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Abstract We present experiments involving cancer cells adhering in microchannels, sub-6

jected to increasing shear rates. Morphological studies are carried out at different shear7

stresses. Cells exhibit spreading patterns similar to the ones observed in static conditions,8

as long as the shear stress is not too high. At a critical wall shear stress, cells decrease their9

area until detachment at the larger stresses. This criticalshear stress is shown to be lower10

for higher confinements. Fluorescent techniques are also used to localize focal adhesions11

under various shearing conditions, showing that cells reinforce their focal contacts in the12

region facing the flow. To analyze such data, we propose a model to determine the critical13

stress, resulting from the competition between hydrodynamic forces and the adhesive cell14

resistance. With this model typical adhesive stresses exerted at each focal contact can be15

determined and are in agreement with previous works.16
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Introduction19

The response of cells to mechanical stresses is a key factor in many biological processes like20

cell division, embryogenesis, cell migration, diapedesis, etc. Typical examples concern the21

reaction to shear stresses exerted as cells travel through the blood, or when they adhere to22

the vascular wall, but also within tissues, since cells are submitted to various forces due to23

the environment. As a first sketch, cells exert a different response as a function of substrate24

stiffness [16] and develop stronger forces when the substrate is more rigid [30]. They also25

develop larger forces as they spread [14,41] or as the ligandconcentration increases. Cells26

might also change their orientation as a function of environmental anisotropy, leading to cell27

polarization as shown in recent experiments on specific micropatterned surfaces [46]. But28

their orientation might also depend on the type of forces to which they are subjected to, like29

static, quasistatic or periodic stresses [14]. Reaction tomechanical stresses involves mechan-30

otransduction, or how forces are converted into biochemical and functional responses. This31

transduction of external forces into an adapted cell behavior requires first sensing of exter-32

nal forces, then transmission of forces from outside the cell through cell-matrix and cell-cell33

contacts, leading to the initiation of intracellular signalling cascades that alter cellular behav-34

iors. Although some aspects of this machinery remain unclear, it is known that a dynamic35

feedback takes place implying external mechanical force, signaling, internal force, which36

lead to the reorganization of the cytoskeleton, as well as the formation or disruption of fo-37

cal adhesions [9,24,37]. For example focal contacts can actas mechanosensors and enable38

growth of further adhesion sites [42] in the case of adheringfibroblasts. An additional effect39

is the actin reorganization of a cell under flow, as shown for example with Dyctiostelium40

discoideum [13]. Flow reversal leads to a change in cell polarity, corresponding to relocal-41

ization of an actin-rich region opposite of the flow. In otherwords, cells are able to modify42

their local rheological properties [48] in order to achievea particular response.43

Many experiments have been achieved in the past for studyingcell behaviour under flow,44

as a particular way to apply mechanical stresses to adheringcells. This aspect is particularly45

important when trying to model leukocyte/cancer cell interactions with the endothelium [26,46

49]. First interaction with the endothelium is followed by cell activation and formation of47
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weak bonds leading to cell rolling [28], followed by mechanotransduction and the formation48

of stronger bonds, allowing cells to adhere, spread and eventually transmigrate across the49

endothelial monolayer. During this process, it is important to determine what forces are50

necessary to detach such bonds (i.e. when tumor cells adhereto the endothelium), and to51

determine the force and/or the number of bonds needed for thecell to resist against the52

flow [11]. Another important application is the transport ofcells in microchannels which is53

now becoming very promising, especially with the recent advances of microfluidics which54

could allow the sorting of normal cells vs. cancer cells. Experiments on the influence of a55

controlled flow rate (or shear stress) on adhering cells havebeen performed in parallel plate56

flow chambers [39,6,10] or radial flow experiments [15], or with micropipettes [34,12,4].57

Such devices allow to control the applied shear stresses, usually chosen in the range [0.1-258

Pa] as in physiological conditions. Particular attention has been given to endothelial cells59

under flow conditions. Thoumine et al. [47] showed that endothelial cells become elongated60

in the flow direction in an almost regular manner, and that theunderlying actin cytoskeleton61

also aligns in the same direction. Chachisvilis et al. [7] finally demonstrated the role of62

G-protein coupled receptors, which act as mechanosensors,as was shown before for other63

proteins such as integrins and cadherins [44].64

To further investigate the response of a cell exposed to a flowfield, it is necessary to65

find out theoretically which forces and torques are applied to the adhering cell, depending66

on flow geometry. Pozrikidis [40] determined numerically forces and torques exerted by a67

3D shear flow on an adhering cell, assuming the cell to be a spherical cap or an ellipsoid, but68

the study was limited to an infinite flow domain. Gaver and Kute[20] studied analytically69

and numerically the effect of flow on a 2D adherent cell in a microchannel and generalized70

this idea to the 3D-case, coming up with simple formulas depending on confinement. Once71

the flow field is known, models of adhesion and detachment can then allow to determine72

dissociation rate constants [22], since cell detachment iscontrolled by the ability of cells to73

form bonds between its receptors and the corresponding ligands on the surface. Still it is not74

known what are the precise mechanisms by which cells spread and adhere under flow.75
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Therefore the purpose of the present study is to focus on experimental results where76

cells adhering to the walls of a microchannel are subjected to an increasing shear flow until77

detachment. This implies modifications of the cells morphology, in relation with their adhe-78

sion properties and the flow characteristics. This is not only relevant for microfluidics, but79

is also a true situation encountered in post capillary venules (5−200µm in size) where cir-80

culating cells interact with the vessel walls and adhere. Recent developments have enabled81

the study of cell migration [43,8,25] and adhesion strength[31,50,21,27] in confined ge-82

ometries. Most of these studies consist in end-point assays, i.e. measuring the total distance83

the cells migrate or counting the fraction of remaining adherent cells at the end of the exper-84

iment. The present motivation is here to analyze carefully the cell behaviour, in particular85

what exact stresses or forces are necessary to achieve cell detachment, and how this can be86

related to cell adhesion. We will focus on a particular type of cancer cells (T24, an epithelial87

bladder type) and investigate the action of a flow field while comparing it with the adhesion88

sites formed below the cell. This study can serve as an interesting tool for estimating the typ-89

ical force per adhesion site by which this type of cell adheres to a given substrate. This can90

be obtained thanks to fluorescence microscopy observationsof focal adhesions, enabling the91

count of such adhesion sites and their size.92

The paper is organized as follows. In the first part, we describe materials and methods,93

in particular cells, microchannels build–up, fluorescencemicroscopy, and the working equa-94

tions governing flow parameters. Then results are collectedto describe cell spreading and95

detachment, in order to propose a new method for determiningthe critical stress for cell96

retraction. In the final part, the effect of confinement on thecritical shear stress is discussed,97

then we use a model based on previous work [20] to interpret our data and come up with98

the missing parameters in the adhesion model. This enables us to determine typical forces99

involved at each focal adhesion site. Such results obtainedfor this type of cells are then100

compared with previous studies.101

Materials and methods102

Cell culture103
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T24 is a human epithelial bladder cancer cell line (ATCC No HBT-4). In our experi-104

ments, T24 cells were cultured in 25 cm2 tissue culture flasks (T25) at 37◦ C, in a humidified105

atmosphere with 5% CO2. The cells were incubated in RPMI supplemented with 100U/mL106

penicillin and 100µg/mL streptomycin and 10% fetal calf serum. Cells were grown to near107

confluence in the culture flasks and then suspended with 0.05%trypsin-EDTA solution. The108

concentration of suspended cells was determined using a Neubauer cell, before being intro-109

duced into the microchannels.110

Long term experiments under static conditions111

T24 cells in culture medium were placed on a glass slide recovered by a thin layer of112

PDMS (< 0.5mm). Cells were left to sediment and spread in static conditions. Phase-contrast113

images were taken every five minutes. The substrate and the coating were the same as the114

ones used in microchannels, consequently these experiments under static conditions can be115

used as a control for the experiments under flow conditions.116

Design of microfluidic devices117

The microfluidic devices were made using the PDMS rapid photolithographic technique118

according to previous works [18]. The photolithography masks bearing the channel design119

were printed on high resolution films. The negative masters were then created from a photo–120

patternable epoxy (SU-8, Gersteltec) spin-coated onto silicon wafers, and exposed to UV121

light through the film negative of the desired channel size. The silicon was then etched with122

inverse structures of the microfluidic channels : typically1mmwidth (w) and 50−300µm123

height (h). The PDMS elastomer devices were molded from the masters using two-part Syl-124

gard silicon elastomer (a mixture of 1:10 silicon elastomerand curing agent degased and125

poured against the silicon master). Once cured, each PDMS device was punched with in-126

let/outlet holes, treated with air plasma (2.10−4 bar at 6.8W coil power for 40 seconds),127

bonded to the glass slide by putting both treated surfaces incontact to each other immedi-128

ately after, and connected to tubes which were sealed with glue (Araldite). In order to pre-129

vent bubbles from entering the channel, a bubble trap was also included into the microfluidic130

device as shown in Fig. 1.131
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Channel coating and cell loading for shearing experiments132

Prior to each experiment, the microchannel walls were functionalized with a fibronectin133

solution (20µg/mL) for one hour at a typical flow rate of 0.8mL/h in order to allow fi-134

bronectin adsorption onto the treated PDMS surfaces. The bubble trap was then filled with135

culture medium. Finally the channel was rinsed for 15 minutes with culture medium.136

Cells in suspension at a concentration adapted to the channel size (in the range 1−137

5.0106 cells/mL) were pumped into a microfluidic device at a small flow rateQ corre-138

sponding to a small wall shear stress (in the connection tube) less than 0.1Pa. Typically139

Q = 10mL/h in a cylinder of radiusr = 0.4mm, η ∼ 10−3Pa.s at 37◦ C, which leads to140

a wall shear stress in the connection tubeσ = 4ηQ/πr3 = 0.055Pa. Once located in the141

channel, cells were left at rest for 15 minutes to allow attachment to the channel wall.142

Experiments under controlled flow conditions143

Shearing experiments were performed to investigate cells responses and their ability to144

resist the flow. In particular, measurement of the cell area over a range of shear stresses is145

important to determine the effect of flow on adherent cells. During measurements, a con-146

tinuous flow was applied and a region of interest (ROI) in the center of the channel was147

investigated at fixed time intervals (15 seconds). The flow rate was changed regularly ev-148

ery 5 minutes, starting at low flow rates and then increasing,inducing higher shear stresses149

progressively. In all cases, the Reynolds number given byRe= ρVDh/η was less than 130150

(whereDh = wh/2(w+h) is the hydraulic diameter andV the mean fluid velocity), indicat-151

ing that the flow was laminar. Images were taken at the center of the channel, away from152

the side walls, to ensure the full development of the velocity profile. Individual cell mor-153

phologies (area, angle, aspect ratio, etc.) were recorded in real time using phase contrast154

microscopy. A global view of the experimental set-up can be seen in Fig. 1.155

Determination of the Wall Shear Stress156

To determine the Wall Shear Stress (WSS), the stress vector on an oriented facet (nor-157

mal unit vector−→n ) is introduced:−→t (−→n ) = Σ .−→n . Σ is the shear stress tensor, given by158

Σ = −pI + 2ηD for a Newtonian incompressible fluid,η is the fluid viscosity,D is the159
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Fig. 1 Full view of the experimental set-up. The microfluidic device is placed in a thermostated chamber at
37◦ C under the x20 objective of an up-right phase contrast microscope. Fluid flow is controlled by a seringe-
pump. Before reaching the microchannel, the fluid first passes through the bubble trap (completely filled with
medium before the experiment), where bubbles remain trapped.

symmetrical part of the fluid velocity gradient tensor andp is the pressure.−→v is the fluid160

velocity and only has az−component depending onx andy, in the coordinate system shown161

in Fig. 2 because of the translational invariance.162

Consequently the shear stress depends on the velocity field−→v which is described by the163

Stokes equation. In the case of an incompressible Newtonianfluid, the fluid velocity−→v and164

the pressurep are solutions of the system:165











div−→v = 0

−
−−→
gradp+η∆−→v = 0

(1)

together with boundary conditions−→v (−w
2 ,y,z)=−→v (w

2 ,y,z)=−→v (x,0,z)=−→v (x,h,z)=
−→
0 ,166

whereρ is the fluid density.167

The previous system (1) can be solved using Fourier series decomposition [51]. Assum-168

ing a constant pressure gradient∆ p/L (where∆ p is the pressure drop over the length of the169

channelL) corresponding to the channel sketched in Fig. 2, the solution reads :170

vz(x,y) =
∆ p
ηL

4h2

π3

∞

∑
n=1,3...

1
n3

(

1−
cosh( nπx

h )

cosh( nπw
2h )

)

sin
(nπy

h

)

(2)
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Fig. 2 Schematic view of the microchannel (heighth, width w and lengthL) used in the experiments, with
a cell (nucleus N) adhering to the bottom wall. The system of coordinates chosen to describe the flow field
(−w/2 < x < w/2, 0< y < h and 0< z< L) and the velocity profile in a cell free channel are represented on
the left.

with −w/2 < x < w/2 and 0< y < h.171

This allows to determine the component of the stress tensorΣ of interest, i.e.σzy= η ∂vz
∂y ,172

related to the wall shear stress aty = 0 in the absence of cells :173

σzy=
ηQπ2

2h2

∑∞
n=1,3...

[

1
n2

(

1−
cosh( nπx

h )

cosh( nπw
2h )

)

cos
( nπy

h

)

]

∑∞
n=1,3,5...

1
n4

[

w−
2h
nπ tanh

(

wnπ
2h

)] (3)

Q is flow rate,w andh are respectively the channel width and height.σzy is the stress felt174

by the cell if it were flat, since it corresponds to the main shear forces exerted by the fluid.175

We will see in the final section that this value can be affectedby the presence of a cell. To176

determine the evolution of the Wall Shear Stress (WSS) in themicrochannel, calculations177

were made using theScilabsoftware.178

Fig. 3 σzy(x,0,z) (WSS) at the bottom of a parallelepipedic channel (w = 1 mm, h = 200 µm, Q =

2.10−8 m3.s−1). The WSS is almost constant accross thex axis, except in the regions close to the vertical
walls.
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For a thin channel (w ≫ h), the equation (3) can be simplified and the WSS has an179

almost constant value across the channelx–axis (except in a narrow region close to the180

vertical edges) given by equation (4) and also shown in Fig. 3.181

σzy =
6ηQ
wh2 (4)

This is usually a good assumption in our experiments, withw of the order of 1mmand182

h ranging between 50 and 250µm.183

Data analysis184

Measurements were done on time-lapse images of the cells by drawing contours using a185

graphical pad (see Fig. 4). Area, perimeter, circularity and ellipse parameters (axes, angle)186

were obtained using the ImageJ software (NIH Image, Bethesda, USA). The cell areaA(t)187

was plotted versus time as shown for instance in Fig. 5 (flow rate increased every 5 minutes).188

A(t) was fitted by a polynomial and the mean slope was calculated from this polynomial fit189

for each flow rate corresponding to a determined WSS. Thus theslope dA
dt (corresponding190

to the area change) was plotted versus the WSS for each value of the applied flow rate or191

WSS giving rise to discrete data. Since the applied durationof each flow rate was short, this192

allowed to obtain sufficient data for determining the critical value of the WSS (i.e.WSSc),193

this value being the WSS that gives a zero–slope, therefore amaximum in cell area.194

Immunofluorescence195

Fluorescence experiments, based on immunofluorescence recognition of the paxillin196

molecule involved in the focal adhesion complexes, have been used to localize focal ad-197

hesions on the adherent cells submitted to flow in the microchannel. Cells have been fixed at198

different steps during the shear stress increase consisting of four plateaux, corresponding to199

wall shear stress values of 1Pa, 3Pa, 5Pa, 7Pa. Cells were fixed using PBS containing 3% of200

Paraformaldehyde (PFA) for 10min. Membranes were permeabilized with PBS containing201

0.5% Triton X100 for 10min. Then the system was rinced with PBS. A first wash was made202

with a solution of PBS containing 0.2% Saponine and 2% BSA. A first antibody was used203
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Fig. 4 Contour of T24 cell drawn with a graphic pad and measurement of cell parameters (area, perimeter,
ellipse axes and orientation angle, circularity index defined as 4π area

perimeter2
). The nucleus of the cell is surrounded

by the lamellipodium. White arrow shows the flow direction. The black scale represents 10µm. Channel
dimensions:h = 82 µm, w = 1 mm, WSS = 0.26 Pa.

Fig. 5 Area versus timeA(t) for a T24 cell adhering to the bottom wall of a microchannel (w = 1 mm,
h = 61 µm) and submitted to a flow increasing every 5 minutes. The blackdots represent measurements
using the ImageJ software (NIH Image, Bethesda, USA) and thethin dashed line is a polynomial fit. Wall
shear stress values are given on the top axis.

(human antipaxillin) for 30min, followed by a second wash (same as before). The second204

antibody TRITC (Tetramethyl Rhodamine Iso Thio Cyanate) was then used for 30minunder205

darkness conditions, followed by a third wash. The channel was then filled with a DAKO206

mounting medium. Microscopic observations were made usingcombined phase contrast207

and fluorescence, as shown in Fig. 6, where the first image is a phase contrast one used208
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for identification of cell contour thus providing the area and the location of the center of209

mass, whereas the second one shows the location of paxillin,which appears mainly at the210

cell edges through several focal contacts. Fluorescence images were analyzed using the Im-211

ageJ software (NIH Image, Bethesda, USA): brighter pixels were selected using a threshold212

method (Fig. 6). Finally we used image processing to determine the number of adhesion213

zones (third image), their average area and their total size.214

Fig. 6 Images of an adhering cell after application of successive stresses : Phase contrast image, immunofluo-
rescence image of the paxillin molecules, corresponding focal adhesion zones obtained after image processing
(maximum intensity levels only). The total number of adhesion zones is 31 and their average size is 2.5µm2,
corresponding to a total adhesion area (sum) of 78µm2. The white scale bar represents 10µm.

Results215

In order to understand how cells behave under flow conditions, we first need to have a ref-216

erence which is the spreading behaviour with no applied flow.This will allow to determine217

relevant cell shapes and typical spreading times. Under static conditions, cells sediment,218

then they spread on the substrate (spreading does not occur at the same time for all cells).219

In most cases, spreading is fast and the maximum area is reached in less than 45 minutes as220

shown in Fig. 7a. After this spreading step, eventually followed by random migration on the221

substrate, some cells retract their protrusions (corresponding to the area decrease in Fig. 7a)222

to reach a round shape and divide into two daughter cells.223

To take into account only viable cells, we decided to observeonly daughter cells. Ac-224

tually, a cell divides only when under good culture conditions, and cell division gives two225

healthy daughter cells. During the experiment in static conditions, eleven divisions were226

recorded, which means twenty–two daughter cells. For each division, the contour of the227

daughter cells was drawn and the cell areas were measured onehour after division. To228
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Fig. 7 T24 area in static conditions: a) Initial spreading is fast until reaching a plateau, then the area decreases
just before cell division (time has been rescaled tot = 0 corresponding to the beginning of spreading). b) and
c) Areas of the two daughter cells after the cell has divided.The dashed lines guide the eye.

decide which areas are to be selected, we determined the statistics of daughter cells pop-229

ulation. The distribution of viable cells area is given in Fig. 8. Cell areas were in the range230

800−1600µm2. The mean area was 1118±248 µm2. This is the range that we selected in231

our experiments.232

Fig. 8 Repartition of daughter cells’ area in static conditions one hour after cell division.
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T24 cells adherent at the bottom of microchannels were submitted to increasing shear233

flows. We observed a biphasic behaviour: cell area first increases at low WSS, then decreases234

for higher values of the WSS. Typical phase–contrast imagesare shown in Fig. 9. The cell235

first adheres and spreads along the channel wall as in Fig. 9(a)-(b), while keeping a round236

shape with a prominent nucleus and a large lamellipodium around it. As the flow rate is237

increased (i.e. WSS increases), the cell area starts to decrease (Figs 9(c)-(d)) until the cell238

eventually looses its adherence as shown in Fig. 9(e) just before detachment.239

Fig. 9 Phase contrast images of a T24 cell adherent to the bottom of amicrochannel (w = 1 mm, h= 64 µm)
submitted to an increasing shear flow. The white arrow shows the flow direction. The black scale represents
10 µm. a) WSS = 0.64 Pa, b) WSS = 6.36 Pa, c) WSS = 19.1 Pa, d) WSS = 31.7 Pa, e) WSS = 50.8 Pa.

To analyze this data further, the time evolution of the areaA(t) of five cells is presented.240

Area versus time plots confirm that cell areas first increase at low WSS values (WSS values241

less than 3Pa), as it can be seen in Fig. 10 which illustrates the behaviourof five cells under242

the same flow conditions. When the WSS is increased further, cell area increases slowly until243

the area reaches a maximum (as shown by the stars in Fig. 10). When the WSS increases244

further, the area decreases with time. The maximum area corresponds to a zero–slope for245

dA
dt i.e. the transition between positive and negative values ofthe area rate of changedA

dt (as246

shown for example in Fig. 11 where the slope is plotted against the applied WSS). From the247

polynomial fit and its derivative, we determine the slopesdA
dt . We assume a constant slope248

for each 5min time interval during which a constant WSS is applied (0.1−29.6 Pa) as in249

the example shown in Fig. 11. The slope cuts the zero axis at a critical value of the WSS250

(WSSc) corresponding to the maximum area (arrows in Fig. 11). Typical values of WSSc251

are between 1 and 5Pa, as shown in Fig. 12.252

To investigate the influence of the confinement, experimentswere carried out (at least253

five cells) to measure Mean± SD of the WSSc in channels with three different heights in the254
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Fig. 10 Area evolution for five cells submitted to an increasing flow rate in a microchannel (w = 1 mm,
h = 61 µm). Corresponding WSS are given on the top axis. Symbols represent experimental data (measured
from phase-contrast images of the cells), which have been fitted by a standard polynomial fit (lines). For each
fit, the star indicates the maximum area.

Fig. 11 Area change versus WSS for five cells submitted to an increasing flow rate in a microchannel (w =
1 mm, h = 61 µm). Arrows correspond to the location of the cell maximum.

range 60−260 µm. We found that WSSc slowly increases when channel height increases255

as shown in Fig. 12. We note that for very small heightsh, the critical stress for the onset of256

detachment becomes smaller, since larger stresses are involved in confined channels [20].257

In order to localize focal adhesions and study their evolution when fluid stress is in-258

creased, we carried out immunofluorescence experiments (see ”Materials and Methods”)259

after fixing the T24–cells which have undergone different shear stresses. This allowed to260

determine the position and size of focal adhesion areas for cells fixed either after the first261
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Fig. 12 WSSc vs. channel heighth (at constantw = 1 mm). Data are the mean of the WSSc measured for all
the cells tested in the experiments (10, 5 and 6 cells for the channels heights 68, 155 and 264µmrespectively).
The dashed lines are the fit of the results based on the model presented in the discussion: experimental
values (black dots) are fitted with the hypothesis of equilibrium between adhesion and hydrodynamic forces:
Ff low = Fadz. Results of the fit give :N fadh = 12 nN. Error bars are standard errors to the mean.

plateau at 1Pa, or after the second plateau at 3Pa, or the third one at 5Pa, or the last one262

at 7Pa. It appears clearly from these observations that focal adhesions are mostly located in263

the periphery of the cell, as shown in Fig. 6. Mean area of focal zones was nearly constant,264

around 1µm2, independent of the maximum shear stress the cell experienced (Fig. 13).265

Fig. 13 Mean focal adhesions vs. maximum shear stress experienced on cells adherent in microchannels (w=
1mm, h = 231µm). The flow rate, increased every 5 minutes, has generated an increasing wall shear stress:
cells (33, 24, 24 and 31) were submitted to this increasing shear stress up to 1, 3, 5 and 7 Pa respectively. The
dashed line guides the eye. Error bars are standard errors tothe mean.
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Our data in Fig. 14 show that the ratio of area occupied by focal zones over the whole266

cell contact area is higher for cells sheared until 3Pa. This wall shear stress value is close to267

the critical wall shear stress obtained for cells in a channel of similar size (see Fig. 12).268

Fig. 14 Area fraction occupied by focal zones on adherent cells in microchannels (w = 1mm, h = 231µm)
vs. maximum shear stress experienced. The flow rate, increased every 5 minutes, has generated an increasing
wall shear stress: 35, 33, 24 and 31 cells were submitted to a shear stress until 1, 3, 5 and 7Pa respectively.
The dashed line guides the eye. Error bars are standard errors to the mean.

We have then studied the spatial distribution of focal zoneswith respect to the direction269

of flow, that we chose to be the reference angle, as explained in Fig. 15.270

Fig. 15 Direction of flow and definition of the angleθ to locate the position of focal adhesion zones.θ = 0◦

corresponds to the point of the cell which faces the flow.θ takes values between 0 and−180◦ on the left part,
and 0 and 180◦ on the right part. Flow is from bottom to top, as indicated by the arrow.
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Data treatment allowed to determine the total area corresponding to focal adhesions in271

each angular sector of 20◦. Results have been plotted on the polar diagram in Fig. 16. One272

can see the evolution and localisation of the focal contactsaround the cell, as the shear stress273

is increased:274

– At low shear stress (1Pa), focal zones represent between 2 and 3µm2 per angular sector275

of 20◦, with no prefered direction.276

– When the shear stress is increased further (until 3Pa), focal zones localize in the front277

part of the cell, which faces the flow, while in the back, theircumulative area decreases.278

– Cells submitted to an increasing shear flow until 5Pa reinforce their focal adhesions on279

the lateral edges, where they reach nearly 5µm2.280

– For the highest values of the shear stress (up to 7Pa), focal adhesions localize again281

symmetrically with respect to the direction of flow, nonetheless their number decreases282

(about 2µm2 per angular sector of 20◦).283

Fig. 16 Evolution of the mean angular localization of focal complexes for T24 adherent cells with increasing
values of the wall shear stress: a) 1Pa, b) 3Pa, c) 5Pa, d) 7Pa. The cumulative area of the focal zones is
determined for each angular sector (20◦). The orientation of the adhesion spots refers to the angleθ , whose
origin corresponds to the cell locus facing the flow (see Fig.15). A typical fluorescent image (scale bar is
10µm long) is shown as an example of the corresponding diagram.
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Modelling284

We need to correlate the WSS to the adhesion resistance, i.e.the forces generated by cells285

adhering at the wall to resist the flow. In confined geometries, the fluid is constrained by286

the channel walls, which leads to an increase in the flow resistance when an object partially287

blocks the channel. Consequently, the shear stress (WSS) really felt by adherent cells in the288

microchannel is roughly three times higher than the shear stress at the bottom of a cell–289

free channel [20]. The same studies have shown that for a semi-circular bulge attached to a290

microchannel wall in a confined vessel, the force−−→Ff low and the torque value−−→Tf low (around291

the axis going through the center of mass) induced by the flow can be generalized from292

2D–simulations to the 3D–case. Explicit formulas for such force and torque are given by:293

−−→Ff low = 24ηγ2 Q
w

3.19+0.65γ +4.34γ2

(1− γ2)5/2
−→ez (5)

−−→Tf low = 12πηγ2 RQ
w

1.15+0.7γ
(1− γ2)5/2

−→ex (6)

whereη is the fluid viscosity,R the cell radius,Q the flow rate, andγ = R
h is the degree of294

confinement (h being the channel height). In this case, due to the fact that the channel width295

is larger and according to the WSS calculation (see§WSS calculation), we can assume that296

this result is quite relevant.297

Since the cell area decreases above a certain typical hydrodynamic force, we conclude298

that, above this typical value of the hydrodynamic stress, bonds are more likely to break299

than to form, leading to a decrease in total adhesive force. Thus there exists an equilibrium300

between the effect of hydrodynamic forces and adhesive forces, corresponding to the critical301

stress that was determined earlier. The hydrodynamic forceis given in equation (5). The302

force due to the adhesive resistance of the cell that counterbalances the hydrodynamic force303

is now investigated. We consider a cell as a half-sphere of radiusR, and assume a distribution304

of N adhesion sites on the whole cell-substrate contact areaS, which is supposed to be305

circular (radiusRt). An estimation ofRt was obtained in the experimentsRt ∼ 26±2 µm,306
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Fig. 17 Schematic views of a cell adhering to a flat surface submittedto a shear flow (flow is from left to
right). a) Side view: the cell is modeled as a half-sphere (radiusR), with a circular lamellipodium (radiusRt ).
An adhesive force alongzwith magnitudefadz is applied to each one of theN focal adhesion sites. b) Bottom
view: dots represent focal adhesion sites, where the individual forces are exerted.

as will be justified later. A force−→fad (which can be decomposed into a vertical component307

fady
−→ey and an horizontal componentfadz

−→ez) is applied at each focal adhesion site (see Fig.308

6). The total adhesion force−→Fad is the sum of the individual forces
−→
fad: −→Fad = ∑−→

fad, and its309

components can be determined by summing the components of individual adhesion forces310

as done in the system (7):311











Fadz=∑ fadz=N fadz

Fady=∑ fady=N fady

(7)

When in equilibrium, adhesion forces counterbalance hydrodynamic effects and the cell312

does not spread any longer but still holds onto the substrate, therefore the hydrodynamic313

force−−→Ff low, which is along thez axis (−−→Ff low = Ff low
−→ez), is balanced by the horizontal com-314
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ponent of the adhesion forceFadz:315

Ff low = Fadz (8)

In the hydrodynamic force estimation [20], the cell is represented by a semi-circular316

bulge of radiusR andFf low reads:317

Ff low = 24ηγ2 Q
w

3.19+0.65R
h +4.34

(

R
h

)2

(1−
(

R
h

)2
)5/2

(9)

Using equation (8)–(9), we obtain:318

24η
(

R
h

)2 Q
w

3.19+0.65R
h +4.34

(

R
h

)2

(

1−
(

R
h

)2
)5/2

= N fadz (10)

whereWSS= 6ηQ/wh2 from equation (4). So the critical value of the WSS becomes:319

WSSc = N fadz

1
4R2

(

1−
(

R
h

)2
)5/2

3.19+0.65R
h +4.34

( R
h

)2 (11)

The values of WSSc versush can be estimated for three values of the adhesion parameter320

N fadz = 10 nN, 20nN and 30nN usingR= 15 µm. Results are shown in Fig. 18.321

For small channels (h < 100µm), the WSS increases rapidly with channel heighth. The322

increase for higher channels is much slower and shows a plateau whenh becomes large:323

WSSc =
N fadz

12.76R2 . This is in agreement with our experimental data: for the three channel sizes324

used in the experiments, WSSc increases withh. Fitting of the experimental data with the325

results of the model (11) has been carried out usingN fadz as a variable parameter (see Fig.326

12). Results give a good correlation (usingR= 15µm as an estimation of the cell height),327

corresponding to an approximate horizontal component of the adhesion forceFadz = N fadz =328

12 nN.329

Thus our modeling approach leads to the total adhesion forcecomponent in the plane330

corresponding to the cell-substrate contactFadz = 12nN. Although cell adhesion properties331
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Fig. 18 WSSc versush calculated with equation (9) for different values of theN fadz parameter.R= 15 µm.

are cell and matrix–dependent [52], estimates of the forcesinvolved can be discussed. Dif-332

ferent techniques have been elaborated to determine cell traction forces exerted by cells on333

a given substrate. For example, the displacement of fluorescent beads embedded in a soft334

polyacrylamide gel onto which cells adhere allow to determine the traction field, i.e. the335

local force per unit area (or per unit adhesion site) imposedby the cell. Maximum traction336

forces for T24 cells, HASM cells, and 3T3 fibroblasts spread on polyacrylamide gels (elas-337

ticity modulus around 2kPa) have been found to be respectively 0.05kPa [?], 0.4kPa [5]338

and 2kPa [35]. As it can be seen on fluorescent images [38,3,2], focal adhesion sizes are339

usually in the range [1−5µm2]. These observations lead to traction forces between 0.05nN340

and 10nN per focal adhesion site.341

Other studies using cells adhering to flexible micropillarsgive access to the same trac-342

tion forces, correlated to focal adhesion sites located on the top of such micropillars. Fibrob-343

lasts and smooth muscle cells grown on such PDMS microposts develop cellular traction344

forces comprised between 1nN and 10nN [29,2], whereas for individual epithelial cells345

migrating on micropillars [19], maximal forces reached 3nN. Although the present situa-346

tion is not that of a migrating cell, it can be useful to compare the data given above to our347

case, since it is important to find out how much traction resistance a cell can exert on such348

a substrate. Based on the number of focal adhesions (45 on average) and their size (1µm2
349
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as seen in Fig. 13), we can estimate the average force per focal site to be about 0.27 nN,350

or an equivalent stress of about 270Pa at each focal adhesion site. If we now consider the351

analogy between the development of resistance stresses andthe traction stresses developed352

during migration, it is probably true to that the stresses obtained in the current study are353

typical ones at stable focal adhesions; they should be in therange of the maximum ones354

found during migration. Indeed, during migration, cells stop and rest, then they start pulling355

again and develop larger stresses from time to time [1] afterthey have formed stable adhe-356

sions. The stresses found here are in the range of the maximumstresses found for migrating357

T24–cells [1] on a 10kPa–substrate, where a maximum value of 200Pa was found for the358

traction stress. In the present case, the PDMS Young’s modulus used for the microchannel is359

roughly 0.6MPa. Therefore, the microchannel results overestimate this value. Finally, let us360

note that the forces exerted by such cancer cells are rather small, as compared to fibroblasts361

[2]. They compare better with values found for HASM cells [5].362

Therefore our method is quite powerful to apply controlled shear forces using a flow363

field and, combined with fluorescent microscopy, it can lead to the determination of traction364

resistance exerted by the cell through its focal contacts.365

Conclusions366

A microfluidics experiment has been carried out to detach cancer cells adhering to the bot-367

tom of a micro–fabricated channel. The analysis of the cell morphology has clearly revealed368

the cell resistance to increasing flow, until a critical stress was reached. This critical stress is369

a function of the product of the number of adhesion sites withtheir strength, as well as the370

confinement ratio. When confinement increases, the criticalshear stress decreases, whereas371

it reaches a constant limit for high channels. This rather simple experiment was combined372

with fluorescent assays to allow the determination of the forces developed at each focal ad-373

hesion site. Although this analysis contains estimates, itcan predict adhesion parameters374

rather well, when compared to previous studies related to traction forces exerted by adher-375

ing/migrating cells. It also confirms a previous result showing that such cancer cells exert376

small forces, therefore they may move faster. Further fluorescence studies are now needed to377
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correlate more precisely the temporal and spatial distribution of adhesion sites (size, num-378

ber) as a function of the applied shear stress.379
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