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ce performing on flow study of
serial cell–cell interactions of two cell populations†

Margaux Duchamp, a Thamani Dahoun,a Clarisse Vaillier,a Marion Arnaud,b

Sara Bobisse,b George Coukos,b Alexandre Hararib and Philippe Renaud*a

In this study we present a novel microfluidic hydrodynamic trapping device to probe the cell–cell

interaction between all cell samples of two distinct populations. We have exploited an hydrodynamic

trapping method using microfluidics to immobilize a batch of cells from the first population at specific

locations, then relied on hydrodynamic filtering principles, the flowing cells from the second cell

population are placed in contact with the trapped ones, through a roll-over mechanism. The rolling cells

interact with the serially trapped cells one after the other. The proposed microfluidic phenomenon was

characterized with beads. We have shown the validity of our method by detecting the capacity of

olfactory receptors to induce adhesion of cell doublets overexpressing these receptors. We report here

the first controlled on-flow single cell resolution cell–cell interaction assay in a microfluidic device for

future application in cell–cell interactions-based cell library screenings.
1 Introduction

Cell–cell interactions play a major role in tissue homeostasis1

and formation.2 Interactions at the cellular level occur in the
embryonic development,3 tumor progression4 and metastasis,4

stem cell maintenance,5 as well as in the immune system.6 Our
understanding of how cell–cell interactions shape cell behavior
relies on our ability to study these dynamic interactions and
examine the underlying cellular response. Typical approaches
to investigate such interactions at the cellular level involved
putting in contact cells in bulk co-cultures7 with the use of
centrifugation8 (for co-sedimentation steps) or using the ip-
ping assay.9 These approaches only provide a population-based
overview of the cellular response andmiss individual variations.
Conventional cell–cell interaction methods10 also include the
dual pipette aspiration assay,11,12 in which two micro pipettes
are used to immobilize cells and force them in contact. In this
method the interaction force can be probed by modulating the
applied pressure exerted on the cell by the pipette end. Another
commonly used cell–cell interaction assay is the atomic force
microscopy (AFM)-based single-cell force spectroscopy (SCFS).13

It is an AFM based assay where a cell is adhered on the substrate
and another one is placed on the AFM tip. A force is then
applied to push the cell on the AFM tip in contact with the one
on the substrate. The interaction between the two cells in the
lytechnique Fédérale de Lausanne (EPFL),

aud@ep.ch

ity Hospital, Ludwig Institute for Cancer

CH-1066, Switzerland

tion (ESI) available. See DOI:

073
AFM is characterized through the deformation of the cantilever.
Amongst cell–cell interaction method is the Förster resonance
energy transfer (FRET)-based molecular tension sensors14 assay
relies on the transformation of mechanical forces into optical
signals. This method uses a FRET-based molecular tension
sensor module. Which is introduced in the cytoplasmic domain
of E-cadherins, N-cadherin or vinculin to localize the cell–cell
contact sites and focal adhesion points by displaying decreased
FRET efficiency upon tension on the sensor module. These
assays enable a high control of environmental parameters of the
interaction, as the contact force (AFM and dual pipette assay),
and lead to precise cell–cell interaction study, like measuring
the precise tension load on cell membranes (FRET-based
tension sensor). However, these methods lack high
throughput, as only one cell pair can be studied at a time.
Additionally, skilled expertise and tedious manipulation could
be required (dual pipette assay). Those methods being time
consuming and low throughput there is a need for higher
throughput cell–cell interaction tools.

Recently microfabrication technologies have facilitated the
development of single cell analysis tools. Amongst these a focus on
microscale methods for cell–cell interaction studies has emerged.
The developedmethods can be classied into twomain categories:
open systems (based on microwell arrays) and closed systems
(microuidic channel devices with closed channels). Microwell
arrays consist in pico- or nanoliter wells loaded with a cell
suspension which will slowly sediment in the wells.15 Microwell
arrays are a simple and easy-to-use method for cell doublet
formation as the average number of cells per well can be tailored
by the microwell dimensions and the cell doublet formation relies
on gravity, a passive mechanism. However, this cell doublet
This journal is © The Royal Society of Chemistry 2019
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formation method doesn't give control over the cell types
composing the doublet. Additionally, this method does not allow
tuning of the interaction parameters like the contact force or the
interaction time between the two cells. On the other hand, closed
microuidic devices enable improved precision over the interac-
tion parameters which allow a more versatile study of cell–cell
interactions. Closed microuidic devices enable a controlled
generation of cell–cell interactions16 thanks to ow control of cells
in closed microchannels leading to cell pair formation. Cell
doublets can be studied while conned in physical hydrodynamic
traps.17 Cell pairs are placed in contact in static condition by
connement in physical cages. This static condition implies that
cells are immobile, hence leading to a long contact time and a high
contact force for the interaction. Such traps can also be created
with optical,18 acoustic,19 or electric20 forces. Cell doublets are also
studied in conned environments like micro-droplets21 or valved
compartments.22 Most of the methods based on microuidics rely
on static cell–cell interactions where cells are immobile during the
interaction. Furthermore, cell doublets are randomly formed with
a single cell from the rst population placed in contact with
a single cell from the second population. In the case of rare cell
populations this random cell pairing could be problematic, and
thus lead to cell loss. Compared to conventional cell–cell interac-
tion assays microscale devices enable an increased throughput
thanks to the parallelization of cell pairs formation.

In this study we developed a microuidic device capable of
multiplexing dynamic cell–cell interactions. The term dynamic
implies that at least one cell of the doublet is in movement
during the interaction. This device leads to cell–cell interaction
multiplexing as it enables to probe serially cell–cell interactions
between two cell populations. A sample (size dened by the
amount of trap per chips) composed of single cells from the rst
population is immobilized in traps and placed in contact with
rolling cells from the second population. All possible cell–cell
interactions between the cell samples of each population is
therefore investigated. This novel concept has been tested with
the investigation of the role of an olfactory receptor (OR) in the
functional wiring of the olfactory system. The device we
designed offers the possibility to study the hypothesis that ORs
Fig. 1 (A) Schematic view of the particle trapping mechanism. The partic
view of the particle rollingmechanism. Particles carried by the flow roll on
enable a partial flow reaspiration that modify the flow lines alongwhich flo
rolling particle along the channel and enable a stronger interaction with

This journal is © The Royal Society of Chemistry 2019
might be involved not only in sensing odorant molecules but
also in cell-to-cell recognition for directing axon molecular cues
in the olfactory bulb.23–25 We choose to investigate the mouse
olfactory receptor mOR256-17 (Olfr15) because it has been
localized in the axons of olfactory sensory neurons (OSN)25 and
it has been shown to be involved in homotypic and heterotypic
cells adhesion.26 However, the mean of action of the receptor
still remains unknown and requires new investigation tools to
be further characterized. The chip we created allowed us to trap
cells expressing the mOR256-17, subsequently make another
cell expressing the same receptor roll over the trapped one. To
our knowledge, this is the rst microuidic device enabling the
study of cell–cell interaction of all cells of samples (sample size
dened by the number of hydrodynamic traps in the device)
from two distinct populations while on ow.
2 Principle
2.1 Microuidic chip principle

The presentedmicrouidic device is composed of amain channel,
in which particles ow, in parallel with a low-pressure channel.
Those channels are linked by perpendicular narrower channels
called trap channel and bypass channels. Particles are trapped at
the junction between themain and the trap channels while, bypass
channels are designed for partial ow aspiration. This chip can be
operated in two modes: trapping and “roll-over” (Fig. 1).

The trapping mode (Fig. 1A) allows particle trapping at trap
channels entrances. The specic widening of the trap channel
entrance is called the trap cup and is where the trapped particle
will be placed. Virtual widths are dened as the ow stream
width from the main channel entering either the trap channel
(w0) or the bypass channel (w1). Virtual width values depend on
the ratio of owrates respectively QT/QM and QB/QM, no addi-
tional trapping force is applied. When the radius of a owing
particle is smaller than the virtual width (w0 in Fig. 1A) of the
trap, it is diverted towards the trap channel27 and hydrody-
namically trapped28 thanks to a mechanical constriction as
shown in Fig. 1A. When all trap channels are passively lled
with particles the roll-over mode can be implemented.
le carried by the flow (Q) is trapped in the trap channel. (B) Schematic
the trapped particles thank to the bypass channel. The bypass channels
wing particlesmove. This flow linemodification enables to position the
the following trapped particle.

RSC Adv., 2019, 9, 41066–41073 | 41067
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The roll-over mode (Fig. 1B) allows the sequential interaction
of owing particles with all the previously trapped particles.
This phenomenon relies on the hydrodynamic ltering29 prin-
ciple. In this case, bypass channels are dened in order to have
a virtual width (w1 in Fig. 1B) smaller than the radius of any
owing particles present in the main channel. Such bypass
channels have virtual width designed to partially reaspirate the
ow in order to re-position rolling particles along the main
channel wall. This positioning along the channel wall aer each
trap enables owing particle to interact sequentially with all
trapped particle and hence enables a multiplexing of the
particle–particle interactions.
2.2 Theoretical analysis

We have developed a simplied model of the uidic behaviour
observed in our device. In which we assumed a fully developed
ow in all channels and simplied the design by removing the
trap cup at the entrance of the trapping channels. We simplied
the model by breaking down the full design (Fig. 2A) into
a smaller functional unit that will be repeated with each func-
tional unit presenting the same ow and pressure drops. This
functional is composed of a single trap and a single bypass
channel (Fig. 2B). This model enabled us to dene a range of
possible channel dimensions for which trapping and roll-over
would occur. However nal dimensioning of the microuidic
channels was achieved experimentally.

The virtual widths (w0 and w1) are key elements in both
trapping and rolling modes. In the rst case they enable particle
trapping, while in the second case, they prevent particles to be
trapped in bypass channels and induce the “roll-over” behav-
iour. The design of trap and bypass channels needs to be
Fig. 2 Microfluidic device fabrication and design. (A) Scanning electronm
microfluidic device is composed of a repetition of a single basic chip un
a trap channel. This functional unit is the basis of the simplified mode
a functional repeating unit of the chip composed of a bypass and a trap
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tailored to the particle radius in order to adequately perform
both trapping and rolling of particles.

The simpliedmodel is based on the following assumptions:
(1) steady, pressure-driven and laminar ow, (2) use of a non-
compressible Newtonian uid, (3) homogenous height along
the chip (h ¼ 20 mm). The virtual width is linked to the ratio of
owrates between the main channel portion prior to the trap or
bypass (QM or QM1) and the trap or bypass channels (QT and QB

respectively). In shallowmicrouidic channels (i.e. h < w), which
is the case here, the ow velocity prole30 is not parabolic but
can be expressed31 as:

vxðy; zÞ ¼ 4h2Dp

p3hL
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where h is the viscosity of the uid (9.8 � 104 Pa s for water), Dp
is the pressure difference between channel ends, h, L, wM are
the respective channel dimensions: height, length, width, and y,
z are the coordinate axes along the channel width and height
with 0 < y < wM and 0 < z < h. The owrate for each channel can
then be calculated by integrating this velocity ow prole eqn
(1) along the height and the width of the channel. In this case QT

was calculated using the virtual width w0. In such conditions,
the trapping ratio is given by:
icroscope image of the designed silicon on glass microfluidic chip. The
it. (B) Zoom on the functional unit composed of a bypass channel and
l. (C) Illustration showing the equivalent electrical resistive model of
channel with the corresponding design dimensions.
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The necessary trapping condition is w0 > rP (rP is the particle
radius).

In a similar manner the roll-over ratio
QB

QM
is obtained from

eqn (2) by replacing w0 by w1, with the rolling condition w1 < rP.
In our experimental setup owrates are controlled using

a pressure regulator at the main channel inlet. Using the

Hagen–Poiseuille equation, Q ¼ Dp
R

; the critical design

dimensions can be calculated knowing the hydraulic resistance
of each channel. Using the hydraulic-electric analogy, the uidic
circuit can be represented by an electric circuit32 (Fig. 2C). In
order to simplify the calculation of the resistance of such
a circuit we dened a unit resistance Ro corresponding to the
equivalent resistance of the main channel portion located
between a bypass and a trap channel. All the remaining resis-
tances (trap RT bypass RB and main or low-pressure channel
portions) are linked to this unit resistance by a constant coef-
cient (respectively k, x.b, and x). An entrance resistance
generating the pressure drop between themain channel and the
low-pressure channel is present on the device but not detailed
here. The equivalent resistance for the trapping area of the chip
is:

Reqn ¼
 X2n

i¼1

Rkci

!
þ
�
Rkað2nÞ þ Ro

2

��
Rkbð2nÞ þ Ro

2

�
�
Rkað2nÞ þ Rkbð2nÞ þ Ro

� (3)

where n is the number of traps/bypass channels and Rka, Rkb, Rkc

are found using the Kennelly transformation and are dened as
follow:

0
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for i odd

Once Ro is dened all other hydraulic resistances can be
calculated, by combining eqn (2) and (3), upon the denition of
the desired main channel owrate. In this study, the device
design and operating conditions are based on theoretical
analyses and have been improved with experimental data.
3 Experimental
3.1 Device design

The theoretical model relies on the hydraulic resistance Ro, by
dening the parameters of this channel portion one can obtain
this resistance with the following equation:

Ro ¼ 12hL

wh3
1

1� PN
n odd

192h

n5p5w
tanh

�npw
2h

�

This journal is © The Royal Society of Chemistry 2019
Once Ro is known all the channel design parameters can be
dened as all the other channel resistances are functions of Ro.

3.2 Device fabrication

The silicon (Si) on glass microuidic device (Fig. 2A) was
fabricated using DRIE (Dry Reactive Ion Etching) and is
composed of a glass bottom with Si channel walls, capped with
a polydimethylsiloxane (PDMS) layer used for gas transfer and
uidic connections. This fabrication method was selected as it
enables high aspect ratio microchannel fabrication (AR ¼ 10
Fig. 2B) using Si microstructuration. Additionally, it leads to
high contrast for brighteld and uorescent imaging as the
microchannels are transparent while the walls are opaque.
Furthermore, this material retains a hydrophilic behaviour
(compared to conventional PDMS chips used for biological
application that have high hydrophobic behaviors33) which is
highly desirable in the case of narrow microchannels (bypass
channels). The generated microuidic channels can easily be
washed and cleaned (acetone, IPA, bleach, sulfuric acid) before
being reused. The fabrication process is as follow. A borooat
wafer is anodically bonded34 (420 �C, 800 V) to the device layer of
an unstructured silicon on insulator (SOI) wafer (20 mm : 0.5
mm : 250 mm). The removal of the SOI handle and oxide layers
are respectively achieved by grinding (DISCO grinder) and DRIE
(AMS 200) of the Si and plasma etching (ASPTS) of the SiO2. The
remaining 20 mm high SOI device layer on the glass is then
patterned (photolithography, coating, exposure and develop-
ment of AZ1512HS 2 mm) and etched using the Bosch process
(DRIE) according to the nal chip design. The microchips are
then diced (DAD dicing machine, 1 mm s�1 dicing speed, 0.5
L min�1 water owrate), plasma bonded (oxygen plasma
bonding, 350 mTorr, 45 s, 29 W), and individually aligned with
a pre-punched (OD ¼ 0.75 mm) PDMS slab (Sylgard Dow
Corning, ratio 1 : 10 curing agent : polymer). The PDMS cap is
used to ensure proper uidic connections and enables gas
exchange.

3.3 Bead suspension preparation

10 mm polystyrene beads (Spherotech) suspended in deionized
water were diluted to a nal concentration of 3 � 106 beads
per mL in phosphate buffered saline (PBS, GIBCO) with 0.05%
Tween 20 (Sigma). The working beads solution was placed in
2 mL glass vials (Chromacol clear 9 mm Screw Thread Glass
Vial) and vortexed prior to each use in the microuidic device.

3.4 Cells transfection

Twenty-four hours before transfection HEK cells (ATCC)
growing in DMEM containing 10% fetal bovine serum (FBS)
(GIBCO) were seeded on 48 wells (Greiner) at a concentration of
100 000 cells per mL. Cells were then either cotransfected with
pA1-OR256-17-EGFP35 and pRTP1S35 at a ratio of 50% w/w or
transfected with a citrine encoding plasmid expressing a variant
of the yellow uorescent protein (YFP) (Clontech) and used as
a negative control using Lipofectamine 2000 (Invitrogen)
following the manufacturer's protocol. To avoid any effect of
lipofectamine on our experiments, the medium has been
RSC Adv., 2019, 9, 41066–41073 | 41069
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replaced with fresh medium supplemented with 10% FBS 5 h
aer transfection. The transfection efficiency was of 65.4% and
has been assessed using ow cytometry (data not shown).

3.5 Cell suspension preparation

Cells transiently co-expressing A1-OR256-17-EGFP and RTP1S or
expressing citrine were detached using trypsin–EDTA (GIBCO)
for 2 min at 37 �C, resuspended in DMEM 10% FBS and cen-
trifugated at 180 g for 2 min. The cell pellet was diluted in PBS
complemented with 1 mM of EDTA and ltered with a 40 mm
cell strainer (Falcon), before being placed in a 300 mL glass vial
(Chromacol clear 9 mm Screw Thread Glass Vial). The nal cell
concentration before injection in the microuidic device was 1
� 106 cells per mL. Cells were kept on ice before the experiment
to prevent receptors internalization.

3.6 Experimental setup and device operation

The beads experiments were performed with a Nikon Eclipse TE
300 inverted microscope, at a 20� objective and with
a MQ003MG-CM B&W camera (Ximea). The camera was
controlled with the XimeaCop soware acquiring at 200 frames
per second (FPS). The cell experiments were performed on
a LSM510 laser scanning microscope (Zeiss) equipped with 20�
dry objective. The cell movies were acquired at a frame rate of
1.27 FPS. Fluigent Flow-EZ pressure controller ranging from
0 mbar to 1000 mbar was used to apply pressure on the glass
vials. 100 mm inner diameter polytetrauoroethylene (PTFE,
IDEX 1571) tubing was used to connect the glass vials to the
microuidic chip through a custom-made vial cap. The bead
and cell movies were analysed using FIJJ soware and manual
particle tracking plugins.

The chip was primed with deionized water at high pressure
(200 mbar) to remove bubbles. A rst set of particles (beads per
Fig. 3 Bead characterization of the roll-overmechanism. (A) Graph comp
distance along the channel wall in the presence of the bypass channel an
bypass channel is indicated with another arrow located at 0 mm on the X
image of a 10 mmbead rolling on top of trapped 10 mmbeads without byp
top of trapped 10 mm beads with bypass channels. The dotted line indic

41070 | RSC Adv., 2019, 9, 41066–41073
cells) were loaded in the chip at 70 mbar to be trapped. Once all
trapping sites were lled the applied pressure was decreased to
20 mbar for the rolling behaviour of beads and 2 mbar for cell
rolling. Aer each use the PDMS slab was removed from the
chip and channels were cleaned with bleach (14%) and sulfuric
acid (H2SO4 96%, TECHNIC). The cleaned chips were then
bonded with PDMS and used again for further experiments.
4 Results
4.1 Microuidic device dimensions

We designed and fabricated an array of hydrodynamic traps
that passively captures beads and HEK cells. Design dimension
consisted in 20 mm high microchannels, 10 mm diameter trap
cups, with 5 mm long and 4 mm wide trapping channels. Two
different chip designs were made for beads and cells applica-
tions, where the disposition as well as the dimensions of the
traps and bypass channels were modied along the main ow
channel. The rst one involved in the bead demonstration as
well as used for the theoretical model, consists in 10 traps and
bypass channels along a straight 30 mm wide main channel (the
design can be visualized on Fig. 1–3). Bypass channels are 4.7
mm wide and 12.2 mm long and are placed in the middle (47.5
mm distance to the traps) between each trap channels. The cell
experiment design improved aer the bead characterization has
been modied to account for the cell variability in size and
deformability. The latter is composed of a serpentine36 30 mm
wide main ow channel with a single trap at each turn, for
a total number of 50 traps. Bypass channels are placed on either
side of the trap channels (Fig. 4C and D) at 25 mm of the trap
channel on either sides and are 2 mm wide and 9 mm long. A
local widening (5 mm wide and 20 mm long) of the main ow
channel has been implemented above each trap to account for
aring the distance of the bead to the lower side wall as a function of the
d in its absence. The trap is indicated by an arrow at �50 mm, while the
axis. The points were acquired every 3.7 ms. (B) Brightfield time lapse

ass channels. (C) Brightfield time lapse image of a 10 mmbead rolling on
ates the position of the bypass (C) or the missing bypass channel (B).

This journal is © The Royal Society of Chemistry 2019
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cell size heterogeneity and to prevent cell clogging. This design
enables a trapping efficiency of 100%.
4.2 Roll over characterization with beads

To study the effect of the bypass channel presence on the rolling
bead trajectory and speed, a manual particle tracking plugin
available in FIJI was used on movies of 10 mm rolling beads. The
presence of bypass channels (Fig. 3C) diverts the rolling bead
trajectory towards the microuidic channel wall. The distance
between the rolling bead and the channel wall (named D in
Fig. 3A) is in average of 0.5 mm aer the bypass channel
compared to 2 mm before. This bead movement towards the
channel wall is not observed in the absence of bypass channels
(Fig. 3B). Indeed, the distance D (Fig. 3A) remains constant
between the two traps around 3 mm. This difference between the
distance to the wall in both conditions demonstrates the role of
Fig. 4 OR adhesion assay. (A) Graph of the measured instantaneous roll
(+/�) doublet case. (B) Fluorescence and brightfield merge time lapse
expressing cell (+/+). Bottom image is a time lapse of an expressing OR
indicated with a red arrow. The flow direction is indicated with a black a
adherent doublets of Cit vs. Cit (�/�), OR-GFP vs. Cit (+/�) or OR-GFP v
for (+/+) doublets when compared to (�/�) or (+/�) doublets. The numb
OR–OR bonds were sorted according to their durations. The natural log
fitted in a straight line. The negative slope represents the koff dissociation r
values.

This journal is © The Royal Society of Chemistry 2019
the bypass channel to redirect the beads towards the channel
wall.

The time lapse images (stacking of images taken every 3.7
ms) of rolling beads (Fig. 3C) enable a visualization of the
slowing effect of the bypass channel (from 1704 mm s�1 to 1187
mm s�1). The slowing down can be visualized by the shortening
of the distance between two sequential bead positions aer
passing the bypass channel.

The presence of bypass channels in the device enables a dual
action to improve the dynamic particle–particle interaction. On the
one hand these features divert the rolling beads towards the
channel wall. The shi in trajectory enhances the length over which
the rolling bead interacts with the surface of the trapped bead. This
contact length increases from 8.55 mm when bypass channels are
present compared to 4.28 mm when there are no bypass channels.
On the other hand, they slow down rolling beads, increasing the
bond lifetime with the trapped bead (from 3.7 ms to 14.8 ms).
ing cell position at each frame as a function time, for the (+/+) and the
s. Top image is of a rolling OR-GFP expressing cell on an OR-GFP
-GFP cell rolling on a citrine expressing cell (+/�). Trapped cells are

rrow. The images have been acquired every 787 ms. (C) Percentage of
s. OR-GFP (+/+). Significant number of adherent doublets is measured
er “n” of cell doublet has been is the results of multiple experiments. (D)
of the number of events with a lifetime >tb was plotted against tb and
ate indicated on the graph. The goodness-of-fit was indicated by the R2

RSC Adv., 2019, 9, 41066–41073 | 41071
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4.3 Olfactory receptor homotypic interaction

To investigate cell–cell interactions, we decided to compare the
adhesion of cells expressing the olfactory receptor mOR256-17,
known to be functionally expressed at the plasma membrane of
HEK cells35 and involved in cell–cell adhesion,26 to cells
expressing a cytosolic uorescent protein (citrine). We rst
loaded a population of cells transfected with the mOR256-17
receptor fused to the enhanced green uorescent protein
(EGFP), the EGFP-uorescent signal allowed us to determine
which trapped cells expressed the OR in the microuidic device.
To perform the roll over experiment, we ushed a second cell
population expressing either the mOR256-17 receptor (OR-GFP,
hereaer indicated with a “+”) or the citrine uorescent protein
(Cit, indicated with a “�” sign as it corresponds to the negative
control). In this study cell–cell interaction events between two
cells over-expressing OR-GFP will be indicated (+/+) and
between two cells expressing citrine (�/�). While interactions
between OR-GFP expressing cells and citrine expressing cells
are labelled (+/�), independently of which cell is rolling. We
observed that the instantaneous rolling velocity of a cell
expressing OR-GFP is reduced when the cell rolls over a trapped
cell expressing also OR-GFP (+/+) while its instantaneous
velocity remains high when the cell passes over a trapped cell
expressing Cit (+/�) (Fig. 4A and D). The doublets (+/+) showed
an average velocity of 0.7 mm s�1 at the trap location, while the
doublets (+/�) exhibited a velocity of 79.8 mm s�1. Interestingly,
cells expressing Cit and rolling over trapped cells expressing
also Cit (�/�) display a similar rolling speeds as (+/�) doublets
of 79.8 mm s�1. These results indicated that rolling cells
expressing OR-GFP interacted specically only with trapped
cells expressing also OR-GFP.

We measured 17% of adherent doublets for (+/+) doublets,
while no adherent doublets have been detected with cells
doublets involving cells expressing Cit (Fig. 4B). These results
are consistent with previous studies26 on OR homophilic inter-
actions. We measured the time spend by the rolling cell at the
trap location, i.e. interacting with the cell trapped, and we found
that for (+/+) doublets 40% of the rolling cells spend between
30 s and 40 s in contact with the trapped cell. With a maximum
bond lifetime of 150 s. Only 20% of the (+/+) doublets stayed less
than 10 s in contact with the trapped cells, compared to 100% of
the (+/�) and (�/�) doublets (5 s in average). The increased
contact time of (+/+) doublets indicates a specic homotypic
interaction happening only in the presence of the OR-GFP on
both cells (Fig. 4D).

This slowing down of the rolling cell can be associated to the
binding kinetics of the OR. The time measured as the bond
lifetime (i.e. time the cells interact together) corresponds to the
time from association to dissociation, also called the bond time
tb in binding kinetics. In the case of a single-step rst-order
dissociation (assumed here37) of single OR–OR bond, the
bond lifetime can be linked to the dissociation constant koff.
The experiment performed can be assimilated to a thermal
uctuation assay.38 The following equation39 enables the
calculation of koff:
41072 | RSC Adv., 2019, 9, 41066–41073
Pb ¼ e�kofftb

With Pb the probability of a bond formed at time 0 to remain
intact at time tb. The plot (Fig. 4C) of the bond lifetime as
ln(number of events with a lifetime > tb) versus tb gives koff as the
negative slope of the linear t. We obtained a value of koff of 33.4
ms�1 consistent with the long bond lifetimes observed.
5 Conclusions

We developed a novel dynamic cell–cell interaction device based
on a roll-over behaviour. In contrast to conventional approaches
that involve dual cell connement in traps (hydrodynamic,
electric, optic, acoustic), this novel microuidic chip design
enables high multiplexing of screening by making a single cell
interact with hundreds of others. Furthermore, this device adds
the dynamic aspect of cell–cell interaction, thanks to cells
owing over trapped cells. We have investigated the crucial role
of the bypass channel featured in this rolling mechanism. The
chip we designed allowed us to estimate adhesion properties of
the mOR256-17 and determine its binding kinetic constant.
Further binding kinetics experiments investigating the effect of
shear stress or receptor concentration on the dissociation rate
could be performed. The presented experiments and methods
can be extended to different cells types. Indeed, the proposed
microuidic chip enables to put in contact cells and study cell–
cell interactions at a single cell level through control over the
environmental parameters (the force at which cells are placed in
contact, the bond lifetime.). The trapping and rolling designs
rely on passive uidic mechanisms and can easily be integrated
to other microuidic components (valves, laser actuators.).
Furthermore, this device could be used in other applications
like T-cell screening for immunotherapy, where the multi-
plexing of cell–cell interaction provided by this device could be
of high relevance for T-cell library interrogation.40,41 Optimiza-
tion of the design dimensions will be required for each appli-
cation as the roll-over mechanism relies solely on the particle
diameter. Furthermore, the mechanical and kinetic39,42,43 prop-
erties of the proteins (cadherins, selectins, TCR, pMHC)
involved in the interaction should also be taken into account for
the microuidic chip design. Hence in the case of T cell
screening ne tuning of the channel dimensions and uidic
parameters will be required to achieve the necessary contact
force and bond lifetime to generate stable immune
synapses.44,45
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