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A critical stress to detach cancer cells in microchannels
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Abstract We present experiments involving cancer cells adheringioraohannels, sub-
jected to increasing shear rates. Morphological studiescarried out at different shear
stresses. Cells exhibit spreading patterns similar to tes @bserved in static conditions,
as long as the shear stress is not too high. At a critical vaglasstress, cells decrease their
area until detachment at the larger stresses. This criglugdr stress is shown to be lower
for higher confinements. Fluorescent techniques are akso tslocalize focal adhesions
under various shearing conditions, showing that cellsfoede their focal contacts in the
region facing the flow. To analyze such data, we propose a ntodietermine the critical
stress, resulting from the competition between hydrodyodorces and the adhesive cell
resistance. With this model typical adhesive stressedezkat each focal contact can be
determined and are in agreement with previous works.
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Introduction

The response of cells to mechanical stresses is a key faateetriy biological processes like
cell division, embryogenesis, cell migration, diapedesis. Typical examples concern the
reaction to shear stresses exerted as cells travel thrévegblaod, or when they adhere to
the vascular wall, but also within tissues, since cells aterstted to various forces due to
the environment. As a first sketch, cells exert a differespomse as a function of substrate
stiffness [16] and develop stronger forces when the suiesisanore rigid [30]. They also
develop larger forces as they spread [14,41] or as the ligandentration increases. Cells
might also change their orientation as a function of envirental anisotropy, leading to cell
polarization as shown in recent experiments on specificapatterned surfaces [46]. But
their orientation might also depend on the type of forcesh@&ivthey are subjected to, like
static, quasistatic or periodic stresses [14]. Reactiongchanical stresses involves mechan-
otransduction, or how forces are converted into biochelnaicd functional responses. This
transduction of external forces into an adapted cell bemaeiquires first sensing of exter-
nal forces, then transmission of forces from outside thitleedugh cell-matrix and cell-cell
contacts, leading to the initiation of intracellular sijimg cascades that alter cellular behav-
iors. Although some aspects of this machinery remain uncies known that a dynamic
feedback takes place implying external mechanical forgmading, internal force, which
lead to the reorganization of the cytoskeleton, as well asdhmation or disruption of fo-
cal adhesions [9,24,37]. For example focal contacts caasagtechanosensors and enable
growth of further adhesion sites [42] in the case of adhdiitmgblasts. An additional effect
is the actin reorganization of a cell under flow, as shown f@neple with Dyctiostelium
discoideum [13]. Flow reversal leads to a change in cellniglacorresponding to relocal-
ization of an actin-rich region opposite of the flow. In otineords, cells are able to modify

their local rheological properties [48] in order to achievparticular response.

Many experiments have been achieved in the past for studgithehaviour under flow,
as a particular way to apply mechanical stresses to adhegitsy This aspect is particularly
important when trying to model leukocyte/cancer cell iat¢ions with the endothelium [26,

49]. First interaction with the endothelium is followed bgllcactivation and formation of
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weak bonds leading to cell rolling [28], followed by mech&masduction and the formation
of stronger bonds, allowing cells to adhere, spread andteatiy transmigrate across the
endothelial monolayer. During this process, it is impartendetermine what forces are
necessary to detach such bonds (i.e. when tumor cells atihéne endothelium), and to
determine the force and/or the number of bonds needed foceheo resist against the
flow [11]. Another important application is the transportoedls in microchannels which is
now becoming very promising, especially with the recentaades of microfluidics which
could allow the sorting of normal cells vs. cancer cells. &ipents on the influence of a
controlled flow rate (or shear stress) on adhering cells baes performed in parallel plate
flow chambers [39, 6,10] or radial flow experiments [15], otharnicropipettes [34,12,4].
Such devices allow to control the applied shear stressaallyshosen in the range [0.1-2
Pa] as in physiological conditions. Particular attenti@s lheen given to endothelial cells
under flow conditions. Thoumine et al. [47] showed that eheliitl cells become elongated
in the flow direction in an almost regular manner, and thatthderlying actin cytoskeleton
also aligns in the same direction. Chachisvilis et al. [7alfyn demonstrated the role of
G-protein coupled receptors, which act as mechanosersoigsas shown before for other

proteins such as integrins and cadherins [44].

To further investigate the response of a cell exposed to afflgd it is necessary to
find out theoretically which forces and torques are appléethé adhering cell, depending
on flow geometry. Pozrikidis [40] determined numericallycies and torques exerted by a
3D shear flow on an adhering cell, assuming the cell to be aispheap or an ellipsoid, but
the study was limited to an infinite flow domain. Gaver and K&t studied analytically
and numerically the effect of flow on a 2D adherent cell in arogbannel and generalized
this idea to the 3D-case, coming up with simple formulas ddjyegy on confinement. Once
the flow field is known, models of adhesion and detachment lvan &llow to determine
dissociation rate constants [22], since cell detachmertrisrolled by the ability of cells to
form bonds between its receptors and the correspondingdgan the surface. Still it is not

known what are the precise mechanisms by which cells sprechd@here under flow.
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Therefore the purpose of the present study is to focus onriexgetal results where
cells adhering to the walls of a microchannel are subjecethtincreasing shear flow until
detachment. This implies modifications of the cells morpbgl in relation with their adhe-
sion properties and the flow characteristics. This is noy ogllevant for microfluidics, but
is also a true situation encountered in post capillary v&n@®— 200um in size) where cir-
culating cells interact with the vessel walls and adhereeRedevelopments have enabled
the study of cell migration [43,8,25] and adhesion strerjgih50,21,27] in confined ge-
ometries. Most of these studies consist in end-point asgayseasuring the total distance
the cells migrate or counting the fraction of remaining adhecells at the end of the exper-
iment. The present motivation is here to analyze careftiydell behaviour, in particular
what exact stresses or forces are necessary to achieveetaahdhent, and how this can be
related to cell adhesion. We will focus on a particular typeamcer cells (T24, an epithelial
bladder type) and investigate the action of a flow field whdmparing it with the adhesion
sites formed below the cell. This study can serve as an stiagetool for estimating the typ-
ical force per adhesion site by which this type of cell adeeoea given substrate. This can
be obtained thanks to fluorescence microscopy observaifdosal adhesions, enabling the
count of such adhesion sites and their size.

The paper is organized as follows. In the first part, we dbsamaterials and methods,
in particular cells, microchannels build—up, fluorescemieroscopy, and the working equa-
tions governing flow parameters. Then results are colleiatbscribe cell spreading and
detachment, in order to propose a new method for determithiagritical stress for cell
retraction. In the final part, the effect of confinement ondtitcal shear stress is discussed,
then we use a model based on previous work [20] to interpretiata and come up with
the missing parameters in the adhesion model. This enablés determine typical forces
involved at each focal adhesion site. Such results obtdimethis type of cells are then

compared with previous studies.

Materials and methods

Cell culture
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T24 is a human epithelial bladder cancer cell line (ATCC NoTHB. In our experi-
ments, T24 cells were cultured in 25 €tissue culture flasks (T25) at 3T, in a humidified
atmosphere with 5% COThe cells were incubated in RPMI supplemented withld0@L
penicillin and 10@g/mL streptomycin and 10% fetal calf serum. Cells were grown & ne
confluence in the culture flasks and then suspended with Ot@&%in-EDTA solution. The
concentration of suspended cells was determined using baMeu cell, before being intro-

duced into the microchannels.
Long term experiments under static conditions

T24 cells in culture medium were placed on a glass slide meavby a thin layer of
PDMS (< 0.5mm). Cells were left to sediment and spread in static condsti®hase-contrast
images were taken every five minutes. The substrate and #imgavere the same as the
ones used in microchannels, consequently these expesmeder static conditions can be

used as a control for the experiments under flow conditions.
Design of microfluidic devices

The microfluidic devices were made using the PDMS rapid phibtgraphic technique
according to previous works [18]. The photolithography ksadsearing the channel design
were printed on high resolution films. The negative mastengwhen created from a photo—
patternable epoxy (SU-8, Gersteltec) spin-coated onitosilwafers, and exposed to UV
light through the film negative of the desired channel size Silicon was then etched with
inverse structures of the microfluidic channels : typicallgmwidth (w) and 50- 300um
height (h). The PDMS elastomer devices were molded from thstens using two-part Syl-
gard silicon elastomer (a mixture of 1:10 silicon elastomed curing agent degased and
poured against the silicon master). Once cured, each PDMgedeas punched with in-
let/outlet holes, treated with air plasmaX@* bar at 68W coil power for 40 seconds),
bonded to the glass slide by putting both treated surfacesritact to each other immedi-
ately after, and connected to tubes which were sealed with @raldite). In order to pre-
vent bubbles from entering the channel, a bubble trap wadrattuded into the microfluidic

device as shown in Fig. 1.
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Channel coating and cell loading for shearing experiments

Prior to each experiment, the microchannel walls were fanatized with a fibronectin
solution (2Qug/mL) for one hour at a typical flow rate of.8nL/h in order to allow fi-
bronectin adsorption onto the treated PDMS surfaces. Thbléurap was then filled with
culture medium. Finally the channel was rinsed for 15 migswtéh culture medium.

Cells in suspension at a concentration adapted to the chaizee(in the range +
5.01C cellsimlL) were pumped into a microfluidic device at a small flow rgtecorre-
sponding to a small wall shear stress (in the connection) tidss than Pa. Typically
Q = 10mL/h in a cylinder of radiug = 0.4mm n ~ 10-3Pas at 37 C, which leads to
a wall shear stress in the connection tube- 47Q/mr3 = 0.055Pa. Once located in the

channel, cells were left at rest for 15 minutes to allow dtaent to the channel wall.
Experiments under controlled flow conditions

Shearing experiments were performed to investigate aediganses and their ability to
resist the flow. In particular, measurement of the cell area a range of shear stresses is
important to determine the effect of flow on adherent cellgrilly measurements, a con-
tinuous flow was applied and a region of interest (ROI) in thater of the channel was
investigated at fixed time intervals (15 seconds). The flaw vaas changed regularly ev-
ery 5 minutes, starting at low flow rates and then increasimycing higher shear stresses
progressively. In all cases, the Reynolds number giveR&y pV Dy/n was less than 130
(whereDy, = wh/2(w+ h) is the hydraulic diameter andthe mean fluid velocity), indicat-
ing that the flow was laminar. Images were taken at the celffitdreochannel, away from
the side walls, to ensure the full development of the veyopibfile. Individual cell mor-
phologies (area, angle, aspect ratio, etc.) were recomeeal time using phase contrast

microscopy. A global view of the experimental set-up candsnsgn Fig. 1.
Determination of the Wall Shear Stress

To determine the Wall Shear Stress (WSS), the stress vectan @riented facet (nor-
mal unit vectorTr) is introduced: T (1) = =.T. X is the shear stress tensor, given by

> = —pl +2nD for a Newtonian incompressible fluid, is the fluid viscosityD is the
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Fig. 1 Full view of the experimental set-up. The microfluidic devis placed in a thermostated chamber at
37° C under the x20 objective of an up-right phase contrast regope. Fluid flow is controlled by a seringe-
pump. Before reaching the microchannel, the fluid first mate®ugh the bubble trap (completely filled with
medium before the experiment), where bubbles remain tchppe

symmetrical part of the fluid velocity gradient tensor gnis the pressure¥ is the fluid
velocity and only has a-component depending ocrandy, in the coordinate system shown

in Fig. 2 because of the translational invariance.

Consequently the shear stress depends on the velocity¥figlthich is described by the
Stokes equation. In the case of an incompressible Newtdhiil the fluid velocity v and
the pressure are solutions of the system:

divv =0
— 1)
—gradp+nAVvV =0
together with boundary conditions’ (—%,y,z) = V(%,y,2) = V(x,0,2) = V(x,h,2) = 0,
wherep is the fluid density.

The previous system (1) can be solved using Fourier ser@sggosition [51]. Assum-

ing a constant pressure gradieh/L (whereApis the pressure drop over the length of the

channelL) corresponding to the channel sketched in Fig. 2, the swlugads :

_ Ap4n? 2 1( cosl’(%))sin(ngy> @

V) = G0TE, 2, @\ cosi )
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Fig. 2 Schematic view of the microchannel (heightwidth w and lengthL) used in the experiments, with
a cell (nucleus N) adhering to the bottom wall. The systemoairdinates chosen to describe the flow field
(—w/2<x<w/2,0<y<hand 0< z< L) and the velocity profile in a cell free channel are repre=gon
the left.

m With —w/2 < x<w/2and 0<y < h.
172 This allows to determine the component of the stress tehisbinterest, i.eozy=1 ‘f,—‘gf,

73 related to the wall shear stressyat 0 in the absence of cells :

® HF)
_nor S [ (1m0 )
oo Z?:l,s,s,..n_lzt [W—ﬁ—;'}tanh(wz—T)]

®)

174 Qis flow rate,w andh are respectively the channel width and heigh.is the stress felt

s by the cell if it were flat, since it corresponds to the mainasHerces exerted by the fluid.
s We will see in the final section that this value can be affettgthe presence of a cell. To
177 determine the evolution of the Wall Shear Stress (WSS) imileeochannel, calculations

7s  were made using th8cilabsoftware.

500 -400 300 200 -100 0O _ 100 200 300 400 500
X (Um)

Fig. 3 07(x,0,2) (WSS) at the bottom of a parallelepipedic channgl={ 1 mm h = 200 um, Q =
2.10°8 mi.s71). The WSS is almost constant accross xtexis, except in the regions close to the vertical
walls.
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For a thin channelw > h), the equation (3) can be simplified and the WSS has an
almost constant value across the changaelxis (except in a narrow region close to the

vertical edges) given by equation (4) and also shown in Fig. 3

_6nQ
Ozy = whe 4)
This is usually a good assumption in our experiments, wittf the order of Inmand

h ranging between 50 and 256,
Data analysis

Measurements were done on time-lapse images of the cellsabyrd) contours using a
graphical pad (see Fig. 4). Area, perimeter, circularitgt aipse parameters (axes, angle)
were obtained using the ImageJ software (NIH Image, Bethdd8A). The cell ared(t)
was plotted versus time as shown for instance in Fig. 5 (fleevirecreased every 5 minutes).
A(t) was fitted by a polynomial and the mean slope was calculated this polynomial fit
for each flow rate corresponding to a determined WSS. Thusldmé%\ (corresponding
to the area change) was plotted versus the WSS for each vithe applied flow rate or
WSS giving rise to discrete data. Since the applied duratf@ach flow rate was short, this
allowed to obtain sufficient data for determining the catigalue of the WSS (i.alV Sg),

this value being the WSS that gives a zero-slope, therefor@amum in cell area.
Immunofluorescence

Fluorescence experiments, based on immunofluorescenogniton of the paxillin
molecule involved in the focal adhesion complexes, haven hesed to localize focal ad-
hesions on the adherent cells submitted to flow in the mi@woohl. Cells have been fixed at
different steps during the shear stress increase corgsitiiour plateaux, corresponding to
wall shear stress values oP4, 3Pa, 5Pa, 7Pa. Cells were fixed using PBS containing 3% of
Paraformaldehyde (PFA) for B&in. Membranes were permeabilized with PBS containing
0.5% Triton X100 for 10nin. Then the system was rinced with PBS. A first wash was made

with a solution of PBS containing.2% Saponine and 2% BSA. A first antibody was used
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Fig. 4 Contour of T24 cell drawn with a graphic pad and measureniecelbparameters (area, perimeter,
ellipse axes and orientation angle, circularity index cmﬁasp;};i’ﬁ). The nucleus of the cell is surrounded
by the lamellipodium. White arrow shows the flow directiorheTblack scale represents L@n. Channel
dimensionsh =82 ym, w=1mm WSS = 026 Pa

WSS (Pa)
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Fig. 5 Area versus timeA(t) for a T24 cell adhering to the bottom wall of a microchannel= 1 mm

h =61 um) and submitted to a flow increasing every 5 minutes. The btk represent measurements
using the ImageJ software (NIH Image, Bethesda, USA) andhihedashed line is a polynomial fit. Wall
shear stress values are given on the top axis.

(human antipaxillin) for 3@nin, followed by a second wash (same as before). The second
antibody TRITC (Tetramethyl Rhodamine Iso Thio Cyanate3 th&n used for 3@inunder
darkness conditions, followed by a third wash. The chanras then filled with a DAKO
mounting medium. Microscopic observations were made usorgbined phase contrast

and fluorescence, as shown in Fig. 6, where the first image saepcontrast one used
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for identification of cell contour thus providing the arealahe location of the center of
mass, whereas the second one shows the location of pawitiich appears mainly at the
cell edges through several focal contacts. Fluorescenagdmwere analyzed using the Im-
ageJ software (NIH Image, Bethesda, USA): brighter pixalsagelected using a threshold
method (Fig. 6). Finally we used image processing to deterttie number of adhesion

zones (third image), their average area and their total size

Fig. 6 Images of an adhering cell after application of successiesses : Phase contrast image, immunofluo-
rescence image of the paxillin molecules, correspondinglfadhesion zones obtained after image processing
(maximum intensity levels only). The total number of adbasiones is 31 and their average size.&ar?,
corresponding to a total adhesion area (sum) gi8. The white scale bar representsuta

Results

In order to understand how cells behave under flow conditimesfirst need to have a ref-
erence which is the spreading behaviour with no applied fldws will allow to determine
relevant cell shapes and typical spreading times. Undéc standitions, cells sediment,
then they spread on the substrate (spreading does not date same time for all cells).
In most cases, spreading is fast and the maximum area isa@atless than 45 minutes as
shown in Fig. 7a. After this spreading step, eventuallyofetd by random migration on the
substrate, some cells retract their protrusions (corredipg to the area decrease in Fig. 7a)
to reach a round shape and divide into two daughter cells.

To take into account only viable cells, we decided to obsenlg daughter cells. Ac-
tually, a cell divides only when under good culture conditipand cell division gives two
healthy daughter cells. During the experiment in staticditms, eleven divisions were
recorded, which means twenty—two daughter cells. For eagsiah, the contour of the

daughter cells was drawn and the cell areas were measuretoomeafter division. To
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Fig. 7 T24 area in static conditions: a) Initial spreading is fagtlueaching a plateau, then the area decreases
just before cell division (time has been rescaleti+o0 corresponding to the beginning of spreading). b) and
c) Areas of the two daughter cells after the cell has dividée dashed lines guide the eye.

decide which areas are to be selected, we determined tli&tistabf daughter cells pop-

ulation. The distribution of viable cells area is given igR8. Cell areas were in the range

800— 1600 um?. The mean area was 111848 un?. This is the range that we selected in

our experiments.
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Fig. 8 Repartition of daughter cells’ area in static conditiong bour after cell division.
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T24 cells adherent at the bottom of microchannels were dtdxintio increasing shear
flows. We observed a biphasic behaviour: cell area first asas at low WSS, then decreases
for higher values of the WSS. Typical phase—contrast imageshown in Fig. 9. The cell
first adheres and spreads along the channel wall as in Fig(l§(awhile keeping a round
shape with a prominent nucleus and a large lamellipodiumratat. As the flow rate is
increased (i.e. WSS increases), the cell area starts teat(Figs 9(c)-(d)) until the cell

eventually looses its adherence as shown in Fig. 9(e) jdstddetachment.

Fig. 9 Phase contrast images of a T24 cell adherent to the bottormafrachannely = 1 mm h = 64 um)
submitted to an increasing shear flow. The white arrow shbedlow direction. The black scale represents
10 um. a) WSS = 064 Pa, b) WSS = 636 Pa, ¢) WSS = 191 Pa, d) WSS = 317 Pa, ) WSS = 5(8 Pa.

To analyze this data further, the time evolution of the aga of five cells is presented.
Area versus time plots confirm that cell areas first increamaWsS values (WSS values
less than Fa), as it can be seen in Fig. 10 which illustrates the behawbfive cells under
the same flow conditions. When the WSS is increased furtbgarea increases slowly until
the area reaches a maximum (as shown by the stars in Fig. 1@nWe WSS increases
further, the area decreases with time. The maximum areasmonds to a zero—slope for
‘(’,—’t* i.e. the transition between positive and negative valuekefrea rate of chanﬁ (as
shown for example in Fig. 11 where the slope is plotted agé#mesapplied WSS). From the
polynomial fit and its derivative, we determine the sIo@ésWe assume a constant slope
for each 8min time interval during which a constant WSS is appliedL(829.6 Pa) as in
the example shown in Fig. 11. The slope cuts the zero axis atigatvalue of the WSS
(WSS,) corresponding to the maximum area (arrows in Fig. 11). d3lpvalues of WS$
are between 1 andPg, as shown in Fig. 12.

To investigate the influence of the confinement, experimest® carried out (at least

five cells) to measure Meah SD of the WSgin channels with three different heights in the
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Fig. 10 Area evolution for five cells submitted to an increasing flaterin a microchannem(= 1 mm
h= 61 um). Corresponding WSS are given on the top axis. Symbols septexperimental data (measured
from phase-contrast images of the cells), which have beed fily a standard polynomial fit (lines). For each
fit, the star indicates the maximum area.
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Fig. 11 Area change versus WSS for five cells submitted to an ingrgdfw rate in a microchannelW(=
1 mm h=61um). Arrows correspond to the location of the cell maximum.

range 60- 260 um. We found that WSSslowly increases when channel height increases
as shown in Fig. 12. We note that for very small heidhtthe critical stress for the onset of
detachment becomes smaller, since larger stresses aheeithvo confined channels [20].

In order to localize focal adhesions and study their evolutivhen fluid stress is in-
creased, we carried out immunofluorescence experimergs’saterials and Methods”)
after fixing the T24—cells which have undergone differergasistresses. This allowed to

determine the position and size of focal adhesion areaseits fixed either after the first
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Fig. 12 WSS vs. channel height (at constantv = 1 mm). Data are the mean of the Wg®easured for all
the cells tested in the experiments (10, 5 and 6 cells foriharels heights 68, 155 and 26 respectively).
The dashed lines are the fit of the results based on the modsémted in the discussion: experimental

values (black dots) are fitted with the hypothesis of eqtiilin between adhesion and hydrodynamic forces:
Ftiow = Fag,. Results of the fit give N fagh = 12nN. Error bars are standard errors to the mean.

plateau at Pa, or after the second plateau aP& or the third one at Ba, or the last one
at 7Pa. It appears clearly from these observations that focal sidhe are mostly located in
the periphery of the cell, as shown in Fig. 6. Mean area oflfpoaes was nearly constant,

around Jum?, independent of the maximum shear stress the cell expexe(fig. 13).

focal zones mean area (um?)
N

O 1 2 3 4 5 6 7 8
WSS (Pa)

Fig. 13 Mean focal adhesions vs. maximum shear stress experienagzll® adherent in microchannels £
1mm h = 231um). The flow rate, increased every 5 minutes, has generatetcegasing wall shear stress:
cells (33, 24, 24 and 31) were submitted to this increasimgusstress up to 1, 3, 5 and 7 Parespectively. The
dashed line guides the eye. Error bars are standard errtire tean.
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Our data in Fig. 14 show that the ratio of area occupied byl fooaes over the whole
cell contact area is higher for cells sheared uni&3This wall shear stress value is close to

the critical wall shear stress obtained for cells in a chhahsimilar size (see Fig. 12).

35
251 7 He
15|

05t

0 1 2 3 4 5 6 7 8
WSS (Pa)

focal zones area / total area (%)

Fig. 14 Area fraction occupied by focal zones on adherent cells trashannelsw = 1mm h = 231um)

vs. maximum shear stress experienced. The flow rate, irexteagry 5 minutes, has generated an increasing
wall shear stress: 35, 33, 24 and 31 cells were submitted hear stress until 1, 3, 5 andPArespectively.
The dashed line guides the eye. Error bars are standard éortire mean.

We have then studied the spatial distribution of focal zomigls respect to the direction

of flow, that we chose to be the reference angle, as explamEiji 15.

Fig. 15 Direction of flow and definition of the angl® to locate the position of focal adhesion zon@s- 0°
corresponds to the point of the cell which faces the fitakes values between 0 ard 80° on the left part,
and 0 and 180on the right part. Flow is from bottom to top, as indicated oy arrow.
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Data treatment allowed to determine the total area correlipg to focal adhesions in
each angular sector of 20Results have been plotted on the polar diagram in Fig. 18. On
can see the evolution and localisation of the focal contatsnd the cell, as the shear stress

is increased:

— At low shear stress @a), focal zones represent between 2 apd® per angular sector
of 20°, with no prefered direction.

— When the shear stress is increased further (uid)3focal zones localize in the front
part of the cell, which faces the flow, while in the back, thrimulative area decreases.

— Cells submitted to an increasing shear flow unigeinforce their focal adhesions on
the lateral edges, where they reach neayiyr8.

— For the highest values of the shear stress (upRa),7focal adhesions localize again
symmetrically with respect to the direction of flow, nonééiss their number decreases

(about 2un? per angular sector of 2D

a)1Pa

o Nw aa

focal zones area (pm?)

~
"
)

¢) 5 Pa d)

o =N w Ao
o =N wa

focal zones area (pm?)

Fig. 16 Evolution of the mean angular localization of focal compkefor T24 adherent cells with increasing
values of the wall shear stress: dpd b) 3Pa, c) 5Pa, d) 7Pa. The cumulative area of the focal zones is
determined for each angular sector {R0rhe orientation of the adhesion spots refers to the afigiehose
origin corresponds to the cell locus facing the flow (see E#). A typical fluorescent image (scale bar is
10umlong) is shown as an example of the corresponding diagram.
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Modelling

We need to correlate the WSS to the adhesion resistancthe.éorces generated by cells
adhering at the wall to resist the flow. In confined geometties fluid is constrained by
the channel walls, which leads to an increase in the flowtagie when an object partially
blocks the channel. Consequently, the shear stress (W8&lI) fedt by adherent cells in the
microchannel is roughly three times higher than the sheasstat the bottom of a cell-
free channel [20]. The same studies have shown that for acecnlar bulge attached to a
microchannel wall in a confined vessel, the fofgg,, and the torque valu& oy (around
the axis going through the center of mass) induced by the flanvbe generalized from

2D-simulations to the 3D—case. Explicit formulas for suatté and torque are given by:

— Q3.19+0.65y +4.34y%

Fflow—24rIV2v—v (l_y2)5/2 (5)
- RQ1.15+40.7y
Ttiow = 121 VZW m@ (6)

wheren is the fluid viscosityR the cell radiusQ the flow rate, ang = % is the degree of
confinementlf being the channel height). In this case, due to the fact tigathannel width
is larger and according to the WSS calculation ($&SS calculatiopy we can assume that
this result is quite relevant.

Since the cell area decreases above a certain typical hytiodc force, we conclude
that, above this typical value of the hydrodynamic stressids are more likely to break
than to form, leading to a decrease in total adhesive foroas There exists an equilibrium
between the effect of hydrodynamic forces and adhesive$rorresponding to the critical
stress that was determined earlier. The hydrodynamic fisrggven in equation (5). The
force due to the adhesive resistance of the cell that ccuaitarces the hydrodynamic force
is now investigated. We consider a cell as a half-spheredifis®, and assume a distribution
of N adhesion sites on the whole cell-substrate contact reehich is supposed to be

circular (radiusR;). An estimation ofR was obtained in the experimerfgs ~ 26+ 2 um,
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focal f"
. f/(/
adhesions z

b)

Fig. 17 Schematic views of a cell adhering to a flat surface submttieal shear flow (flow is from left to
right). a) Side view: the cell is modeled as a half-spherdi@sR), with a circular lamellipodium (radiug;).
An adhesive force alongwith magnitudef,q, is applied to each one of tiéfocal adhesion sites. b) Bottom
view: dots represent focal adhesion sites, where the ihdiliforces are exerted.

as will be justified later. A force g (which can be decomposed into a vertical component
faq, 8 and an horizontal componeffidq, €;) is applied at each focal adhesion site (see Fig.
6). The total adhesion ford&y is the sum of the individual forceGg: Fag = 5 fag, and its
components can be determined by summing the componentdieitinal adhesion forces

as done in the system (7):

Fag,=> fag,=N faq, @)

Fad),:Z fad),: N fady

When in equilibrium, adhesion forces counterbalance tdyitamic effects and the cell
does not spread any longer but still holds onto the substitaéeefore the hydrodynamic

force Fiow, Which is along the axis Frow = Friow®), is balanced by the horizontal com-
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ponent of the adhesion forégg,:

Ftiow = Fad, (8)

In the hydrodynamic force estimation [20], the cell is resgreted by a semi-circular

bulge of radiuk andF)o\, reads:

3.19+0.65R +4.34(R)?
Fiow =241/ 24330 (©)
(1-(R))¥
Using equation (8)—(9), we obtain:
R\2Q 3.19+ 0.65R + 4.34(R)?
24n (F) % - (&) = N fag, (10)

whereW SS= 61 Q/wlI? from equation (4). So the critical value of the WSS becomes:

L (@)

WSS =N fog, ~=
4R 31940658 +4.34(R)’

(11)

The values of WS§&versush can be estimated for three values of the adhesion parameter
N fag, = 101N, 20nN and 30nN usingR = 15 um. Results are shown in Fig. 18.
For small channelsh(< 100 um), the WSS increases rapidly with channel heighithe

increase for higher channels is much slower and shows aaplat®enh becomes large:

WSSg= l’;;ag‘éz. This is in agreement with our experimental data: for thedtohannel sizes
used in the experiments, Wgicreases withh. Fitting of the experimental data with the
results of the model (11) has been carried out udirigy, as a variable parameter (see Fig.
12). Results give a good correlation (usiRg= 15um as an estimation of the cell height),
corresponding to an approximate horizontal componentséttinesion forcBag, = N fag, =
12nN.

Thus our modeling approach leads to the total adhesion faogonent in the plane

corresponding to the cell-substrate confagf = 12 nN. Although cell adhesion properties
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Fig. 18 WSS versush calculated with equation (9) for different values of thé,y, parameterR= 15 um.

are cell and matrix-dependent [52], estimates of the fareedved can be discussed. Dif-
ferent techniques have been elaborated to determine aetflian forces exerted by cells on
a given substrate. For example, the displacement of fluentsads embedded in a soft
polyacrylamide gel onto which cells adhere allow to deteemihe traction field, i.e. the
local force per unit area (or per unit adhesion site) impdsethe cell. Maximum traction
forces for T24 cells, HASM cells, and 3T3 fibroblasts spreagolyacrylamide gels (elas-
ticity modulus around 2Pg) have been found to be respectivelpBkPa [?], 0.4kPa[5]
and XPa[35]. As it can be seen on fluorescent images [38, 3,2], fodhésion sizes are
usually in the range [+ 5um?]. These observations lead to traction forces betwe@sN

and 10nN per focal adhesion site.

Other studies using cells adhering to flexible micropillgiree access to the same trac-
tion forces, correlated to focal adhesion sites locatedhendp of such micropillars. Fibrob-
lasts and smooth muscle cells grown on such PDMS microp@stsiap cellular traction
forces comprised betweenrN and 10nN [29, 2], whereas for individual epithelial cells
migrating on micropillars [19], maximal forces reached8. Although the present situa-
tion is not that of a migrating cell, it can be useful to congptire data given above to our
case, since it is important to find out how much traction taesise a cell can exert on such

a substrate. Based on the number of focal adhesions (45 oag@yeand their size (Im?
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as seen in Fig. 13), we can estimate the average force pdrsite@o be about @7 nN,
or an equivalent stress of about Z%pat each focal adhesion site. If we now consider the
analogy between the development of resistance stressdheatrdction stresses developed
during migration, it is probably true to that the stressewioled in the current study are
typical ones at stable focal adhesions; they should be imahge of the maximum ones
found during migration. Indeed, during migration, celisgsand rest, then they start pulling
again and develop larger stresses from time to time [1] #fiey have formed stable adhe-
sions. The stresses found here are in the range of the maxgtmasses found for migrating
T24—cells [1] on a 1@Pa-substrate, where a maximum value of Pa@vas found for the
traction stress. In the present case, the PDMS Young’s raedisled for the microchannel is
roughly Q6 MPa. Therefore, the microchannel results overestimate thisvéinally, let us
note that the forces exerted by such cancer cells are rattal, s compared to fibroblasts
[2]. They compare better with values found for HASM cells. [5]

Therefore our method is quite powerful to apply controlléear forces using a flow
field and, combined with fluorescent microscopy, it can leetthé determination of traction

resistance exerted by the cell through its focal contacts.

Conclusions

A microfluidics experiment has been carried out to detaclc@acells adhering to the bot-
tom of a micro—fabricated channel. The analysis of the celighology has clearly revealed
the cell resistance to increasing flow, until a critical ssrevas reached. This critical stress is
a function of the product of the number of adhesion sites tidir strength, as well as the
confinement ratio. When confinement increases, the critlogdr stress decreases, whereas
it reaches a constant limit for high channels. This ratheipt experiment was combined
with fluorescent assays to allow the determination of thegfeideveloped at each focal ad-
hesion site. Although this analysis contains estimatesarit predict adhesion parameters
rather well, when compared to previous studies relatedattiom forces exerted by adher-
ing/migrating cells. It also confirms a previous result sihgathat such cancer cells exert

small forces, therefore they may move faster. Further faa@ece studies are now needed to
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correlate more precisely the temporal and spatial digtohwf adhesion sites (size, num-

ber) as a function of the applied shear stress.
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