasing the flow rate until
the maximum value allowed by the pump. Equation 4 was
fitted to the data and is represented as the continuous line on
the graph of Figure 2 b. The parameters extracted from the
best fitare k, = 0.17 s~ 1 and AcmypinMimazks =0.76 s71.
This latter parameter is constant for a given adhesion curve
and was found to be in the range reported by the similar ad-
hesion experiment by Thoumine et al. (7).

Percentage of adhesion

X DataBSA
10 i X Data Fibronectin
I [2al

— Fitcurve

0 5 10 15 20 25 30 35
Time of contact [s]

Fig. 2. a Timelapse image of a fibronectin bead placed in contact to a mouse fibrob-
last during 3 seconds. No adhesion was observed after the contact and the bead is
dragged downstream after the release. b Percentage of adhesion events as a func-
tion of contact duration for fibronectin coated beads as DMPs and mouse fibroblasts
as HTPs. BSA coated beads as DMPs are used as a control. We demonstrate
that the adhesion is mediated by integrin receptors at the surface of the fibroblasts
binding specifically to fibronectin and extract the binding parameters from the fitting
Equation 4 to the data.
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Fig. 3. Intracellular IFN-y and TNF-a content after 5 h co-incubation of T cell clones with specific peptide in medium composed of different percentage of RPMI supplemented
with FBS and diluted in DI water with the adapted amount of dextrose to compensate for osmolarity. A minimum content of 40% complete medium was found to be necessary

to ensure T cell clones activation and viability.

3.3. Application to the measurement of T cell - cancer
cell pairs lifetime. The device was used to test more com-
plex receptor-ligand pairs such as TCR-pMHC. An HLA-
A2-restricted clone of human CD8+ T cells was thus used
as DMPs and cancer cells pulsed with the peptide to which
the TCRs of the T cells clone are specific were used as
HTPs. The negative control consisted of the same cancer
cells pulsed with an irrelevant peptide.

3.3.1. Medium compatibility. Because the presence of an elec-
tric field in a conductive medium induces movement of ions
and ensuing Joule heating effect (23), diluted media with
lower conductivity must be used to manipulate particles with
DEP. Typical medium for DEP manipulation is composed of
10% PBS and 90% deionized (DI) water supplemented with
dextrose to correct for osmolarity (24). T cells however need
specific medium compounds to properly activate following a
specific binding of their TCR (25). Furthermore, prolonged
exposition to modified media can compromise their viabil-
ity, which is necessary for further culture after selection in
cell based immunotherapies. The maximum time necessary
for T cell selection in a chip was estimated to 5 h and the
activation and viability of the T cell clones in different dilu-
tions of medium in DI water and corrected for osmolarity by
the addition of dextrose after incubation with specific peptide
was thus assessed using the protocol described in the Experi-
mental Section. The T cell clones immersed in 10% PBS not
only did not produce IFN-y and TNF-a after co-incubation
with the specific peptide but only 8% of the initial cells re-
mained alive after 5 h immersion in the specific medium and
48h re-culture in standard medium (Supplementary Figure
S6). Activation and viability tests after a 5 h exposition to the
medium were thus performed in different dilutions of RPMI
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supplemented with FBS and the results are presented in Fig-
ure 3 and Supplementary Figure S7 indicating a minimum
standard medium content of 40% to ensure proper activation
of the clones as well as viability after immersion during 5 h.
This concentration was thus selected to perform the on-chip
interaction experiments.

3.3.2. Pairs lifetime results. T cells and cancer cells were
stained with calcein AM of distinct color (blue and green re-
spectively) to be able to differentiate between cell types, but
also to visualize any event of electroporation or membrane
damage due to the difference of pressure applied by the hy-
drodynamic traps. Indeed, calcein is a small molecule with-
out covalent binding to intracellular compounds that quickly
diffuses out of the cell in case of membrane damage. Only
events with intact cells displaying constant and bright fluores-
cence were considered for the analysis. The average duration
of contact was measured as the time the cells were immobile
and in contact to the HTPs and is of 22 seconds with stan-
dard deviation of 3 seconds. The large majority of T cells had
a position of equilibrium downstream of the HTPs between
this latter and the electrode, ensuring repeatable experimental
conditions. The pair lifetime was defined as the time a T cell
stays in a radius of 20% that of the cancer cell once the volt-
age of the interaction line Vioptqce 1S turned off. A picture
of a forced contact between the two cells is illustrated in Fig-
ure S3 and a video of a contact provided in Supplementary
video SV 1. The results of the lifetime measurements are dis-
played in Figure 4 a. Adhesions were observed in both con-
trol and tested case, indicating that the expected TCR-pMHC
bonds are not the only receptor-ligand pairs responsible for
adhesion. Indeed T cells have different receptors responsible
for rolling on the endothelium, cell migration towards their
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Fig. 4. a Pair lifetime measurements after 22 seconds of forced contact between Colo205 and peptide-specific T cell clones in the case where the HLA-A2+ Colo205 cells
were pulsed with the TCRs cognate peptide (specific) or irrelevant peptide (non specific). b A lumped off rate can be fitted to the data indicating a faster dissociation of pairs

without specific peptide than the pairs with specific peptide.

targets and mediating the immune synapse such as LFA1-
ICAM, CD28-CD80/CD86 or CD2-CD48/CD59 (26).

The samples distributions were tested for normality using a
Kolmogorov-Smirnov test and the null hypothesis of a nor-
mal distribution was rejected is both cases. The samples were
thus tested for equal median using Mann-Whitney U test and
obtained a p-value of 0.03, rejecting at 95% confidence in-
terval the null hypothesis and indicating a larger median life-
time in the presence of specific peptide on the cancer cells.
The TCR-pMHC interaction thus tends to increase the pairs
lifetime.

Lifetime of single bonds following first order dissociation ki-
netics can be described by an exponential decay and the prob-
ability P; of a bond formed at time ¢ = 0 to remain intact at
time t; follows the law:

P, = e.%‘p(—k‘offtb) &)

As discussed above, the adhesion events observed are not
only mediated by multiple bonds but also by different
receptor-ligand pair types. Avidity represents best the present
situation than affinity as it is defined as the strength of
an interaction between cells mediated by multiple receptor-
ligands such as the TCR, the co-receptor CD8, other adhesion
molecules and activating/inhibitory molecules. It is mainly
measured via multimer binding assays and is believed to be a
better predictor of T cell effector function than simple TCR-
pMHC affinity (27, 28). We thus approximated the cell-cell
dissociation rate to a first order dissociation kinetics and fit-
ted the results to extract a lumped off rate characterizing the
avidity. Figure 4 b presents the natural logarithm of the num-
ber of events with a lifetime longer than ¢, as a function of
time and is thus a representation of In(P;(t)). A linear de-
pendency was fitted to the data and the slope taken as the ef-
fective off rate, which was measured to be of 1.4 s~ for the
specific peptide and 2.5 s~ in absence of specific peptide.
As expected, the non randomly distributed residues indicate
that the fit does not correspond to the physical reality. The
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lumped off rate fit however allows to discriminate between
two populations and evaluate their avidity.

4. Discussion

We demonstrated the development of a novel microfluidic
chip capable of performing in flow interaction assays based
on two distinct phenomena for the independent manipulation
of two micro-sized objects. The orthogonal manipulation of
the two objects allows a spatial and time control over the con-
tact, which unlocks for the first time different adhesion as-
says on chip. Two different assays were performed as proof
of concept to demonstrate the possibilities achievable with
this method. First a biophysical experiment was performed in
which fibroblasts were put in contact with fibronectin coated
beads during different contact times. The adhesion mediated
by the binding of integrin receptors on the surface of the fi-
broblasts to fibronectin was assessed and the binding kinetics
of the receptor ligand pair were extracted by fitting the theo-
retical curve to the data. Second, human T cell clones were
put in contact to cancer cells pulsed with a peptide to which
the TCRs are specific. The pairs lifetime was measured after
a contact time of 22 seconds, indicating a longer adhesion of
T cells to cancer cells pulsed with the specific peptide than to
the cancer cells not pulsed with the specific peptide. The data
was approximated by a single bond dissociation to extract a
pair lumped off rate describing the avidity of the interaction.
This second assay opens the door to application in cancer im-
munotherapy for specific T cell selection via avidity evalua-
tion (13, 28). Combination of lifetime measurement together
with another criteria indicating a specific activation of the T
cells, for example intracellular calcium increase (10, 13) or a
change of the cell’s electrical impedance (29), could allow a
precise assay for specific T cell recognition. Future develop-
ment will comprise the addition of a dielectrophoresis actu-
ated cell sorter (DACS) downstream of the contact chamber
to sort and retrieve cells of interest (30). However, the largest
improvement will come from computer vision automation of
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the actuation for the reasons described below.

Reverse binding constants are known to be dependent on the
force applied to disrupt the bonds. First order forward and
backward kinetics were described by a single energy barrier
in the potential landscape along the distance between the re-
ceptor and the ligand. The effect of a force F' applied on the
complex can be understood as a lowering in the energy bar-
rier and an increase in the off rate, as described by the Bell
model (31):

kogs = ko rexp(F/Fy) (6)

with kg i the reverse binding constant under zero force and
F}, the force necessary to lower the energy barrier by one
unit of thermal energy k;T" with k; the Boltzmann constant
and T the absolute temperature. This was later described as
a slip bond, which was verified for numerous receptor-ligand
complexes (32). Integrins however were shown to display
a minimum in reverse binding constant as a function of
disruptive force, also known as catch bond (33). In the
present case, the disruptive force is generated by the flow
drag force exerted on the DMPs after the dielectrophoretic
force of the contact line is turned off. Repeatable flow
rates are thus of prime importance for comparable results.
We ensure this by designing a serpentine that acts as large
hydraulic flow resistance to minimize flow variation with
pressure variation or clogs. However, feedback activated
controlled particle image velocimetry (PIV) (34) would
allow a dynamic and more precise control of the flow and
thus of forces acting on the DMPs.

Variation of the compressive force pushing the two objects
together changes the area of contact between them and
has an impact on the parameter A.muinMmazkon. The
compressive force is defined by the difference between drag
and DEP force and this latter is dependent on the volume
of the DMPs, but also on the position of the HTPs surface.
Large variation on both HTPs and DMPs size thus have
an impact on both the compressive force and the disruptive
force experienced by the DMPs and alter the extracted
binding kinetics, which should be taken into account when
working with samples of large size distribution. Using
computer vision control, the voltage used to compress the
DMPs in contact to the HTPs could thus be dynamically
adapted to both sizes to reach constant a compressive force.
Precise control on the time of contact is not possible when
defining the time of contact as

Wayne=0 = Weontact=0s indeed particles have a distribution
in velocity due to differences in size and position along the
channel height and do not stabilize in contact simultaneously.
Control on the time of contact for less than 6 seconds was
thus made a single trap at a time, but the minimum contact
time was limited to 1 second due to human limitation in
reactivity. This aspect would also be solved using automated
control of the interaction, together with identification and
sorting of events of interest.
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5. Conclusion

In summary, we proposed and developed a new microflu-
idic chip combining two types of actuation for the con-
trolled contact and separation of two micro-sized objects, in
particular single-cells, and their independent controlled mo-
tions. Hydrodynamic traps were designed to first trap and
arrange single-cells in the chip, and the dielectrophoresis
phenomenon is used on the second type of particles, either
beads or cells, to bring them towards the first cells and cre-
ate a forced monitored interaction. This developed tool is
specially designed to guarantee manipulation methods that
preserve cells integrity and receptors functions and paves the
way to a second generation of larger throughput devices as it
can easily be combined with automation. We performed two
different assays to demonstrate the capability of the device to
generate repeatable cell-bead and cell-cell interactions, first
on the fibronectin-integrin bond to fit the experimental data
to the well-known binding kinetic model and validate the de-
vice. Finally, we tackled the challenge of TCR-pMHC bond
and succeeded in discriminating between specific and non-
specific interactions which shows the potential of the device
in cell-based cancer immunotherapy development once com-
bined with automation for faster and less expensive T cell
screening and sorting. This novel method thus opens new
perspectives for applications in biophysical experiments and
adoptive cell therapy developments.
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