
A tapered channel microfluidic device for comprehensive
cell adhesion analysis, using measurements of detachment
kinetics and shear stress-dependent motion
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We have developed a method for studying cellular adhesion by using a custom-

designed microfluidic device with parallel non-connected tapered channels. The

design enables investigation of cellular responses to a large range of shear stress

(ratio of 25) with a single input flow-rate. For each shear stress, a large number of

cells are analyzed (500–1500 cells), providing statistically relevant data within a

single experiment. Besides adhesion strength measurements, the microsystem

presented in this paper enables in-depth analysis of cell detachment kinetics by

real-time videomicroscopy. It offers the possibility to analyze adhesion-associated

processes, such as migration or cell shape change, within the same experiment. To

show the versatility of our device, we examined quantitatively cell adhesion by

analyzing kinetics, adhesive strength and migration behaviour or cell shape modifi-

cations of the unicellular model cell organism Dictyostelium discoideum at 21 �C
and of the human breast cancer cell line MDA-MB-231 at 37 �C. For both cell

types, we found that the threshold stresses, which are necessary to detach the cells,

follow lognormal distributions, and that the detachment process follows first order

kinetics. In addition, for particular conditions’ cells are found to exhibit similar ad-

hesion threshold stresses, but very different detachment kinetics, revealing the im-

portance of dynamics analysis to fully describe cell adhesion. With its rapid

implementation and potential for parallel sample processing, such microsystem

offers a highly controllable platform for exploring cell adhesion characteristics in a

large set of environmental conditions and cell types, and could have wide applica-

tions across cell biology, tissue engineering, and cell screening. VC 2012 American
Institute of Physics. [doi:10.1063/1.3673802]

I. INTRODUCTION

Cell adhesion is a key process in many physiological and pathological situations. It is

known to trigger cell growth1 and cell migration.2 During tumor progression, cancer cells are

able to tune their adhesion in order to escape from primary tumor site and colonize other

organs.3

Many cells are also sensitive to external forces, in a process generally called mechanotrans-

duction.4 In blood circulation, shear stress is the most common mechanical stimulation sensed

and transduced by the cells. Shear stress has been shown to influence adhesion of immune
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system cells (e.g., leukocytes5 and neutrophils6), and gene expression in endothelial cells,7,8

which alters adhesion on vessel walls of metastasizing cancer cells.9

Cell adhesion has been thoroughly investigated for mammalian cells, and many proteins

and signaling pathways are known.10 On the other hand, mechanical aspects of cell adhesion

are still under intensive theoretical and experimental considerations.11

Cell adhesion strength is usually estimated using controllable external forces that enable

gradual cell detachment.12 This can be performed using centrifugal forces13–15 or other macro-

scale’ set-ups such as radial flow-chambers,16 spinning disks,17 and rectangular parallel-plate

flow chambers.18,19 To get inside into cell detachment dynamics for a given shear-stress, early

experiments have combined parallel-plate flow chamber with time-lapse videomicroscopy.6

More recently, microfluidic-based adhesion chambers have been developed with tunable ranges

of applied hydrodynamic forces, enabling real-time analysis of cell detachment kinetics,20–22

including cancer cell experiments.23,24 Microfluidic dimensions require only small amounts of

cells and reagents, and allow laminar flow, high throughput and the possibility of paralleliza-

tion. Most of these devices, however, have a rather biological approach and, therefore, are satis-

fied with yielding the same results that could be achieved similarly by macroscopic approaches,

that is, counting the fraction of cells that detaches when exposed to a specific shear stress.12

Little effort has been made so far to resolve the time dependence of this fraction, i.e., the

detachment kinetics, which have been the object of mathematical and numerical modeling in

several biophysical papers.25–28

We aim at filling that gap with a simple microfluidic device consisting of four independent

channels enabling investigation of cell detachment in a large shear stress range (more than 1

order of magnitude), with a single input flow rate. Microfluidic set-ups enable time-lapse inves-

tigation not only on detachment kinetics but also on cell motion under shear stress. We show

how this can be used to enhance the understanding of cell adhesion. Both kinetics of cell

detachment and cell motion are investigated using two different cell models with different ad-

hesion strengths: the amoeba Dictyostelium discoideum and the metastatic human breast cancer

cell line MDA-MB-231.

D. discoideum is a well-investigated model cell organism. In particular, it is a model of

choice for the study of amoeboid behaviour, not only because the key signaling pathways impli-

cated in cell movement are conserved from the amoeba to higher eukaryotes but also because

this haploid unicellular eukaryote has the advantage of being a genetically and biochemically

tractable organism (its genome has been completely sequenced in 200529). This cell type is

very motile, with largely non-specific and relatively low substrate adhesion.16 On the other

hand, the MDA-MB-231 mammalian cell line is highly mobile, invasive, and tumorigenic

in vivo.30 Thanks to the versatility of the microfluidic-device presented in this paper, it is possi-

ble to get results on adhesion strength for both cell types with only minor experimental modifi-

cations. In this work, results of detachment kinetics, adhesion strength and cell dynamics are

provided for both cell types.

II. MATERIALS AND METHODS

A. Device fabrication

We used standard multilayer photolithography procedures31,32 to create the microfluidic de-

vice with four parallel channels shown top-viewed in Fig. 1(a).

The photo mask pattern as shown in Fig. 1(b) was drawn with CleWin4 (WIEWEB software).

The mask was transferred onto a glass plate as substrate. First, we applied one negative photo-

resist layer (Laminar Aqueous Resist E9220, thickness 50lm) and exposed it to UV light. This

helps the further layers to stick properly. Then, 1, 2, or 3 layers of the same negative photore-

sist were put on the substrate and covered with the mask before exposing to UV light. This

lead, after development with a carbonate solution (8:5gCO2�
3 =LH2O, heated to 67 �C), to profile

heights of 50, 100, or 150 lm, respectively. We verified this height with a surface profiler

(Veeco Dektak 150, contact stylus profilometry techniques).
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The developed master was first silanized (ALDRICH Octadecyltrichlorosilane, 90þ%) to ease

unpinning PolyDiMethylSiloxane (PDMS) afterwards, then covered with reticulating PDMS

(10:1 ratio PDMS:reticulate, using SYLGARD 184 Silicone Elastomer and the associated curing

agent), and baked for 2 h at 75 �C. The reticulated PDMS was ablated from the master, pierced

for in-/outlets with a Harris Micro-puncher 0.5 mm diameter, treated with O2-plasma (53 W,

2.5 min, 200 mTorr, distance from cathode about 5 cm) and irreversibly sealed to an equally

treated clean glass plate (Scientific Glass Labs LTD, 76� 52 mm, constituting the surface on

which the cells adhere later). All operations so far had been done in a clean room to avoid con-

tamination. Just after sealing, the channels were wetted with 0.22 lm-filtered ethanol to

decrease surface tension and avoid bubble formation.

B. Channel coating

For Dictyostelium, the glass surface was used directly or further coated with (3-aminopropyl)-

triethoxysilane (APTES, Sigma-Aldrich). For APTES-coating, 1% APTES in 5 mM aqueous ace-

tic acid was injected in the chamber. A stop-and-go flow of the solution was maintained for

20 min. The APTES-coated channels were then washed with distilled water before drying at

100 �C for 15 min. For MDA-MB-231, the glass surface inside the channel was coated with

20lg/ml of collagen type IV for 30 min at 37 �C, and then blocked by rinsing the channels with

a 0.4% Bovine Serum Albumin (BSA, Sigma Aldrich) solution for at least 30 min at 37 �C.

The channels were then thoroughly rinsed with fresh cell medium (HL5 for Dictyostelium
and CO2-independent medium for MDA-MB-231) and used directly.

C. Flow creation

Both inlet and outlet of the four channels of our device were connected to flexible tubes

(PORTEX Fine Bore Polythene Tubing 0.28 mm inner diameter), the inlet being connected to a

switchable T-connectic, allowing easy cleaning and exchanging of hand- and pump-driven

syringes. The tightly closed system allowed a precise measurement of fluid flow by collecting

and weighing the liquid that had passed by.

For precise flow control, we used a syringe pump (PHD ULTRA infuse/withdraw, Harvard

Apparatus) with up to four BRAUN Omnifix 20 ml Luer Lock syringes for Dictyostelium and up

to two BRAUN 60 ml Luer Lock syringes for MDA-MB-231. Of major importances were tight

syringes with a rubber piston which shows no stick-and-slip behaviour, in order to assure a

steady-going flow. With 20 ml syringes, experiments of up to 3 h with a flow rate of 6–7 ml/h

could be easily managed.

FIG. 1. Microfluidic device with four independent branches. (a) Photograph of the device, sealed on a 76� 52 mm glass

slide. The four channels are labeled with numbers. Inlet-outlet-distance is 50 mm. In- and outlet can be interchanged to

avoid a high hydrodynamic pressure for large widths which occurs at the inlet site. (b) Photolithography mask (detail). The

colored rectangles correspond to the visual field of different shear stress zones we used for our later discussed model

experiment. (c) Shear stress (log-scale) related to the position in the tapered channel for a low flow rate Q¼ 5 ml/h. The

corresponding letters are represented in (b). The square on the top left shows the highest possible shear stress that could be

attained at this flow rate.
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D. Strain and culture, cell injection

D. discoideum DH1 was grown in HL5 medium (formedium, UK) in plastic culture dishes

(Falcon) at 21 �C. Vegetative cells were harvested at a density of 1 � 106 cells/ml, suspended in

fresh medium and injected into the microchannel via the channel outlet using a micro-pipette.

A careful injection of about 24 ll into the outlet with the inlet being kept open was sufficient to

obtain cell densities of (4 6 1) � 104 cells/cm2. The injected volume exceeds the volume of one

channel (14 ll) to assure the coverage of those parts of the channel which are far from the

injection point.

Human metastatic breast cancer cell line MDA-MB-231 was cultured in Dulbecco’s Modi-

fied Eagle Medium (DMEM, Gibco) medium supplemented with 10% Fetal Bovine Serum

(FBS, PanBiotech) and 1% penicillin/streptomycin at 37 �C and 5% CO2 in culture petri dish

(Falcon), as previously described by Vidal et al.33 We preliminarily verified survival and prolif-

eration for MDA-MB-231 in microfluidic systems, which gave normal behavior for t> 72 h,

with non-detaching shear stress (0.04 Pa) being applied. We also verified that cell shape, move-

ments and rate of cell division were similar in petri dishes and in microfluidic channels (data

not shown). Prior to each experiment, cells were detached using trypsin solution (0.25% w/v).

The activity of trypsin was stopped with 10% FBS-containing medium, and the suspension was

centrifuged (660 g, 5 min). The supernatant was aspirated and the cells were resuspended in me-

dium to a density of 1 � 106 cells/ml. Injection followed the protocol for Dictyostelium, the cell

densities were one order of magnitude below those for Dictyostelium.

Settling time at the surface was 30 min for Dictyostelium and 2 h for MDA-MB-231.

After the experiment, we checked that the cells are able to divide and migrate normally af-

ter having been subjected to an experiment with high shear-stress (data not shown).

E. Microscopy

The connected device was installed in a home-made temperature-controlled chamber, which

enabled adhesion analysis in physiological temperature conditions (21 �C for Dictyostelium and

37 �C for MDA-MB231), and observed with an inverted light microscope (Nikon TE2000)

equipped with a 4� objective (field of view 2.2� 1.7 mm, at a resolution of 1.61 lm/pixel), a

cooled CCD camera (CoolSNAP HQ2 Monochrome, Roper Scientific) and a motorized xy-

stage (Marzhauser). A low resolution 4� objective was chosen to get high statistics in single

experiments. Images were captured automatically with a commercial program (NIS Elements

AR) along a path scanning the different positions (and therefore the different applied stresses),

as visualized schematically in Fig. 1(b) by colored rectangles. One image contained typically

500–1500 cells for Dictyostelium and 40–120 cells for MDA-MB-231. A scanning path with 52

positions (4 channels, 13 positions each) took about 45 s, which determined the temporal resolu-

tion of detachment kinetics recording. A lower number of channels and of positions per channel

enabled much higher time resolution. Higher spatial resolution (20�) but with lower statistics

could be accomplished without change of the settings as well.

It turned out that setting out of focus the lenses delivered an optimal performance in practice

for Dictyostelium: even if the precise cell shapes were not visible any longer, the cells were easier

to distinguish from device impurities, thus facilitating subsequent cell counting. For MDA-MB-

231, which has thinner cell bodies than Dictyostelium when adhering, phase contrast illumination

was used. See supplementary material for typical images obtained for both cell types.34

F. Image processing

To count the number of cells for each image and each timestep, the recorded movies were

analyzed with the free, platform-independent program IMAGEJ using a custom-written batch algo-

rithm based on the Find maxima routine which gave the number of cells (and the cell positions,

if tracking was desired) for each image. In the supplementary material, we give an example

with identified cells.34

The data obtained were further analyzed with a single MATLAB program which calculated

the cell density (in cells/cm2), the cell detachment in dependence of time and the parameters
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which characterize a cell population and its detachment kinetics (see Sec. III). We thereby used

the free MATLAB fitting toolbox EzyFit.

Within the same program, error calculus was done, effecting error propagation for stress

incertitudes and analysis of the statistical error due to finite number of cells, both by means of

straightforward resampling methods, described in the supplementary material.34 The MATLAB-

code with a working data sample is available upon request.

III. RESULTS AND DISCUSSION

A. Device design and rationale

Several microfluidic cell detachment devices use parallely connected channels.21,22 We

tested such approaches, but a general problem with complex interconnected channel systems is,

that a defect in one of the channels changes all hydrodynamical resistances and impairs the

local flow rate estimates. Parallel channel systems bring along also other disadvantages, such as

difficulties to dispose of air bubbles or problems with seeding the cells uniformly in the parallel

branches. All these drawbacks could be avoided or downsized by our device which uses simple

tapered channels without interconnections, corners and acute angles, as shown in Fig. 1.

The use of large glass slides (52� 76 mm) enables to have 4 independent tapered channels

in parallel. This offers the possibility of exploring different cell types and/or environmental

conditions (coating, medium) in a single experiment. This can be pivotal for cell biology

experiments where results from different conditions should be compared as much as possible

from the same experimental day.

Tapered shapes of the channels enable the exploration of a wide range of shear stresses

along the channel direction x. Our tapered device which is shown in Fig. 1 is characterized by

a linearly decreasing width w given as wðxÞ ¼ wmin þ x
Lðwmax � wminÞ (wmax¼ 5 mm and

wmin¼ 200 lm, channel length L¼ 36 mm). As the tapering slope is small (dw/dx� 0.13), the

classic wall shear stress expression12 (at the bottom of the channel where the cells adhere) for a

rectangular tube of width w� h (h is the channel height) can be locally applied

rðwðxÞÞ ¼ g
dv

dzz¼0
¼ 6gQ

h2wðxÞ ; (1)

where g is the viscosity and Q is the flow rate. In our case, w� h is not fulfilled for all chan-

nel positions, and a 3D analysis of the velocity field is necessary, details are shown in the sup-

plementary material.34

In a single experiment, the maximal range of shear stress is given by the ratio rmax/

rmin¼wmin/wmax¼ 25. This is large compared to microfluidic devices of similar design, for

instance, rmax/rmin¼ 8 in Gutierrez and Groisman.22

With h varying between 50, 100, and 150 lm, and Q up to 50 ml/h, wall shear stresses up

to 100 Pa can be realized; however, the device is designed to work best at 0.1–5 Pa, which cov-

ers the physiological range.12 The two cell types which we will discuss here cover this range.

To increase the shear stress range for one experiment, different flows can be applied for parallel

channels by using syringes with different inner diameters.

The large dimensions lead us to revisit microfluidic assumptions, notably laminarity. The

Reynolds number can be calculated using the average flow velocity U¼Q/(wh) and the hydrau-

lic equivalent diameter for rectangular channels Dh¼ 2hw/(wþ h)

Re ¼ qUDh=g ¼ q2Q=ðgðwþ hÞÞ: (2)

Laminar flow can be assumed for Re< 2000.35 For this work, we have Re< 5 for experiments

with Dictyostelium and Re< 20 for MDA-MB-231 experiments, thus indicating laminar flow.

This could be supported by optical flow observations via fluorescent beads which showed linear

trajectories (data not shown).
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After cell injection and scanning path selection of the motorized stage (Fig. 1(b)), the

experiment starts when both the syringe pump infusing at a constant flow rate Q and timelapse

videomicroscopy are switched on (t¼ 0). The image treatment described in Sec. II results in the

typical cell detachment curves displayed in Fig. 2. Each curve represents the proportion of

detached cells as a function of time for a given position along the channel. The initial cell num-

ber decreases exponentially, before reaching an asymptotic regime where almost no cell detach-

ment is detectable. Due to a limited recording time, the asymptotic regime is not fully reached

for Dictyostelium in fresh medium (Fig. 2(a)) at low stress ranges but can be observed for data

with MDA-MB-231 (Fig. 2(b)) and Dictyostelium in highly conditioned medium (HCM)

(Fig. 2(a), open circles). The meaning of these asymptotic states will be discussed later on in

the framework of a threshold stress model. For each experiment, channel height and/or flow

rate are adjusted in order to cover the whole range of detachment from complete detachment

up to almost zero detachment (100 lm and 5 ml/h, respectively, for Dictyostelium cells; 50 lm

and 17 ml/h, respectively, for MDA-MB-231 cancer cells).

B. Mathematical description of adhesion and detachment

For describing the adhesive behavior of these two cell lines, we mostly follow Décavé

et al.;16 similar ideas were also used by Cheung et al.24 Three major assumptions are made: (1)

There is a threshold shear stress rt for each cell, which, if exceeded, leads sooner or later to

the detachment of the respective cell. (2) This threshold stress is lognormally distributed over a

given population. (3) The detachment dynamics follow first order kinetics.

The lognormal threshold stress distribution f(rt) is specified by its median r1/2 (the stress at

which half the cell population detaches) and the dimensionless distribution width ~r

f ðrtÞ ¼
1ffiffiffiffiffiffi

2p
p

~rrt

exp �
ln2ðrt=r1=2Þ

2~r2

 !
: (3)

The cumulative distribution (i.e., the integral of f(rt)) gives the proportion of cells which will

be detached by a given stress r; we call this proportion the detachment efficiency e(r),

eðrÞ ¼
ðr

0

f ðrtÞdrt ¼
1

2
1þ Erf

ln r=r1=2

� �
ffiffiffi
2
p

~r

� �� �
: (4)

The first order kinetics presuming threshold stresses—dn/dt¼þk Nc where Nc is the number of

cells at a given time for cells with rt<r and dn/dt¼ 0 for rt>r—lead to a time-dependent

expression for the percentage of detached cells16

FIG. 2. Detachment curves with first order kinetic fits. (a) Cell detachment curves for D. Discoideum DH1 in fresh me-

dium, fitted with first order kinetics. The letters on the right show the channel position (cf. Fig. 1) which is used for the cor-

responding detachment curve. Higher shear stresses correspond to greater detachment. The detachment curve for 0.50 Pa

(letter G) is highlighted by larger dots, the detachment curve for DH1 in HCM at the same shear stress is drawn in green

open circles. This shows that the final detachment is very similar for both conditions, whereas the kinetics are much faster

for HCM. (b) Detachment curves for MDA-MB-231 human breast cancer cells. The more significant fluctuations are due to

a lower cell concentration and image treatment.
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nðtÞ ¼ eðrÞ 1� exp �kðrÞtð Þð Þ: (5)

The detachment efficiency, which stands for the percentage of detached cells for t¼1, links

the kinetics with the threshold stress distribution Eq. (4).

C. Adhesion thresholds for amoeboid and breast cancer cells follow lognormal

distribution

The experimentally obtained detachment curves shown in Fig. 2 are very well fitted with

first order kinetics for each cell line, leading to a stress dependent detachment rate k (Fig.

3(b)). The detachment efficiency which corresponds to the asymptotic state value in Fig. 2 is

plotted as a function of r in Fig. 3(a). The experimental values for each cell line are fitted by

the lognormal cumulative distribution function.

The occurrence of lognormal distributions for biological quantities is well-known and also

successfully applied for adhesive strength distributions,16,24 but not well-understood. There is not a

single standard generative model which produces lognormal populations: several possible mecha-

nisms can lead to lognormality. Yet, the key idea is the accumulation of multiplicative (and not

additive, which leads to normal distributions) random effects. For cellular objects, these multiplica-

tive random effects may occur by asymmetrical cell division or external random effects, whose

impact depends on the actual state of the cell. We refer to Koch36 for a biology-oriented introduc-

tion to generative models for lognormal distributions. Our data (Fig. 3(a)) fit very well to the

lognormal cumulative distribution function and, therefore, give support to the idea of lognormal

distributed threshold stresses for single cells, independently of the cell type.

D. Quantitative comparison of detachment parameters

For a quantitative discussion of adhesion parameters and to assess the precision and the

robustness of our device, we investigate two main possible error sources (see supplementary

material for more details34):

1. Statistical and counting errors dN; a limited number of cells creates a statistical error when data

are described by a given distribution law as given in Eq. (3).

2. Physical incertitudes and device approximations of the wall shear stress dr: flow velocity field

and thus shear stress values may be modified by PDMS deformation due to internal pressure;

temperature-dependency of viscosity can affect the shear stress as well; also channel width and

thus shear stress are not constant over a given field of view.

FIG. 3. Detachment efficiency and detachment rate for different experiments. (a) The cumulative lognormal threshold-stress

distribution function (cdf), fitted with Eq. (4) for four datasets, listed from left to right: Dictyostelium on glass substrate in

highly conditioned medium (green, downward pointing triangles) and in fresh medium (blue, upward pointing triangles), in

fresh medium on APTES-coated substrate (red, crosses), and MDA-MB-231 on collagen-coated substrate (black, circles). Every

datapoint for the Dictyostelium data in fresh medium corresponds to one position in Fig. 1. Error bars are shown for one condi-

tion each for Dictyostelium and MDA-MB-231 to give an idea of magnitude. r1/2 can be read off at the point where the dashed

line intersects the fits. (b) Detachment rates k, obtained by first order kinetics fits. The color/symbol code is the same as in (a).

Stress errors are the same as for (a), fit errors for k are of the size of the symbols. Data points without significant detachment

(APTES for r< 0.5 Pa) could not be fitted properly and were left out. Data points are connected as a guide for the eye.
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As far as the second error source is concerned, dr mostly depends on the channel height

error (dh xð Þ ’ 2lm and is almost independent of x). However, a proper measurement of h(x) by

confocal microscopy was performed for high shear stress conditions (MDA-MB-231 cancer cell

experiment); in a first approximation, deformation increases linearly with channel width (cf.

again the supplementary information cited above, where we refer in detail to Gervais et al.37

for a theoretical framework). To estimate the error of the fit parameters r1/2 and ~r in Eq. (4)

due to the limited experimental sample, i.e., the finite cell number, we used a numerical resam-

pling method. Combining the primary error sources as root of the squares, we are able to give

a total error estimation. For best conditions, for Dictyostelium, it is about 6% of the value for

r1/2 and 13% of the value for ~r. The experiments with MDA-MB-231 cancer cells were all car-

ried out at lower cell densities, resulting in larger statistical errors (cf. y-errorbars in Fig. 3(a)),

but only slightly larger errors on fitted parameters (see Table I).

The experiments with Dictyostelium, carried out at Q¼ 5 ml/h, were compared to experi-

ments which were carried out at Q¼ 10 ml/h (Fig. S3). Similar r1/2 and ~r (Table I) as well as

detachment efficiencies were found; further detail for this point is shown in the supplementary

information.34 In other words, varying flow rates and channel widths in such a way, that shear

stress is the same, yields similar detachment rates, as expected by Eq. (4). Within this test

experiment, reproductibility among different parallel channels was verified with good accord-

ance of adhesion strength from one channel to another, see Table I, left hand side.

The reproductibility among different channels allows to fully use the independent channels

of our device in parallel to compare simultaneously the cells from the same culture in different

environments. In Fig. 3, three different conditions for Dictyostelium are shown. Décavé et al.16

already made detachment experiments with Dictyostelium, which may serve, although made

with different mediums, as a first point of reference to what follows. For our experiment,

Dictyostelium in fresh HL5 medium on glass substrate yields r1/2¼ 0.32 Pa. Coating the glass

substrate with APTES increases adhesion strength significantly to r1/2¼ 0.65 Pa; this increase has

already been reported by Décavé et al.16 For comparison, Fig. 3 also contains data for an

MDA-MB-231 experiment on collagen substrate. Here, we found a characteristic adhesion

strength r1/2� 2.7 Pa, which shows that our device works for cell types of very different thresh-

old shear stresses. The same order of magnitude was found by Cheung et al.24 for MDA-

MB-231 -N (N-cadherin expressing MDA-MB-231) for antibody-coated surfaces (r1/2� 2.1 Pa

for step function accelerating and 5 min remaining PBS flow). This demonstrates that

MDA-MB-231 cells exhibit similar adhesion strength for different families of adhesive proteins

(cadherin-antibody for Cheung et al.24 versus integrin-collagen in our case).

Another possibility besides surface treatment to modify detachment of Dictyostelium is

modifying the medium. HCM is obtained from Dictyostelium cell cultures; the medium there-

fore is enriched with various biomolecules that are naturally produced by Dictyostelium in cell

culture. Some of these molecules can dock to extracellular receptors, which impedes non-

attached receptors to interact with the substrate. We discussed this recently in the context of

cell migration, where we observed lower motility and more rounded cells for Dictyostelium in

HCM.38 For adhesion, we found no difference for r1/2 for fresh medium and HCM, see Fig.

3(a). By contrast, detachment kinetics were much faster in HCM (Figs. 3(b) and 2(a), high-

lighted curves). These findings suggest that attachment and re-attachment of receptors, which is

reduced by HCM as described above, play an important role in the detachment process, but

TABLE I. Left: Reproductibility among channels. Adhesion strength distribution parameters for three parallel channels

with same conditions (D. discoideum DH1 cells in fresh medium on glass substrate at Q¼ 10 ml/h). Right: The results for

adhesion on glass in fresh medium (FM), on glass in HCM, and in FM on an APTES-coated surface for Dictyostelium at

Q¼ 5 ml/h, and on collagen-coated surfaces for MDA-MB-231.

DH11 DH12 DH13 DH1gl (FM) DH1gl (HCM) DH1AP(FM) MDA

r1/2 (Pa) 0.30 6 0.02 0.31 6 0.02 0.30 6 0.02 0.32 6 0.02 0.32 6 0.02 0.65 6 0.03 2.7 6 0.2

~r 0.47 6 0.08 0.54 6 0.08 0.54 6 0.08 0.49 6 0.08 0.48 6 0.08 0.52 6 0.07 0.51 6 0.08
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does not significantly determine the threshold stress value for our experiments with Dictyoste-
lium, i.e., the decision if a cell is detached at a given stress or not. This example illustrates the

need for having acces to detachment kinetics. It enabled to highlight differences in cell detach-

ment which are not revealed by r1/2 values.

In Décavé et al.,16 experiments with Dictyostelium were carried out in buffer (whereas we

used HL5 medium); buffer media is of simple constitution, the number of parameters which

may influence an experiment is reduced. On the other hand, a buffer is not a natural environ-

ment, leading to complications such as osmotic shocks and starvation. We found that adhesion

is weaker for Dictyostelium in HL5 compared to values given by Décavé et al.16 for experi-

ments using buffer. The difference is about one order of magnitude. This indicates that adhesive

contacts are strengthened in buffer medium. Due to lower applied shear stresses, detachment in

HL5 is much slower (Figs. 2(a) and 3(b)) than in buffer. In buffer, Décavé et al.16 found typical

detachment times of �5 min, whereas we got characteristic times of 1 h (Fig. 2(a)). As shown

in Fig. 3(b), kinetics are generally faster with increasing shear stresses. We will discuss a theo-

retical model for k(r) in the context of cell motion/migration below.

We would like to stress here that kinetics could be obtained by a single experiment,

observed at more than 200 time-steps. In contrast, Décavé et al.16 did one experiment for one

experimental data point. We hold this for a major improvement of our device: evidently, it

reduces the effort; second, it can be checked if an asymptotic state is attained in a single

experiment. Generally, it is often preferable to acquire biological data for one issue at the same

time for reasons of comparability. This allows to distinguish variations due to biological hetero-

geneity of a sample and those due to other changes of experimental parameters.

E. Cell tracking, migration, detachment mode

In addition to kinetics resolution and the possibility of parallel experiments, our device is

also adapted to measurements of adhesion and cell tracking simultaneously. This allows to

enhance the comprehension of detachment kinetics by analyzing cell shape modifications and

migrative behaviour.

Dictyostelium, as stated above, is detached on a typical timescale of up to 1 h for an

applied hydrodynamic stress close to r1/2 in fresh medium. The detachment for Dictyostelium is

described by Garrivier et al.25 as a peeling process which begins with the onset of the experi-

ment. In this model, the microscopic peeling velocity vp, which is a function of some micro-

scopic parameters, is connected with the detachment rate k and the peeling time s using the cell

dimension lc: k / 1=s ¼ vp=lc. Our tracking analysis, however, shows that cells are able to

migrate normally during up to 1 h before detachment. The trajectories show diffusive behaviour

for low shear stresses and only partially directed flow-driven movement for high stresses (Figs.

4(b)-4(d)). The diffusion coefficients in the tapered channel are similar to those obtained by

measurements in petri dishes, which we carried out recently.38 The motility of Dictyostelium is

therefore not disabled by shear stresses, and the peeling process does not start with flow onset,

but at a stochastically determined moment. This is clearly visible on the cell of Fig. 4(a)

(enhanced) submitted to a very high applied shear stress (2.6 Pa � 4r1/2). It first moves by

extending several forward but also lateral pseudopods (see arrows in Fig. 4(a) (enhanced)) but

finally stops migration, rounds up and is detached. It is therefore not possible to link micro-

scopic and macroscopic kinetics within the framework of Garrivier et al.25 for Dictyostelium in

natural-like environment (HL5 medium). This conclusion would not have been possible without

the possibility to track the motion of cells.

For MDA-MB-231, a very different detachment processes could be observed (Fig. 5(a)

(enhanced) and Fig. 5(d) (enhanced)). At applied stresses around r1/2, no significant migration

could be observed. The detachment process starts just after shear flow onset. The process can

be subdivided in several phases. They are most clearly visible in a time-lapse movie, Fig. 5(d)

(enhanced). First, the cells, which are randomly oriented on the surface, align with the flow.

The alignment is mainly a fast and discrete process, often caused by the rupture of anchor

points (5D (enhanced)). In the next phase, the cell body is dragged by the flow with nearly
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constant velocity (center of mass movement, Fig. 5(b)), whereas the anchor points are more

strongly bound. They are still spread out and detach with a rupture (cell shape evolution, Fig.

5(c)). The interplay between the cell body and the anchor points cannot be described by a sim-

ple peeling model without focal contacts.39 In the last phase, the cell adopts a waterdrop shape,

with no more outlying anchor points (last frame of Fig. 5(a) (enhanced)). The cell slowly con-

tinues to be dragged in the direction of the shear flow, and finally detaches from the substrate.

Example of cell alignment in response to the imposed shear stress (enhanced online: time-

lapse movie showing the different phases of detachment).

To highlight the anchor point ruptures, cell deformability is analyzed by computing the

solidity parameter s¼A/Ach, where A is the cell area and Ach the area of its convex hull, i.e.,

the percentage of the area spanned by the cell’s corner points which is occupied by the cell.

A sudden augmentation of s corresponds to a rupture of an outlying anchor point, which

reduces the convex hull, at almost constant cell area. Fig. 5(c) shows clearly two anchor point

ruptures.

Such cell alignment, elongation and drop formation occurred above a shear stress threshold

which is comparable to r1/2¼ 2.7 Pa. Similar shear stress dependent shape elongation has already

been reported for breast cancer lines HBL100 submitted to centrifugal forces.14 This study evi-

denced a coordinated work between microtubule (helping elongation), actin (fighting against elon-

gation) and focal adhesion, but it did not enable real-time analysis. More recent results using a

microfluidic set-up24 reported that cell deformation is not only dependent on shear stress but also

on shear stress acceleration: deformation was only observed for low acceleration conditions. This

is in accordance with the results presented here, where a cell in a given position experienced one

single shear stress for up to 150 min, with zero acceleration. The effect of acceleration on cell

shape and cytoskeletal organisation could be easily further investigated with our set-up. However,

for in-depth quantitative analysis of this process, higher magnification (10� or 20�, to the detri-

ment of statistics) is required for automatic cell contour detection and is beyond the scope of this

paper.

FIG. 4. Dictyostelium cells motility during a detachment experiment on APTES coated substrate. (a) Detachment of a single

Dictyostelium cell at 20� magnitude, at 2.6 Pa: despite the very high stress, the cell extends also lateral pseudopods (arrows)

and migrates. Finally, the cell rounds and detaches. The arrow in the last frame indicates the flow direction. The migrative

behavior comes out better in a time-lapse movie. (b) (c) Centered trajectories of at least 150 cells submitted to a shear stress

of 0.25 Pa (b) and 0.70 Pa (c), respectively, over 52 min. Cell migration is almost random at low shear stresses, whereas it is

strongly biased in flow direction for higher shear stresses. Flow direction is given by arrows. (d) Mean directionality of cell

movement as a function of applied shear stress, indicating to which extent migration is aligned with flow direction. Direction-

ality is defined as the angle between the flow direction and the cell movement direction over a 52 min interval. Therefore,

cos(h)¼ 1 indicates fully biased cell movement in flow direction, cos(h)¼ 0 indicates random direction of migration. The

chosen positions (b) and (c) are represented by black arrows, r1/2¼ 0.65 Pa by the red arrow (enhanced online) [URL: http://

dx.doi.org/10.1063/1.3673802.1].

014107-10 Rupprecht et al. Biomicrofluidics 6, 014107 (2012)

http://dx.doi.org/10.1063/1.3673802.1
http://dx.doi.org/10.1063/1.3673802.1


IV. CONCLUSION

We have designed and tested a simple 4-channel tapered microfluidic device for cell adhe-

sion strength measurements based on the analysis of cellular response to varying hydrodynamic

shear stresses. Compared to other recent microfluidic shear stress designs, our device offers a

larger shear stress range and a better and very precise detachment kinetics measurement. This

allowed us to confirm that first order kinetics and lognormal distributions for the proportion of

detached cells are very general laws describing well either amoeboid Dictyostelium or mesenchy-

mal breast cancer cells. Another advantage of our device is the possibility to track cells (single

cells or few hundreds as well) and therefore to better understand adhesion through migration anal-

ysis. In addition, visualization during experiments gives feedback over possible problems and

allows to show, e.g., the mode of detachment, which can bring forward cell detachment modeling.

Because each channel is fully independent of the others, the effect of several environmental pa-

rameters (substrate coating, buffers, drugs, etc.) on adhesion and migration can be tested simulta-

neously. Since this paper has its main focus on presenting the design and the potential it offers,

we leave more systematic studies of environmental parameters to future publications. Besides,

influence of shear stress on other parameters of interest can be easily measured without device

alterations. For instance, influence of shear stress on cell division for Dictyostelium was an issue

that occurred while testing our device. We think that the device presented in this paper is a versa-

tile tool that could be used to analyze not only detachment strength and kinetics for different cell

types in varying environmental conditions but also putative shear stress dependent cell behaviour

such as cell motion.
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FIG. 5. Detachment mode of MDA-MB-231 cancer cells. (a) Example of cell alignment in response to the imposed shear

stress (see the time-lapse movie online for the different phases of detachment). (b) Single cell drop formation at 4�. The

black arrow indicates flow direction. (c) The cell (its center of mass) moves after a short acceleration phase with constant

velocity in flow direction. Leaps (marked by dotted lines) occur, when adhesion points break off. (d) Cell deformability is

analysed by computing the solidity parameter s¼A/Ach, which uses the cell area A and its convex hull Ach (shown in the

5th frame). A sudden increase of s corresponds to a rupture of an anchor point (see dashed lines) (enhanced online) [URL:

http://dx.doi.org/10.1063/1.3673802.2 and http://dx.doi.org/10.1063/1.3673802.3].
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