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Abstract 

In this work we aim to characterize the mechanical behavior of cells adhering to a 

surface and to determine the conditions under which they detach when subjected to a 

shear force. 

We probe a cell’s response to force by use of a micro-fluidic system. A shear 

force is applied on cells that adhere to the channel floor by subjecting them to a 

defined laminar flow. The displacement of cells due to the flow is quantitatively 

measured by video microscopy. An advantage of using a micro-fluidic device is the 

fact that the mechanical properties of many cells can be probed at once. A trade-off is 

that the conditions of force application and subsequent deformation are ill-defined in 

comparison to single-cell experiments. 

At relatively low forces, cells remain firmly attached and undergo a 

viscoelastic deformation. This response is described by applying the Kelvin-Voigt 

model of viscoelastic behavior. Two parameters are used to characterize the 

deformation: an effective elastic constant k and an effective viscous modulus η. 

Values found for these parameters are k=1.4±1.2 nN/µm and η =21±18 nN·s/µm. 

We observe that at higher forces, the cell adhesion area undergoes a transition 

from a continuous interface to a cell-surface connection mediated by multiple 

membrane tethers. The tethers are pulled from the cell membrane and limit the 

displacement of the otherwise detached cell. The membrane tethers can be visualized 

by using differential interference contrast microscopy. The transition can also be 

inferred from the viscously dominated displacement behavior of the cell. To describe 

the observed motion, we developed a model that describes the displacement of a cell 

that is attached to a substrate by multiple membrane tethers that are subject to 

stochastic failure. The model supports our hypothesis that the number of remaining 

tethers decreases gradually and provides an estimate of the initial number of tethers 

that were formed. 

From the transition from firm adhesion to tether formation we conclude that 

the cell is attached via an inhomogeneous interface on the polylysine-coated surface. 
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1. Introduction 
White blood cells, also called leukocytes, are cellular components of the immune 

system of both humans and other animals. Their function is to migrate towards 

infected or damaged areas of the body, where they gather and destroy harmful 

substances such as foreign infectants or dead cells
[Mar2006]

. Though leukocytes would 

not be able to carry out their task without the intricately complex biochemical 

machinery contained within them, it is known that their mechanical properties have a 

critical influence on their functioning. This has been the motivation for many studies 

of those properties. 

 This chapter gives a brief introduction into the field concerning a cell’s 

mechanical response to force. Starting with a specific example, cell deformation and 

several existing approaches to studying that deformation are discussed. After that the 

phenomenon of membrane tethers is introduced. These two mechanical responses are 

the subject of this research, which will be further discussed in the last paragraph. 

 

1.1. Monocytes 

One subgroup of white blood cells are the monocytes; these cells react to 

inflammation by migrating from the bloodstream to the infected tissue and 

differentiating into macrophages, which then start to attack the infectants. Figure 1.1 

shows both a schematic representation of a monocyte and an image of a monocyte 

obtained with SEM.  

Like every animal cell, monocytes consist of a lipid bilayer cell membrane 

filled with cytosol – the intracellular fluid – wherein several types of organelles are 

immersed. The membrane is covered with numerous folds and protrusions, which 

increase the surface area of the cells. The presence of this membrane surplus allows 

the cell to undergo deformation without tearing up its surface. 

 

 

   
 

Figure 2.1: This figure shows a schematic representation of a monocyte and some organelles it 

contains (left). Shown are the nucleus, golgi system, mitochondria and some granules. The organelles 

are suspended in the intercellular fluid, which is contained within the cell membrane
[Per2005]

. The 

surface morphology of a monocyte can be observed through scanning electron microscopy
[Khi2009] 

(right). A surplus of membrane surface results in the formation of folds and protrusions in the 

otherwise spherical shape. 

 

During the migration process, the mechanical properties of monocytes play a critical 

role. Especially deformability is important as it influences the formation of bonds and 

an adhesion area with the endothelial cells at the blood vessel wall
[Khi2009]

. Only after 

this adhesion migration to tissue past the endothelium is possible.  

Nucleus Golgi system 

Mitochondrion 

Granule 
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Studying these properties is not only useful for understanding this critical 

stage in the immune response; several illnesses have been associated with changes in 

the mechanical behavior of monocytes
[Yav2009]

. This makes the measurement of cells’ 

mechanical properties an important tool in both understanding and diagnosing these 

diseases. 

 

1.2. The mechanical properties of white blood cells 

The bulk mechanical properties of any leukocyte are largely determined by the 

cytosol and one specific organelle called the cytoskeleton. The cytoskeleton is a 

network consisting of actin, tubulin, and intermediate protein filaments. Each filament 

has a specific stiffness, persistence length and function, while the network as a whole 

has viscoelastic properties. Microtubuli mainly form a dynamic network throughout 

the cell that resists compression. The network spreads throughout the whole cell, 

providing it with structural integrity. The actin part of the cytoskeleton forms a mesh 

like layer that lies beneath the cell membrane and is connected to it by many different 

proteins. This layer, called the cell cortex
[Pes2005]

, supports the cell membrane and 

introduces a cortical tension that helps it maintain its roughly spherical shape.  

The fluid properties of the cytosol combined with the viscoelastic properties of 

the cytoskeleton make that the cell behaves as a viscoelastic body. An extensive 

review of different approaches to modeling these mechanical properties of leukocytes 

can be found in
[Khi2009]

.   

 

1.3. Methods for studying cell deformation 

Many in vitro experiments have been developed to investigate and characterize the 

deformability of leukocytes under controlled conditions. The earliest and most work 

has been done using a method called micropipette aspiration
[Eve1989][Nee1990]

. In this 

technique, leukocytes were sucked into a micropipette with a diameter smaller than 

the cell diameter. By linking the induced deformation to the applied suction pressure 

the properties of the cell material can be determined. Use of micropipette aspiration 

led to several models of a cell’s viscoelasticity. However, different groups found 

many different values for similar parameters. It has been suggested that this technique 

has been unable to fully characterize the cells’ passive mechanical properties due to 

interfering active responses of cells in the different experiments
[Dru2001]

. 

 More recently, methods using Atomic Force Microscopy (AFM), optical 

tweezers and magnetic particle actuation have been applied to characterize a more 

local deformability of the cell body. Using an AFM a force mapping experiment can 

be conducted in which the cantilever is pushed into part of the cell
[Rad2007]

. The AFM 

tip penetration depth is recorded as a function of the tip deflection, which is a direct 

measure for the force applied. The method is ideal for probing local deformation of a 

cell, while it is unfit for determining mechanical bulk properties of the cell as a whole.  

Magnetic and optical actuation of small particles that are attached to the cell 

surface have been used in similar experiments. The use of optical tweezers provides 

very precise positional control over the position of the attached particle, though only 

relatively low forces can be applied
[Lau2002]

. When magnetic actuation is used, the 

attached particle is usually displaced by a known force and the resulting displacement 

is recorded. From the force-distance curve the mechanical properties of the cell are 

then derived. A disadvantage of using either optical or magnetic tweezers is that the 
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attachment of the particle can lead to activation of the cell. These methods are 

therefore considered to be unfit for probing passive properties of a cell
[Hol1999]

. 

 From an experimental point of view, a shared disadvantage of the 

micropipette, AFM and optical methods is that they can only be used to probe a single 

cell. The large spread in the properties of individual cells makes it desirable to collect 

measurement data from many cells. One way to probe many cells at once is to use a 

micro-fluidic device. These devices consist of sub-micrometer channels in which fluid 

and cells can be manipulated.  

This research concerns a type of micro-fluidic channel in which a force is 

applied on cells that adhere to the channel floor by subjecting them to a shear flow. 

The setup allows for multiple cells on the surface to be observed simultaneously. An 

advantage of this approach is that the system of an adhered cell under shear flow 

corresponds better to the physiological situation of cells on the endothelium than other 

setups. A disadvantage is that the mechanical response of the cells to flow is now, 

apart from the cells own mechanical properties, also dependent on additional factors 

such as the shape of the adhesion area. This makes the system less defined than it is 

for instance in the micropipette experiment.  

 

1.4. Membrane tethers 

A mechanical response of specific interest is the formation of membrane tethers. 

These thin tubes of cell membrane have been shown to form under mechanical stress 

and were first observed for red blood cells by Hochmuth, Mohandas and 

Blackshear
[Hoc1973]

. Figure 1.2 shows a scanning electron micrograph in which these 

tethers are visible. 

 

 
 

Figure 1.2: Scanning electron micrograph picture of tethers pulled from red blood cells fixed on a 

surface. The longest tether is over 30 µm long. Picture adapted from [Khi2009]. 

 

Since their discovery, tethers have been investigated extensively
[Hoc1996][Eve1994]

 and 

have also been observed for leukocytes
[Sch2000]

. In fact tethers have been theorized to 

play an important role in the surface interactions of white blood cells with blood 

vessel walls.
[Sha1998][Bos2010]

. Studies on tethers generally involve experiments in which 

a single tether is pulled from a cell by applying a local pulling force on the membrane. 

The force has for instance been applied by use of optical tweezers
[Jau2007]

 or an AFM 

tip
[Sch2008]

 that is connected to part of the membrane by a single, molecular bond. The 

formation of tethers was observed in this work as well. An interesting difference with 

previous work is that multiple tethers were pulled from the same cell.  

 



 7 

1.5. Goals and approach 

In this work we aim to characterize the mechanical behavior of adhering cells in the 

micro-fluidic system mentioned in 1.3. The theory behind the micro-fluidic approach 

and cell deformation in general is discussed in chapter 2. A microscope is used to 

observe the adhered cells as they are deformed by the shear flow. During an 

experiment, the deformation of the cells is quantitatively measured by video 

microscopy. The details of this method and the micro-fluidic system are the subject of 

chapter 3. Existing models of viscoelastic deformation are used to characterize the 

displacement data. These results are presented in chapter 4. 

 As was briefly mentioned above, not only bulk cell deformation was observed. 

As cells were pulled from the surface by the shear flow, systems of multiple tethers 

were pulled from the cell body, maintaining a connection with the surface while the 

rest of the cell body was otherwise detached. Using existing models of tether 

elongation, stemming from single tether experiments conducted in the past, we 

develop a model for the extension of multiple tethers. The model is meant to explain 

and characterize the positional data of a ‘detached’ cell whose movement is limited by 

the tether extension. The identification and modeling of these membrane tethers are 

discussed in chapter 5. Chapter 6 will present the conclusions of this research. 
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2. Theory 
 
This chapter gives a brief summary of the theoretical background needed to 

understand the behavior of cells in a flow channel. First, cell adhesion to a surface 

will be shortly discussed. Then an expression for the force that can be exerted on 

adhered cells with a shear flow will be derived from the hydrodynamic theory behind 

micro fluidic channels. After that descriptions will be given for two different ways in 

which cells are known to respond to force: viscoelastic deformation and the formation 

of membrane tethers.  

 

2.1. Cells on a surface 

When a cell makes a connection with a planar surface it can adhere to, a chain of 

several reorganization events is set in motion that help the cell increase its contact 

area. Early on in the process, a cell flattens its basal surface towards the plane like a 

liquid drop.
[Bon1995]

 This way, within several minutes, a contact area of several µm
2
 is 

established. Pierres et al. have published a quantitative study of the flattening stage of 

THP1 cells adhering to glass surfaces coated with polylysine
[Pie2003]

.  

Polylysine is an aspecific binding agent that many cells can firmly to. The 

principle behind this is that adsorbed polylysine is positively charged whereas the cell 

membrane carries a negative charge
[Maz1975]

. Cells therefore attach as soon as they 

settle on such a surface. This research uses the method as well, arresting the THP1 

cells on polylysine-coated microscope slides that form the floor of the micro fluidic 

channel. 

Pierres et al. found that that after approximately 3 minutes of steady increase, 

the growth of the contact area will stagnate at about 50 µm
2
, several tenths of the 

cell’s projected surface area. Further it was suggested that the cell flattening doesn’t 

lead to a perfectly flat, circle shaped adhesion area, but rather to an contact interface 

consisting of several irregularly shaped patches of various sizes. This is what would 

be expected as the cell membrane contains many folds and protrusions.  

This contact area will then remain constant for about 10 minutes, after which 

cell spreading, the next stage in surface adhesion, starts to occur. This stage involves a 

more drastic deformation, in which the monocyte largely increases the surface contact 

area by growth of lamellipodia, thin membrane protrusions containing cytoskelletal 

actin that lie flat on the surface. The contact area may then easily exceed the cell’s 

projected area of 150 to 300 µm
2
. 

  

2.2. Shear flow forces on an adhering cell 

To predict the magnitude of the shear flow forces on a cell that is stuck to channel 

floor, the cell is approximated as a small sphere close to a flat surface. This is based 

on the assumption that a cell in rest maintains a spherical shape and is bound to the 

surface only with a certain fraction of its projected area as described in the previous 

paragraph. 

 Goldman et al.
[Gol1967a]

 developed an approximation for the drag force Fd and 

torque T exerted on a small sphere bound to a wall by a low Reynolds number shear 

flow. Expressions for both are given below: 
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 SRFF dd

26πµ⋅= ∗        (2.1) 

 SRTT 34πµ⋅= ∗        (2.2) 

 

Here, µ is the dynamic viscosity and R is the radius of the sphere (i.e. the cell). Fd
*
 and 

T
*
 are dimensionless parameters that depend on the distance between the sphere and 

the wall. Goldman et al. determined that for sphere bound to the surface Fd
*
=1.7005 

and T
*
=0.94399. S is the vertical velocity gradient near the surface, called the shear 

rate. 

 

2.3. Velocity profile and shear rate in a rectangular channel 

In a flow chamber, the shear rate is dependent on the velocity profile near the surface. 

The velocity profile, in turn, is determined by the volume flow and the flow channel’s 

geometry. Experiments for this research were conducted in rectangular channels. 

 Provided that the flow is laminar, the velocity profile for such channels can be 

expressed by an analytical solution of the Navier-Stokes equation. Although this 

solution exists, it is very complex; a simpler approximation is often used for channels 

with an aspect ratio (the ratio of the channel height h and width w) of α = h/w < 0.5. 

This approximation gives the speed v in the z direction at position (x,y) in the channel 

(see figure 2.1) via the following equations:
[Pur1949]
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Where vaverage is the mean axial velocity given by: 

 

 
hw

Q
vaverage

⋅
=         (2.4) 

 

With w the channel width, h the channel height and Q the volume flow through the 

channel. m and n are constants that depend on the channel’s aspect ratio α via: 
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Figure 2.1: Geometry of the micro fluid channels used in this research. For the purposes of the 

approximation given by equation 2.3, the centre of the channel corresponds to (x,y,z)=(0,0,0). 
 

 

To asses if a certain flow will be laminar, its Reynolds number Re can be used. The 

Reynolds number is a dimensionless variable that compares a flow’s viscous forces to 

its inertial forces. Equation (2.6) defines the Reynolds number of a rectangular 

channel
[Bak2006]

: 

 

 
wh

hwv
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Q
R

average

e
+
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+
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     (2.6) 

 

Here Q is the volume flow rate and ν is the kinematic viscosity of the fluid. The term 

containing the channel dimensions hw/(h+w) characterizes the relevant length scale of 

the channel’s geometry, called the hydraulic radius. The hydraulic radius provides 

equation (2.6) with a correction on the standard equation Re = VR/ν for flow through a 

cylindrical channel with radius R.  

 A flow will develop into a laminar flow when the viscous forces dominate the 

inertial forces. This is considered to be the case at Re < 2300. The Reynolds number 

can be further used to estimate the distance the flow takes to fully develop after 

entering a rectangular channel. This approximation is given by equation (2.7):
 [Gol1967b]

 

 

 ed RhL ⋅⋅= 273.0         (2.7)
 

 

For the channels used in this research, the shear rate can be obtained by differentiation 

of equation (2.3). A further assumption is that the velocity is 0 at the channel floor 

and that it increases linearly for small distances from the surface (i.e. y<h/2). Taking 

x=0 and substituting equation (2.4), the shear rate near the surface at the centre of the 

channel then is: 
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Following this equation, the shear rate is linearly proportional to the volume flow rate. 

The drag force exerted on a cell that sticks to the channel floor, in turn, is proportional 

to the shear rate as determined by equation (2.1). This means that controlling the 
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volume flow provides a way to define the force that cells on the channel floor will 

experience. 

 

2.4. The viscoelastic response of cells to force 

As was briefly mentioned in the introduction, a cell’s deformation due to an applied 

force is viscoelastic. Viscoelastic materials are materials that display both viscous and 

elastic material properties. The viscoelasticity mainly emerges from the polymer 

network structure of the cytoskeleton
[Khi2009]

. When a force is applied, they will resist 

deformation like a viscous material, yet when the force is removed, any deformation 

that did occur will be recovered, like with an elastic deformation. 

 For polymer networks specifically, this behavior is explained through 

molecular rearrangement. When a constant force is applied on the cytoskeleton, it will 

initially resist. As the force persist, though, the highly dynamic structure of actin 

filaments and microtubili will reorganize to allow for deformation. 
[Len2006]

. This 

rearrangement is called creep and it creates an internal stress opposite to the initially 

applied force. This internal stress gradually increases and will eventually cancel out 

the applied force.
[Mcc2003]

 The viscoelastic response to force is therefore time 

dependent, contrary to viscous deformation – which is linear with force and time– or 

elastic deformation – which occurs instantly and is linear with force. When the force 

is subsequently removed, the back stress will cause the material to restore its original 

form. 

 A common, first approximation of viscoelastic deformation is the Kelvin-

Voigt model. The model approximates the one dimensional stretching of a 

viscoelastic material as that of a Hookean spring and a Newtonian damper connected 

in parallel (see figure 2.2). The equation describing this deformation ∆x is: 
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Where F is the applied force, k is the spring constant of the spring and η is the viscous 

modulus of the damper. The graph in figure 2.2 shows the typical response of such a 

system to a constant force. Under load, the system undergoes continuous extension 

with decreasing speed; when the force load is removed, relaxation occurs in a similar 

manner. 
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Figure 2.2: Description of the Kelvin Voigt model. A schematic representation of a Kelvin-Voigt 

material (Left).  Also shown is the time dependent response of the model to a constant force (right).  
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2.5. Energetics of membrane deformation 

Whereas the viscoelastic component of a cells mechanical behavior is largely 

determined by the cytoskeleton, the cell membrane also has an important influence on 

a cells shape and deformation. A form of deformation of specific interest, the 

formation of membrane tubes, was already briefly mentioned in the introduction. 

These complexes mainly consist of the lipid bilayer membrane and their behavior is 

therefore largely determined by properties of the membrane. 

 Lipid molecules are amphiphilic molecules consisting of two parallel 

hydrophobic tails attached to a hydrophilic head. In water, the molecules form a 

double layer through self assembly. The hydrophobic tails are directed inward, 

shielded from the water by the heads that are directed outward; this bilayer forms the 

cell membrane. It’s important to note that the lipids molecules do not form molecular 

bonds; they rather constitute a two dimensional fluid, confined to a plane by their 

amphiphilic preference.  

This cell membrane can be deformed, but has a non/zero bending modulus as 

bending means the compression and extension of the heads and tails, which are 

slightly elastic. The first order expression for the bending energy UB of a membrane 

was given by Helfrich
[Hel1973]

: 

 

( )∫ 





+= dSK

k
HU B

2
2

2

2κ
      (2.10) 

 

Where κ and k elastic constants, H is the mean curvature of the membrane given by 

2H=1/R1+1/R2, and K is the Gaussian curvature given by K=1/R1R2. R1 and R2 are 

then the principal radii of curvature at a point on the surface dS. A different term, the 

surface tension σ of the membrane can be added to (2.10) to calculate the free energy 

of the bilayer. For the description of closed surfaces (vesicles) such as the cell 

membrane, the Gaussian term is typically dropped because it is independent of 

deformation. The free energy of a membrane under an osmotic pressure ∆p is then: 
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2.6. The formation of membrane tethers 

Tethers form when the lipid bilayer detaches from the actin cortex. In many 

experiments, single tethers have been pulled from a cell by exerting stress via a single 

membrane protein. When the bond with the cortex ruptures, the membrane is pulled 

away from the cell. From the surface tension and membrane bending energy, a neck-

like geometry emerges that forms the onset of a tether. The tether can extend when 

more lipid molecules flow into it. The process is illustrated in figure 2.3. Relatively 

long tether lengths of several tens of micrometers can be achieved this way. A general 

expression for tether elongation under applied force is given below
[Now2010]

: 
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Here, x is the tether length. ξ(x) is the mobility of the membrane lipid molecules; it is 

inversely related to the membrane viscosity. U(x) represents the energy associated 

with deforming the cell membrane. F(t) is the force applied to the tether. 

The membrane lipid mobility determines the ease with which lipid molecules 

can travel in the membrane towards the tether. Hochmuth et al. discussed how this 

property is largely defined by the viscous slip of the lipid with the cytoskeleton, 

lubricated by a thin water film
[Hoc1996.].

 
Both the mobility of lipids within a membrane 

and the membrane deformation energy depend on the membranes geometry. When a 

tether has formed, however, elongation happens when lipids flow through the cell-

tether neck. The geometry of this neck is stable and doesn’t change while the tether is 

extended
[Pow2001]

. ξ can therefore be considered to be constant during tether 

elongation. 

 dU/dx is assumed to be a constant force F0 that arises from the previously 

discussed Helfrich free energy, derived from the lipid membrane bending rigidity and 

the membrane surface tension
[Now2010]

. A further assumption is that there is enough 

excess membrane present in the vicinity of the tether to provide an infinite reservoir 

of lipid molecules for tether extension. This way, terms like the elastic deformation of 

the membrane itself need not be taken into account. Based on the energetics of the 

membrane in this geometry, Powers, Huber and Goldstein derived an expression for 

dU/dx
[Pow2001]

: 

 

 κσπ 22
)(

0 == F
dx

xdU
      (2.13) 

 

Where κ is the membrane bending rigidity and σ is the entropic surface tension of the 

membrane. This constant restoring force F0 has typical values between 3 and 380 pN 

according to [Now2010]. F0 gives tethers elastic properties in the sense that they will 

decrease in length again when any applied force is removed. Note however that the 

tether extension as described by equation 2.12 is a viscous process that proceeds 

linearly with the applied force, to which the restoring force provides a constant offset. 

 

 
Figure 2.3: Schematic illustration of tether formation. When a local stress is applied on the membrane, 

it detaches from the actin cortex. A stable neck geometry emerges and the tether forms when more 

membrane flows into it. 
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3. Materials and methods 
 

This chapter summarizes the experimental methods used in this research. First the 

micro-fluidic device that was used will be described and characterized in terms of the 

theory given in chapter 2. The force that cells on the channel surface will experience 

is defined as well. After that, an overview of the equipment and setup is given, 

followed by a step by step outline of the experimental protocol. Finally, it is described 

how movies of the cell response, the raw data obtained from the experiments, are 

converted to quantitative data. 

 

3.1. Cells 

The cells used in this research are monocytic leukemia THP-1 cells. These cells share 

their properties with monocytes
[Tsu1980]

. The cells were cultured at 37°C in Roswell 

Park Memorial Institute medium (RPMI-1640, Life Technologies, Carlsbad, CA) 

supplemented with 25mM HEPES buffer, GlutaMax-I and 10 % fetal calf serum 

(Gibco). The cells were kept at concentrations between 2e5/ml and 1e6/ml.  

Several of the cell properties mentioned in the previous chapter are already 

known. THP-1 cells have a typical diameter of 12 to 18 µm. The membrane lipid 

mobility has a magnitude of ~1 µm/pNs
[Hoc1996][Now2010]

. For membrane rigidity and 

surface tension, we use κ~1pN·µm and σ~25pN·µm
-1 [Zon2009]

. 

 

3.2. Micro fluidic channel 

A schematic of the flow channel used in this research is shown in figure 3.1. The 

dimensions of the channel, 1mm x 76 mm x 0.2 mm, are defined by a precut piece of 

adhesive tape. The channel is directly mounted on a glass microscope slide which can 

be functionalized for cell adhesion. The other side of the channel is covered by a 

PMMA slip to which connectors for tubing are attached. A protocol for constructing 

the channel and functionalizing its bottom surface with poly-lysine is included in 

appendix A. 

 

 

 
Figure 3.1: Setup of the fluid channel. The channel is constructed from precut adhesive tape holding 

together a glass microscope slide and a PMMA cover slip. Tubes for in- and outflow are connected to 

the PMMA slip with polycarbonate connectors. The dimensions of the precut channel are 1mm x 

76.2mm. Component heights and materials are specified in the picture. 
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Table 3.1 contains the typical values of the parameters that are relevant for 

characterizing the shear forces that a cell on the channel surface will experience. 

Filling in equation (2.6) shows that flow through a channel of these dimensions has a 

Reynolds number between 3 and 30 for typical volume flow rates (100-1000 µl/min). 

This lies well below the upper limit of Re=2300 that is required for laminar flow. 

Equation (2.7) then shows that this laminar flow profile will be fully developed at a 

distance of at most 1.7 mm past the channel entrance. The approximation of the flow 

profile through a flat rectangular channel given by equation (2.3) is therefore valid.  

 
Table 3.1: Typical values of parameters for the characterization of the shear flow forces cells 

experience on the bottom of the micro fluidic channel. 

 

Parameter   

Channel width 1 * 10
-3 

m 

Channel height 0.2 * 10
-3

 m 

Channel length 76 * 10
-3

 m 

Volume flow rate 1.6 * 10
-9 

m
3
/s 

Cell radius 1.8 * 10
-5 

m 

Kinematic viscosity water 1 * 10
-6

 m
2
/s 

 

 

Figure 3.2 is a graph of the velocity profile through the channel as determined with 

equation (2.3). At positions -400 µm < x < 400 µm, the velocity profile is parabolic in 

the y-direction and independent of x. As the shear rate at the channel surface is 

determined by the velocity gradient in the y-direction, a constant shear rate and 

therefore a constant shear flow force can be assumed at 100 µm from the edges of the 

channel. Only cells located this far from the edge are therefore taken into account 

during experiments. 

The actual drag force exerted on a cell at the surface and in the centre of the 

channel can be determined by use of equations (2.1) and (2.8). These reveal that a cell 

experiences a shear flow force of ~0.6 nN and a torque of ~1.8 nN·µm for a volume 

flow of 100 µl/min.  
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Figure 3.2: Theoretical velocity profiles of the laminar flow through the fluidic channel. Shown are a 

velocity profile in the x direction for y=0 (left), and a  velocity profile in the y direction for x=0 (right). 
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3.3. Experimental setup 

The schematic in figure 3.3 shows the experimental setup used. Flow is induced by a 

syringe pump (Harvard Apparatus, Pump 11 Plus Single Syringe) that is connected to 

the flow channel with PEEK tube (Idex Health & Science, prod. # 1537). The tubing 

is connected to a valve (Upchurch Scientific) that can be used to flush out air bubbles 

that might be present in the syringe. A conventional inverted microscope (Leica 

DMI5000M) is used to observe the cells through the bottom of the micro fluid 

channel.  Throughout the research, the microscope’s bright field transmission mode 

and Differential Interference Contrast (DIC) mode were used. In bright field mode, 

cell motion was recorded with a high-speed camera (Redlake Motion Pro x3) that was 

externally triggered with a function generator (Agilent 3325OA). In DIC mode, the 

used camera (Andor ixon+ 885) was triggered with the microscope software(Nikon 

NIS ar).  

 

 

 
 

Figure 3.3: The experimental setup used to observe cells in the micro fluidic channel. 

 

 

3.4. Differential Interference Contrast 

Differential interference contrast is a light microscopy technique that is suited for 

observing transparent samples such as cells. DIC works on the principle of 

interferometry to gain information about the optical path length through the 

sample
[Mur2001]

. The method uses a light beam that is sheared into two coherent, 

orthogonally polarized, parallel components. Both are sent through a sample and then 

recombined. Differences in optical path lengths (the product of refractive index and 

geometrical path length) throughout the sample cause a phase difference between the 

parts. The recombined beam is therefore subject to an interference that is sensitive to 

the variations in the optical thickness of the sample. The image produced by DIC 

appears as a relief. It is not an actual topological image but its lines provide a clear 

identification of edges in the sample. This phase contrast based method can therefore 

reveal details in transparent samples that remain invisible for regular microscopy 

methods based on light absorption.  
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3.5. Experimental protocol 

Experiments were conducted according to a protocol that aimed to observe the same 

ensemble of cells throughout a series of measurements. The flow rate was 

progressively increased but kept constant during a single measurement. In this way 

the mechanical properties of specific cells can be probed. This approach is 

advantageous over probing the responses of different cells to different forces, as a 

large spread in the mechanical properties of cells is to be expected. The protocol is 

given below: 

After setting up the system, the microscope is set to a magnification of 40x 

and is focused on the bottom surface of the micro fluid channel. The channel and 

tubes are then washed with Phosphate Buffered Saline (PBS) to remove pollution that 

ended up in the channel during its construction. After that the valve is closed and the 

PBS syringe can be replaced with a syringe of THP1 cells in serum. To remove any 

possible air bubbles from the system, the tubing is filled with serum up to the valve, 

only after that the valve is reopened.  

The next step is to have cells adhere to the channel floor; serum is pumped 

through the system at low speed (10-100 µl/min) until cells are visible in the channel. 

The flow is then stopped and cells are allowed to descend to the bottom of the 

channel. The cells take 3 minutes to form bonds with the surface and stabilize their 

contact area, as described in section 2.1. 

A measurement is started by setting the camera to record a movie. 5 seconds after 

starting the movie, the pump is set to produce a flow of 100 µl/min for 30 seconds. 

When the flow has ceased again, the recording is continued for 15 seconds. A 2 

minute pause follows, in which the recorded movie is saved and the pump and camera 

triggering can be reset for the next measurement. 8 measurements are performed this 

way; every time the flow speed is increased in steps op 100 µl/min and in the final 

measurement cells are subjected to a flow of 800 µl/min. 

 

3.6. Data processing 

The transmission microscopy movies were recorded at a frame rate of 5 Hz. The 

camera has a pixel size of 12x12 µm
2
 and the resolution of the frames is 1280x1024 

pixels. By calibrating the microscope with a calibration slide it was determined that 

for movies recorded at a microscope magnification of 20x, a pixel corresponds to 

0.597 µm.’ 

A custom cell tracking program is used to transform the collected movies into 

numerical data. The complete programming code is included in appendix B. The 

software uses the Canny algorithm for edge detection to identify the silhouette of a 

cell in a specified region of interest. The location of the cell is then defined as the 

centroid of the binarized image. Further, to gain information on the general shape of 

the cell, the silhouette is fitted with the standard MATLAB algorithm for ellipse 

fitting. The position, long and short axes and area of the cell, all measured in pixels, 

are determined for every frame in every movie. 

The DIC movies were made at an magnification of 100x and recorded with a camera 

having pixels of 8x8 µm
2
. As the maximum resolution was 1024x1024, one pixel 

corresponds to 80x80 nm
2
. The method reveals structures in the largely transparent 

cells that are invisible for conventional transmission microscopy. A tradeoff, however, 

is that the increased detail makes the movies more difficult to analyze with simple 

tracking software. DIC movies were therefore not used to collect positional data of the 

cells, but were rather used for a closer inspection of the cell shape and structure. 
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4. Typical results 
Throughout the experiments, the response to force was observed for 39 cells. As 

mentioned in the previous chapter, this response was measured in the form of 

positional and dimensional data that was determined from recorded movies. This 

chapter shows some example data and demonstrates what can be learned from it.  

This is done qualitatively first, but it was also tried to characterize the cell 

behavior quantitatively. Especially the positional data proved useful and the data was 

fitted with viscoelastic models, which is explained in the second part of the chapter.  

In the last paragraph an additional type of cell response is described that about 

half of the cells started to display at later stages of the experiments. 

 

4.1. Cell displacement and deformation 

Figure 4.1 shows the centroid position of a representative cell tracked from 4 different 

movies that were recorded during measurements with 4 different flow speeds. The cell 

shows a consistent response to the flow: it starts to move rapidly when the pump is 

turned on (t = 5 s); subsequently, the cell slows down but keeps moving until the flow 

is turned off. This is a typical pattern for viscoelastic deformation, the rapid initial 

displacement being an elastic response of the system, followed by a transition into a 

steady but slower deformation called viscous creep
[Bau1998]

.  

When the flow ceases, the cell relaxes back to its initial position. The 

relaxation is not recorded completely. In the next measurement, however, the cell 

starts from almost the same initial location, showing that the relaxation is nearly 

complete. This leads to the assumption that the cell doesn’t change its point of contact 

very much during the displacement; it doesn’t so much displace but rather stretches. 

The rest position does, however, shift some distance in the direction of the flow: from 

a position below 16 µm for the first measurement to a position past 17 µm in the last 

measurement. The shift per measurement is small when compared to the size of the 

cell or the viscoelastic displacement during an experiment. It can be explained by 

permanent deformation of the cytoskeleton and/or slight changes in the contact area. 

The hypothesis that the cell stretches rather than displaces makes it useful to 

look at the cells aspect ratio. Figure 2 shows the aspect ratio of a cell throughout an 

experiment. The graphs show that the aspect ratio of the cell responds far less 

consistently to the flow than its position. Only for two measurements a clear response 

is visible. Also, deformation due to the shear flow is minimal (~10%) and doesn’t 

seem to scale with flow speed. Further, uniformly stretching a cell with a diameter 

between 12 and 18 µm by 10% would lead to a centroid displacement of less than a 

micrometer, so it doesn’t account for the significantly larger centroid displacements 

seen in figure 4.1.  
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Figure 4.1: Representative centroid displacement data of a cell that was subjected to an increasing 

shear flow force. The diameter of the cell was roughly 18 µm. The cell shows typical viscoelastic 

behavior: initially there is an elastic, instant movement which then turns into viscoelastic creep. When 

the flow is turned off, the cell relaxes back towards its original position. It can be seen that this 

relaxation is not completed as the rest position shifts in the direction of the flow throughout the 

different measurements.   
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Figure 4.2: Aspect ratio of a cell during four measurements with increasing shear flow. The aspect 

ratio is defined as the long axis of the ellipse that the cell was fitted with divided by the short axis. A 

clear response to the shear flow is visible in the 400 µl/min and 600 µl/min measurements, whereas the 

cell seems stuck in the 800 µl/min measurement. 

 

The fact that the cell centroid position displaces much further than can be explained 

with bulk deformation suggests that the cell stretches more than is visible in a top 

view microscope image. A possible explanation is that deformation takes place mostly 

close to the contact area, deforming the cell in a teardrop shape, as suggested by for 

instance simulations performed by [Don1999][Khi2009]. Local deformation might 

result in a thin part of the cell sticking out of the bulk cell body. As cells are already 

largely transparent, the thin part could be invisible to bright field absorption 

microscopy.  
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4.2. Visualization of cell stretching 

The stretching of adhered cells could be studied closer by observing them with DIC 

microscopy. Figure 4.3 shows several frames of a movie that was recorded during a 

flow measurement. Frame A shows the adhered cell before it was subjected to any 

flow. Frame B shows how the cell is displaced by a constant flow of 600 µl/min. The 

enhanced contrast of the DIC microscopy clearly reveals a local deformation at the 

bottom of the cell, keeping it connected with the patch of membrane that adheres to 

the channel floor. When the flow is turned off, the cell relaxes back to its initial 

position almost completely. Some permanent deformation is visible as the adhesion 

area can be seen sticking out from under the cell. 

 

 
Figure 4.3: Displayed are several frames from a movie of a cell that was recorded in DIC mode. One 

pixel corresponds to 80 nm and the scale bar in frame A depicts 4 µm. The flow direction was from 

right to left. Contrast and brightness of the actual frames were adjusted for clearness. In frame A the 

cell is at rest. In frame B a flow from right to left with a magnitude of 600 µl/min displaces the cell. In 

frame C the cell in rest again after the flow has been turned of.   

 

4.3. Data fitting 

The shape of the positional data of the cells plotted versus time show a strong 

resemblance to viscoelastic deformation. This would be expected as the DIC images 

prove that the displacement is mediated by local stretching of the cell body. To 

quantify the viscoelastic behavior, the displacement data was fitted with the Kelvin-

Voigt model. An example fit is shown in figure 4.4.  

 Here, however the limitations of the Kelvin-Voigt model become apparent. 

The model cannot reproduce the near-instant displacement that happens at the start of 

each measurement. This is because in the model – see paragraph 2.4 – the dashpot 

prohibits instant deformation.  

The cell’s fast movement could arise from an imperfect adhesion surface, 

causing the cell to rest on the channel floor in an unstable way until it quickly topples 

over when the flow is turned on. Also, as the cell’s surface is covered with folds and 

protrusions, it is very well possible that a portion of the adhering membrane is part of 

such a protrusion. The membrane would there unfold freely when a force is applied, 

resulting in very fast cell movement.  
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Figure 4.4:  Fit with the Kelvin-Voigt model. The dotted line is a least squares fits of the positional 

data of a cell under shear flow. The fitting expression used is x(t)=A(1-exp(-Bt)), following the Kelvin-

Voigt equation given in equation (2.9). A represents the drag force (a known experimental parameter) 

divided by the effective spring constant, Fd/k, and B is η/k. 

 

 

To fit the instant movement as well, the fitting approach was modified. It is assumed 

that the fast movement arises from an unstable cell alignment to the surface. 

Furthermore the flow will likely cause the cell to stabilize first, before it starts 

deforming. Figure 4.6 shows an example of a fit with this new model. The data is 

fitted with a straight line followed by the Kelvin-Voigt equation. The length of the 

initial straight line is variable and the best combined curve is determined with the 

least squares method. Figure 4.6 also displays the sum of squared residuals for all 

tried values of the instant displacement. The residuals have a clear minimum, showing 

that there indeed is a best choice for the instant displacement. The advantage of this 

approach is that the possible adhesion interface effects are contained in the first part 

of the fit, while determination of k1 and η will give information on the viscoelastic 

properties of the cell alone. 
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Figure 4.6: Illustration of the extended model (left). The data is fitted with a straight line followed by 

the Kelvin-Voigt model by use of the least squares method. (right) there is a definite value for the fitted 

fast displacement at which the sum of squared residuals is at a minimum for the combined fit. This 

implies that the fit doesn’t just give an arbitrary result. 
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Figure 4.7 summarizes the results of 53 measurements that were performed on 16 

cells. Two histograms show the spread in the determined values of k and η. From the 

data an elastic modulus of 1.4±1.2 nN/µm can be determined, and an viscous modulus 

of 21±18 nN·s/µm. In figure 4.7C, every found value for the viscous modulus is 

plotted against the value of the elastic modulus that was determined from the same 

measurement. The data shows a roughly linear relationship between the two 

parameters. This suggests that the spread in k and η are caused by the same 

phenomenon.  

One possible explanation is that in different measurements, different amounts 

of cytoskeleton were deformed. This could be caused by cell by cell variations in the 

cytoskeleton density, but another possible cause is a spread in cell-surface contact 

area. As the cytoskeleton cortex is connected to the membrane, more cytoskeleton 

will deform when a cell with a larger adhesion area is displaced by shear flow. To 

determine how the amount of cytoskeleton involved influences the effective elastic 

and viscous moduli exactly, a detailed model of the cytoskeleton network is needed. 

Such a model falls beyond the scope of this work, though we assume that deforming 

more cytoskeleton with the same force will result in a smaller cell displacement. 

Subsequently, the determination of a larger effective elastic and viscous modulus will 

be the result. 
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Figure 4.7: Results of 53 measurements in the cell stretching experiments. Plot A. shows the found 

values for the elastic modulus of cells in a histogram. Most of the found values fall within k=1.4±1.2 

nN/µm. Plot B. shows the found values for the viscous modulus of cells in a histogram. Most of the 

found values fall within η=21±18 nN·s/µm. In graph C, every viscous modulus is plotted against its 

corresponding elastic modulus 

. 
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4.4. Cells detaching from the surface 

Not all cells remained attached to the surface throughout the complete experiment. 19 

of the 39 cells that were studied detached at speeds of 400 µl/min or higher. However, 

these leaving cells did not disappear instantly. Prior to that, they move a relatively 

large distance, often farther than twice their own diameter, with increasing speed. 

Figure 4.7 shows the traced positions of two cells that displayed this behavior.  

The movement can not be explained by acceleration of the cell. When a cell 

ultimately breaks loose completely, it disappears from the microscope’s field of view 

within the time span of one frame (0.033 s
-1

) due to the large flow speed. The fact that 

the cells move slowly enough to be observed, shows that they still maintain their 

contact with the channel floor. Still, the altered movement behavior shows that the 

cell is not displaced by viscoelastic stretching anymore.  
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Figure 4.7: Displacement data of two different cells that gradually detached from the surface after 

several measurements. During the last measurement, the cells display behavior different from the 

viscoelastic response discussed above. The cells move much farther, with increasing speed, over a 

distance that is much larger than a cell’s diameter (~18 µm). Despite the large displacement, the cells 

remain attached to the surface in some manner. This is easily recognized in the right graph; at 700 

µm/min, the altered way of movement set in, yet when the flow is turned of, the cell moves all the way 

back to its initial position. 

 

 

One possible way for the cells to maintain a connection with the channel floor would 

be the formation of tethers. These membrane tubes could form when the cell is torn 

from the surface by the shear flow, provided that at least at some locations on the 

adhesion interface, the bond between membrane and polysine proves to be stronger 

than the bond between the membrane and the actin cortex. Multiple tether could form 

this way, which is likely to be the case, as it seems unlikely that the restoring force of 

only a single tether (in the order of 100 pN) would slow down the movement caused 

by the drag force (in the order of a few nN).    

 

4.5. Discussion 

 

Cell stretching 
The centroid displacement data of cells as displayed in figure 4.1 clearly display the 

behavior of time dependent, viscoelastic stretching under the constant force provided 

by the flow. Inspection of the aspect ratio of cells during the experiments suggests that 
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the bulk shape of the cells remains largely unaffected, while the DIC imaging 

plausibly shows that it is mainly the part of the cell close to the adhesion area that 

deforms.  

 Literature indeed mentions that cells under shear flows far smaller in 

magnitude already deform to take on a tear drop-like shape, though is noted that this 

deformation is indeed difficult to register from a top view microscope image
 [Khi2009]

. 

An important result of modeling and simulation of leukocyte deformation under shear 

flow
[Don1999]

 concerns the approximations for the drag force on a cell used in this 

work
[Gol1967a]

. These show that the drag force that is transmitted through the cell body 

to the adhesion area could be half of Goldman’s estimate when a cell deforms under 

the shear stress and becomes more hydrodynamic. In future work this should be kept 

in mind when trying to characterize a cell by its displacement: cells that deform more 

could possibly fashion their shape to the flow more easily, ending up being stretched 

less than cells with a more rigid shape.  

 The uncertainty in applied drag force means that care must be taken in the 

interpretation of the obtained values of the elastic and viscous constants obtained from 

the fits of the displacement data. The parameters obtained can be used to compare cell 

behavior within the system, but other than their order of magnitude these values 

couldn’t really be compared with cell properties obtained elsewhere.  

On a more general note concerning the interpretation of the fit parameters: in a 

review of several cell probing experiments, Bongrand comments that the material 

parameters obtained from a modeling a certain deformation geometry are often 

unsuitable to describe deformations that occur under widely different 

conditions
[Bon1995]

. Further, the determined constants k and η should only be seen as 

effective parameters of the cell behavior as a whole. The viscosity η, for instance, will 

contain a contribution of the viscosity of the cytosol as well as the viscous component 

of the cytoskeleton. Apart from that, results of the measurements of k and η suggested 

that also the size of the cell’s adhesion area has influence on the values of these 

effective material constants.  

 Earlier work on the deformation of leukocytes under shear flow stress revealed 

an active stiffening response of the cells counteracting the deformation.
[Cou2008] 

No 

such response was observed here; deformation always was monotonously increasing. 

Shear flows in this work, however, were orders higher than in those experiments, so it 

is likely that a possible active cell response was overshadowed by these nN range 

forces. 

 

Changes in the cell adhesion area 
The relaxation of the cell position after measurements suggests that the area of contact 

between the cell and the channel floor remained largely the same throughout the 

experiments. The observed shifts in rest position could be ascribed to conformational 

changes of the assumedly irregular cell membrane that formed the initial contact area. 

Another process that might play a role here could be permanent deformation of the 

cytoskeleton structure. If so, the remodeling time scales of this polymer network 

could be further investigated by subjecting a cell to shear flow varying in duration 

rather than force.  

To determine if the changes in the cell’s rest position are caused by 

deformation of adhesion area changes, a first follow-up experiment could be to 

perform the measurements in this work under observation of Total Internal Reflection 

Microscopy (TIRM). This microscopy technique can be used to observe a thin layer 

above a microscope slide and has proven ideal for identification of an adhering cell’s 
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contact area
[Sun2010]

. The method would therefore be suited to monitor possible 

changes in the contact surface throughout the experiments. 

Though it might be interesting to observe minor changes in a cells adhesion 

area, using TIRM would be useful as well to provide an identification of the general 

contact area on a cell to cell basis. This would allow for a better defined system in 

which a possible relation between the adhesion area and the effective parameters k 

and η could be tested.  

 Finally, it would be very interesting to observe the adhering membrane of a 

cell leaving the surface. The assumed transition from a contact area to a connection 

with the surface through tethers could very well involve observable changes in the 

shape of the adhesion area. In that line of thought, an incomplete transition in which 

only part of the contact surface has formed tethers could be the change in adhesion 

area responsible for a shift in a cell’s rest position. The formation of tethers will be 

further investigated in the next chapter. 
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5. Detachment of cells at high forces 
The results discussed in the previous chapter led to the assumption that the formation 

of tethers occurs at higher flow rates. To further investigate this, a new experiment 

was carried out in which cells were observed through Differential Interference 

Contrast microscopy (DIC). Thanks to the higher contrast and magnification provided 

by this technique, visual confirmation of tether occurrence was possible. The result 

will be discussed in this chapter.  

 In the light of this discovery, a more detailed analysis of the cells leaving the 

surface is possible. A simple mathematical model based on tether extension dynamics 

was developed to explain the cells’ altered displacement behavior that emerges at 

higher forces. A description of the model and its application to the measurement data 

are the topic of the rest of this chapter. 

 

5.1. Visualization of tether formation 

DIC works on the principle of interferometry, to gain information of the optical path 

length through the sample. This reveals structures in the largely transparent cell that 

couldn’t be detected with regular bright-field transmission microscopy. Figure 5.1 

shows several cropped frames from a recorded experiment to illustrate some key 

features of the cell behavior. Firstly, in can be clearly seen that when a cell is pulled 

away from its rest position by the flow, multiple thin membrane tubes are pulled from 

its surface that remain attached to the channel floor (figure 5.1b to 5.1c). The tethers 

are constantly out of focus; they are so thin that they fall below the microscope’s 

diffraction limit (~250 nm). This means the tethers have a thickness in the order of 

100 nm. This corresponds to literature which mentions an equilibrium tether radius of 

0.007 times the cell radius
[Pos2011]

.  

Though the movies provide only a top view of the cell, tethers can be seen to 

overlap and are clearly attached at different points on the side of the cell. 

Furthermore, thanks to DIC making details in cell structure visible, it can be seen that 

the cell slightly topples over as it is removed from its rest position. This all indicates 

that the tethers were formed at points distributed randomly within the initial cell-

surface contact area. This makes it difficult to say something about the total number 

of tethers formed. At the start of the experiment (figure 5.1b and 5.1c), however, 

about 20 separate tubes can be perceived, whereas fewer are visible right before the 

cell finally detaches completely from the channel surface (figure 5.1e). This can be 

taken as a first indication that some tethers will detach earlier than others during the 

cell displacement. 

Another observation is that when the flow is turned off, the cell moves back 

towards its initial position (figure 5.1d). The relaxation is caused by a restoring force 

that works in the tethers. This force arises from the membrane bending stiffness and 

surface tension at the origin of the tether
[Pow2001]

. These effects try to straighten the 

membrane back, thereby retracting the tether. Some of the tethers in the picture 

clearly curled up in the process, showing that the retracting effect is not complete and 

as strong for every tether. 

A final observation concerns the occurrence of small spherical blobs in the 

tethers when the previously relaxed cells are strained by a reinitiated flow again. The 

origin of the blobs could be adhesion to the polylysine coated surface that can take 

place when the tethers relax and fold. In an experiment where single tethers were 
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pulled from neutrophils, Schmidtke and Diamond
[Sch2000]

 did encounter tether-surface 

adhesion, which even prevented complete relaxation of the cell position.   

 

5.2. A closer look at the displacement data 

More can be learned from the displacement data of a cell leaving the channel floor. 

The data in figure 5.2 shows the centroid position of a single cell versus time for a 

number of different flow speeds. This particular cell underwent the transition from 

sticking on the surface to the formation of tethers at a flow speed of 700 µl/min. At 

the start of that specific measurement, an initial viscoelastic response is still visible; 

the formation of tethers after that can be recognized from the increased movement rate 

and the cell starting to move linearly with respect to time. 

As the extension of tethers is known to be a viscous process
[Pos2011]

, one would 

expect the cell to displace with a constant speed for a given force. In this case, 

however, the slope of the displacement increases throughout the measurement; the 

cell speeds up. This is another indication that some of the tethers break before others. 

It can be assumed that the shear force that drags the cell along will be distributed 

equally over the tethers when those are its only remaining connection to the surface. 

When one tether breaks, the force load on all others is increased, speeding up their 

elongation. 

When the flow is turned of after 30 seconds, the cell relaxes back immediately, 

much faster than the rate at which it displaced in the first place. From the high 

relaxation speed can be concluded that the total restoring force of the combined 

tethers lies only just below the shear flow force that was exerted on them by the flow 

of 700 µl/min; when the flow was on, the combined restoring force canceled out most 

of the flow force, resulting in a slow extension speed. When the flow is turned of, the 

cell is pulled back by the full force of the combined tethers. This knowledge could be 

used in combination with the magnitude of the restoring force per tether to 

approximate the number of tethers formed. 

The cell displaces again at the start of the new measurement. This time the cell 

moves much faster. This indicates that indeed the nature of surface attachment has 

changed, i.e. tethers have formed, and that tethers relaxed incompletely after the 

previous measurement. When the 800 µl/min flow is turned on, the cell is virtually 

free to move as it is only attached to the surface with folded and relaxed tethers now. 

After a few µm it temporarily slows down, as more and more of the relaxed tethers 

become stressed again. At 37 µm – the position reached in the previous measurement 

-  the tethers are straightened completely again, and their elongation continues. The 

elongation takes place at a higher speed, as can be seen by comparing the slope of the 

displacement at the end of the 600 µl/min measurement with the slope at the same 

height in the 800 µl/min measurement. This is expected as the force applied by the 

new flow is higher. Apart from that, under the resumed flow, more tethers will break. 

The cell completely detaches after having been displaced~34 µm, or approximately 

two times its own diameter. 
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Figure 5.1: Displayed are several frames from a movie of a cell that was recorded in DIC mode. One 

pixel corresponds to 80 nm and the bar in frame A depicts 4 µm. The flow direction was from right to 

left. Contrast and brightness of the actual frames were adjusted for clarity. In frame A the cell is at 

rest. The cylindrical protrusions at the back of the cell are not actual tethers but rather are loosely 

attached debris that was torn of as soon as the flow was turned on. Frame B and C clearly show that a 

multitude of tethers (~20)  is pulled out of the cell as it is displaced by the flow. Tethers can be seen to 

overlap. When the flow is turned of, the cell is pulled back towards its initial position, indicating that a 

restoring force is present in the tether system. This is shown in frame D. It can even be seen that some 

of the longer tethers curl up in the process. Right before the cell detaches and disappears, in frame E, 

~10 tethers are still visibly attached. Also, small blobs have appeared in the tethers. These are assumed 

to be adhesion spots. The membrane tubes there interact with the surface when stress on the tethers is 

relieved. 

4 µm 
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Figure 5.2: Centroid displacement data of a cell that was subjected to an increasing shear flow force. 

The diameter of the cell was roughly 24 µm. It can be seen that this cell behaved as expected for a 

viscoelastic body at flow speeds of 600 µl/min and lower. At 700 µl/min, the displacement increases 

drastically and doesn’t reach an asymptote anymore. Instead the slope is increasing with time. This 

indicates that tethers have been pulled from the cell where it is attached to the surface, giving it more 

space to move. That the tethers posses a restoring force is revealed when the pump is turned off and the 

cell relaxes back to its original position right away. In the subsequent measurement, at 800 µl/min, the 

cell displaces even faster and detaches completely after a few seconds. The bold dashed lines have the 

same slope. 

 

5.3. Mathematical modeling of tether elongation and detachment 

A mathematical model was developed with the aim to explain and simulate the 

observations described above. The model assumes that a cell is attached to the 

channel floor with N tethers of negligible length – i.e. the initial formation of the 

membrane tethers has been completed. A further assumption is that the load of the 

shear flow drag force that works on the cell, Fd, is distributed equally over all N 

tethers. Under influence of the drag force, the tethers will extend. This elongation is 

taken to represent the cell’s displacement, as the tethers are the cell’s only connection 

to the surface. The first component for modeling the tether ensemble is therefore the 

general expression for elongation of a stable tether under an applied force
[Now2010]

 as 

was earlier discussed in section 2.6: 
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With x the tether length, ξ(x) the mobility of the membrane lipid molecules, and U(x) 

representing the energy cost associated with deforming the cell membrane. F(t) is the 

force applied to the tether. 

Following the assumptions of a stable geometry of the tether origin and an infinite 

lipid reservoir available to the tether, ξ can be considered to be constant during tether 

elongation. dU/dx is assumed to be expressed by equation (2.13), i.e. 

dU/dx=F0=2π(2σκ)
1/2

. In the rest of this chapter, for the purposes of modeling tethers, 

the value of 1 µm/pNs mentioned in paragraph 3.1 is assumed or the lipid mobility ξ. 

Also, using κ=1pN·µm and  σ=25pN·µm
-1

 into equation 2.13 gives F0~70 pN.  



 30 

In our model, the force F(t) that is applied on a single tether is simply the drag 

force divided by the number of tethers, So F(t)=Fd/N. A final expression for the 

extension of tethers (i.e. the displacement of the cell) in our model is therefore: 
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The reason for writing the number of tethers as being a function of time is the 

assumption that a tether-surface connection will eventually break under force. When 

one tether detaches, the distributed drag force per tether will increase. As a result, the 

remaining tethers will grow faster, though their connection to the channel floor will be 

severed more easily as well. To simulate the detachment of tethers under force we use 

a strategy proposed by Nowak et al.
[Now2010]

. They model the dissociation of 

specifically bound tethers as a Poisson process with a force dependent dissociation 

rate given by: 
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With k0 the intrinsic dissociation rate of the bond, Fres(t) the force applied on the 

bond, d is the length of the receptor-ligand complex that forms the bond, and kbT the 

thermal energy. The tethers analyzed in this work, however, are not specifically bound 

but rather adhere non-specifically due to the electrostatic membrane-polylysine 

interaction. It depends on the interpretation of the system parameters d and k0 if the 

model can be used in our case as well.  

 When modeling the dissociation of the receptor-ligand complex, the intrinsic 

dissociation parameter k0 represents the rate at which the bond will break when they 

are unstressed. This parameter is a simplification that contains the combined effects of 

several dissociation processes at work such as the thermally induced breaking of 

bonds and changes in the structures of the receptor or ligand. Whereas the latter plays 

no role in the electrostatic interaction between membrane and polylysine, the former 

does. This makes it possible to imagine a dissociation rate constant of similar nature 

for non-specific bond. For the purpose of this work this k0 is assumed to have a 

comparable order of magnitude as for a specific bond since specific and non-specific 

cell-surface interactions are known to influence each other
[Bon1995]

. 

 The non-specific bond does not have a well defined system length d like a 

receptor-ligand complex. However, there is a certain distance over which electrostatic 

forces interact. If the membrane is to dissociate from the polylysine, it will have to be 

displaced with this distance to be free of the surface influence. It is therefore assumed 

that the range of the electrostatic interaction can serve as an effective bond length. In 

physiological solutions, ions screen this interaction with a characteristic Debye length 

on the order of 0.8-1 nm
[Bon1995]

. 

 

5.4. Simulation of cell detachment 

Equations (5.3) and (5.4) were used set up a Monte Carlo simulation of the gradual 

detachment of a cell from the surface. Simulations were carried out in MATLAB; the 

full code is included in appendix C. The script evaluates the extension of the tether 

ensemble in time steps of length dt, based on the number of remaining tethers. In 
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every step, the survival of every tether is determined by comparing the dissociation 

probability kr·dt with a randomly generated value between 0 and 1. If the calculated 

probability is higher than the random number, the number of tethers is reduced by 

one. The result of simulating 40 tethers under force is shown in figure 5.3. The graph 

shows a numerical solution of the differential equation based on equation (5.4): 
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The off-rate kr is assumed to have an Arrhenius form: 
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Here, the effective force per bond is given by: 
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Though the simulated average in figure 5.3 corresponds well to the numerical 

solution, the separate simulations reveal a huge spread in the case by case evolution of 

N. The shape of the decay is monotonically decreasing with a steepening slope. This 

is as expected: tethers only break, and in doing so they speed up the rupture of others 

as the force per tether increases. The increase of force will be bigger when the overall 

number of remaining tethers is smaller, as this means that a larger force per broken 

tether needs to be redistributed. At some point the force per tether will become so 

large that the remaining tether surface-bonds will rupture almost instantly.  
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Figure 5.3: This graph shows the results of simulating the detachment of 40 tethers subjected to a force 

of 3 pN. Values of d and k0 were set to 1 nm and 10
-3

 s
-1

 respectively. The red dots trace the results of 

20 separate simulations of the model. The blue circles display the average of 5000 simulations and the 

dashed line depicts the numerical solution to the differential equation that describes the model. The 

separate simulations reveal a large spread in the lifetime of the tether ensemble from case to case. 

 

 

The exact values of both k0 and d are difficult to estimate for our system as the 

membrane-polylysine bond is ill defined. Figure 5.4 illustrates how the values of 

influence the decay of N. Even though specific values for both constants are 
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unknown, these graphs show that it is important to estimate their order of magnitude 

correctly if the model is to be used to support at least a qualitative explanation of the 

tether pulling behavior. 

 Figure 5.5 shows the extension as calculated during a simulation of the 

detaching tethers. The extension is determined by a calculation based on the 

numerically determined decay of N. This graph already shows the increasing slope 

that was also observed in the displacement data of actual cells. The red lines show 

again results based on separate simulations to illustrate the large spread that can be 

expected in the extension due to the spread in the decay of N. An interesting result is 

that the simulations show discontinuous increases in the slope of the displacement. 

This means the rupture of a tether has a significant impact on the extension speed. 
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Figure 5.4: Numerical solutions of the model for different parameter values. (left) this graph illustrates 

the model’s high sensitivity to the value of k0. A shift of the value of k0 over one order of magnitude 

decreases the lifetime with one order as well. This is not surprising as the probability of a tether 

detaching is linearly proportional to k0. (right). The relation between the probability and d, on the 

other hand, is exponential. Shifting d one order of magnitude means that the tethers will either detach 

immediately or do not detach at all.  

T
h

e
o

re
ti
c
a

l 
d

is
p
la

c
e

m
e
n

t 
(u

m
)

0 5 10 15 20 25 30 35 40 45 50
0

20

40

60

80

100

120

140

Time (s)

Theorethical model of the extension of an ensemble of tethers under force

0
0

20

40

60

80

100

120

140
Theorethical model of the extension of an ensemble of tethers under force

50

--- #
 o

f te
th

e
rs

 

0 5 10 15 20 25 30 35 40 45 50
0

20

40

60

80

100

120

140

160

180

Time (s)

T
e
th

e
r 

e
x
te

n
s
io

n
 (

u
m

)

Statistical model of the extension of an ensemble of tethers under force

 
Figure 5.5: This graph shows the numerical solution of the model. (left) Both the number of surviving 

tethers (dashed line) and the extension of the surviving tethers (blue line) are displayed. Parameters of 

the simulation were F = 2.4 nN, N0 = 33, d = 1.1 nm, k0 = 10
-3

/s and ξ = 5*10
5
 µm/(pN s). The other 

graphs shows the effect of spread in lifetimes on the maximum extension (Right) . The theoretical 

solution for tether extension (blue line) is compared to the results several Monte Carlo simulations of 

the model (red dotted lines). The large spread in the outcomes is explained by the spread that occurs in 

the simulation of detachment of the tethers. For one of the simulated cases, no tethers detached even 

within the experimental time span of 50 s. The result is the straight dotted line. The picture also 

illustrates that for this number of tethers, the detachment of one changes the speed with which tethers 

extend significantly. 
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5.5. Comparison of the model to experimental data 

Figure 6 shows again the cell displacement data discussed in paragraph 5.2. The 

numerical solutions of the mathematical model are included as well. The material and 

bond parameters used in the simulations are listed in the legend. The applied drag 

force is a known experimental parameter and the restoring force per tether is 

calculated from equation (2.13).  

 The only other parameter needed for the model is a sensible starting number of 

tethers, N(0). To estimate this number, it is assumed that a tether can only extend 

when the applied force per tether Fd/N exceeds the restoring force F0. This leads to the 

expression N(0) ~Fd/F0. Tether formation occurred in the experiment under a flow of 

700 µl/min, i.e. Fd=4.2 nN. As the restoring force was calculated to be approximately 

70 pN, this means that about 60 tethers could be formed. It should be noted that this 

number only provides an upper limit; it can be used as a first estimate, but less tethers 

could be formed as well. This will be addressed in an example further below. 

 Another question that needs to be addressed is at what point the transition 

from contact surface to tethers is completed. Here it is assumed that this happens 

when the viscoelastic response turns into viscous flow. For the data in the picture 5.6 

this was estimated to be at t~13. The green line shows the numerically solved 

extension during the 4.2 nN measurement. The modeled result doesn’t match the data. 

However, a large spread in extension behavior per cell is to be expected, as was 

illustrated in figure 5.5. Given this spread, it can be concluded that this model of 

average extension matches the data quite well and provides a result with the right 

order of magnitude. 
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Figure 5.6: The results shown in figure 2 are approximated with the numerical solution of the 

differential equation that describes the model. Values of the model parameters are displayed in the 

legend. The force on the cell was determined from the flow speed and a conversion factor of 0.6 nN per 

100 µl/min. The starting number of tethers for the calculation of the 4.2 nN extension was chosen to be 

60, because for this number the force per tether was as close to the restoring force (~70 pN) as 

possible. According to the model 57 tethers survived during that extension, which were then taken as 

the basis for the next simulation. 

 

 

According to the model, 3 tethers had already detached when the cell reached its 

maximum position of ~40 µm. Assuming the number of tethers doesn’t suddenly 

change between measurements, this means that for approximating the next 
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measurement, N0=57. Further, the point at which tethers started extending again 

during this measurement was assumed to be when the cell reached a position of 40 

µm. As the next measurement was conducted at a higher flow, the applied force was 

adjusted to Fd=4.8 nN. The modeled extension under these conditions is shown in the 

figure as the blue line. 

 Again with the spread of cell behavior in mind, the modeled 4.8 nN 

experiment matches the actual data well. Further, the modeled cell detached from the 

surface completely at a position of 56 µm, very close to the real case. Finally, the fact 

that the model was able to match the behavior of the same cell under different 

conditions suggests that the assumed material constants were reasonable and that the 

model is consistent. 

 Figure 5.7 shows the displacement data of a different cell. This cell started 

detaching from the surface under a force of 2.4 nN. The initial approximation for the 

number of tethers, N0 = Fd/F0, however, does not fit the data well. The image includes 

numerical solutions of the model for both 34 (~2.4nN/70pN) and 31 tethers. The same 

values were used for the material parameters. While the solution with 34 tethers gives 

a slower displacement than the actual cell, the model matches the cell displacement 

very well when 31 tethers are assumed. This illustrates that while the upper limit of N0 

= Fd/F0 gives a first approximation, the number of tethers can be determined more 

precisely. 
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Figure 5.7: Displacement data of a cell that detached from the surface at 2.4 nN and the modeled 

extension of 31 tethers under the same force.  For comparison, the calculated extension of 34 tethers 

under the same force is shown as well. 

 

 

A final example in which model and data are compared is illustrated in figure 5.8. For 

the left graph, the number of tethers used to model the displacement is 51, which 

equals the upper limit for this case. The shaped of the solved model matches the 

displacement of the cell at 3.6 nN well. However, the cell detached at t=30 whereas 

the model predicts detachment at a later point (t=48). As a result, the maximum 

extension predicted by the model exceeds the position at which the cell completely 

detached. A similar case is depicted in the right graph of figure 5.8; Here, the model 

initially matches the data well, but overestimates the time of detachment significantly. 

It is possible that this discrepancy is caused by the spread in system lifetimes and 

maximum extensions that can be expected as was illustrated in figures 5.3 and 5.5.  
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Figure 5.8: Displacement data of a cell that detached from the surface at 3.6 nN and the modeled 

extension of 51 tethers under the same force. (left) The cell detached from the surface at t=30. The 

solution of the model pointed to a complete detachment at t=48. (Right) Displacement data of a cell 

that detached from the surface at 3.6 nN and the modeled extension of 50 tethers under the same force. 

The cell detached from the surface at t~32. The solution of the model pointed to a complete detachment 

at t=51. The discontinuity in the displacement data at t=15 is an artifact of the cell tracking software. 
 

 

Of the 19 cells that were observed while detaching from the surface, positional data 

could be obtained for 12 of these; the others moved to close to other cells for the 

software to reliably determine their position in the majority of the movie frames. The 

movement of each cell was modeled by using the methods described above. In figures 

5.9 and 5.10, the varying quality of the modeling results is demonstrated by 

comparing the modeled and measured value of two movement characteristics for 

every cell. The time interval between tether formation and complete cell detachment, 

i.e. the lifetime of the tether complex, is shown in figure 5.9. The measured and 

modeled maximum displacements of the cells are compared in figure 5.10. The 

uncertainties for the modeled results in both graphs were determined from the spread 

that was observed in the Monte Carlo simulation outcomes (see figures 5.3 and 5.5). 

Appendix D lists both the measurement data and the modeling details for every cell. 

 In both figure 5.9 and 5.10, it is visible that the lifetimes and displacements of 

5 of the 12 cells were significantly overestimated by application of the model (like the 

cells discussed in figure 5.8). The overestimated results in both graphs belong to the 

same 5 cells. This is to be expected; if a tether survives longer, it will have more time 

to extend, so overestimating the lifetime will result in an overestimation of the total 

displacement.  It is unlikely that this overestimation is caused by the spread that is 

expected to emerge from the probability component in the tether detachment process, 

as the measured results for these cells lie far outside the model uncertainties. 

Furthermore, the probability-induced spread would lead to underestimation of the 

measured results as well, which is not encountered here. 

 It is therefore more likely that there are additional factors that are not taken 

into account by the model that speed up the cell detachment. One possible explanation 

of such a factor concerns the assumption that an infinite reservoir of lipid molecules is 

available to the tether. This assumption has been proven to be reliable for single tether 

experiments, but when tens of tethers are pulled from the cell membrane a significant 

portion of the membrane could go into the tethers. A quick calculation assuming 20 

tethers with a 100 nm diameter and a length of 40 µm yields a total tether surface area 
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of ~250 µm
2
. The smooth area of a 15 µm diameter cell is ~700 µm

2
. The folds and 

protrusions in the membrane might increase that area a factor 4
[Khi2009]

. However, the 

membrane area used for only 20 tethers of mediocre length already doesn’t seem 

negligible anymore. If tethers run out of membrane during extension, it is likely that it 

breaks prematurely. This effect is not modeled and might explain the overestimation. 
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Figure 5.9: The measured lifetime of a cell’s connection to the channel floor plotted against the 

lifetime of the tether complex that was modeled to emulate the cell’s displacement. The graph shows 

data for 12 cells. The data of the cells that were analyzed in the text as examples are marked with the 

figure number of the graphs displaying their positional data. The uncertainty bars represent the 

possible spread in the simulation outcome. For two cells the uncertainty in the modeled value falls 

below zero. The left uncertainty bar is not shown for those cases. 
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Figure 5.10: The measured maximum displacement of a cell plotted against the maximum length of the 

corresponding modeled tether complex. The graph shows data for 12 cells. The data of the cells that 

were analyzed in the text as examples are marked with the figure number of the graphs displaying their 

positional data. The uncertainty bars represent the possible spread in the simulation outcome. 
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5.6. Discussion 

 

Tether formation 
The formation of single tethers has been achieved and studied in many in vitro 

experiments. These studies did not use shear flow, but made use of pulling methods 

that give more precise control over cell position and/or applied force (both in 

magnitude and point of application). Examples are optical tweezers
[Dai1995]

, 

micropipettes
[Sha1998]

 and atomic force microscope cantilevers
[Sun2005]

. The much better 

defined system allowed for the determination of tether properties and for testing the 

theoretical expressions for their behavior that were used in this work as well. 

However, pulling tethers under shear flow is a relevant process that needs to be 

investigated because there are physiological processes in which tether formation in 

leukocytes is thought to play a critical role, for example cell rolling
[Bos2010]

.  

Cell rolling is a process that takes place prior to adhesion on the blood vessel 

walls, in the bloodstream, under constant shear flow; cells need to slow down before 

firm arrest is possible. A cell that makes a first connection with the endothelium will 

literarily start rolling on the surface as more bonds are form at the leading edge of its 

contact area while the earlier formed bonds break at the trailing edge. The breaking of 

these bonds is thought to be mitigated by tether formation, diverting the stress on the 

bond to tether elongation. Ultimately, the rolling slows down the cell sufficiently to 

facilitate firm arrest, after which migration of the cell to tissue beyond the wall of the 

blood vessel is possible.  

In earlier work, Schmidtke and Diamond visualized the formation of single tethers 

under shear flow
[Sch2000]

. Neutrophils were allowed to flow over a surface coated with 

red blood cells. When a bond was formed, mediated by a P-selectin receptor ligand 

complex, the cell was dragged along and a tether was pulled from this first point of 

contact. The results were taken as the confirmation of earlier assumptions that tethers 

could occur at physiological shear flow conditions. However, only single tethers were 

pulled from the cel, whereas the rolling process is thought to contain the formation of 

many: a tether is assumed to form for every bond at the trailing edge that is about to 

break. The results presented in this work can be seen as the other extreme: the 

formation of many tethers was observed, yet the flow experiments were performed on 

cells that were already arrested, by many non-specific bonds.  

It should be noted that the flow speeds – i.e. drag forces – necessary to initiate 

the formation of multiple tethers were much higher than those in the experiments of 

Schmidtke and Diamond. They observed tether formation at shear rates of 100 to 300 

s
-1

 while the typical flow speeds at which tether formation occurred in these 

experiments (600 to 800 µl/min) correspond to shear rates of 800 to 1000 s
-1

. 

Responsible for this is the much larger number of bonds present in the adhering cell; 

the result is that multiple tethers are formed at the locations of bonds that survive the 

pulling. 

Schmidtke and Diamond observed that only 30% of the cells they observed 

formed tethers. They ascribed this to a spread in the strength of membrane-cortex 

attachment at the point of adhesion in different cells. The existence of such a spread 

could be inferred from the results of this work as well, as it would play a key role in 

the transition from the adhesion area of an initially stuck cell to a system of multiple 

tethers. The positions within the adhesion area at which tethers would form would be 

defined to be those positions where the non-specific polylysine bond with the 

membrane is stronger than the connection between membrane and cortex.  
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We imagine the tether formation to proceed as follows. When the threshold 

force is passed, it is likely that the weakest membrane-polylysine bonds rupture first. 

Every time a patch of membrane detaches, the adhesion area decreases while the drag 

force on the cell remains the same. This invokes a cascading effect in which the 

distributed force per bond will keep increasing and in which increasingly strong 

adhered membrane will detach from the surface. This will continue up to the point 

where the distributed force is strong enough to start rupturing connections with the 

cortex at the locations of the remaining adhering membrane.  

The use of TIRM, the technique discussed in section 4.4 could prove to be an 

excellent tool to further investigate the shape of the adhesion contact area after a 

transition to a tethered system. TIRM has been very recently used to visualize the 

contact points of a rolling cell
[Sun2010]

.  

  

 

The model 
The model and simulations can be primarily used to support a qualitative description 

of the behavior of cells from which multiple tethers are pulled. Further, matching the 

model with measurement data provides a way to form an estimate of the number of 

tethers pulled from a particular cell, based on positional data alone. Simulations based 

on the models match the shape and order of magnitude of the data, and the model was 

consistent with data from the same cell under different conditions. However, in some 

cases the model greatly overestimated the lifetimes and therefore also the lengths that 

tethers could reach. This suggests that the model is incomplete and that the complex 

system of a cell attached to the surface with multiple tethers is still ill-defined.  

 A first uncertainty, which influences the estimate of N, is the unknown effect 

that cell deformation under shear flow will have on the resulting drag force on the cell 

(see paragraph 4.4). This follows from the assumption that the number of initially 

formed tethers scales with the applied force during the transition. 

Furthermore, although the estimates of k0, ξ, F0 and d are reasonable as far as orders 

of magnitude are concerned, more precise values cannot be obtained from fitting the 

model to the measurement data. d, of the parameters, can be determined most 

accurately, as slight variations in its value lead to huge differences in the modeled 

results. This also means that uncertainties in the other system parameters will be 

overshadowed by that in d.  

Several comments should be made on the assumptions that were made 

concerning the model of tether elongation. A first is the assumption stating that the 

elastic properties of the tethers arise from their Helfrich-free energy. Very recent 

experiments have however shown that occasionally actin filaments are present in 

pulled tethers
[Pon2011]

. Given the elastic properties of actin filaments and the 

viscoelastic properties of actin networks, this sheds a new light on the origin of the 

tether properties. Further, the assumption that the pulled tethers have an infinite 

reservoir of lipid molecules available might be invalid for the description of our 

experiments, as was suggested based on the data in figures 5.9 and 5.10. If tethers run 

out of lipid reservoir, it will have implications for the assumption that tethers extend 

indefinitely and that tether detachment occurs through stochastic dissociation of the 

adhering tether tips. An experiment that visualizes the actual detachment of tethers 

might shed more light on this. Again, TIRM could be used here as well by monitoring 

the tether tips during the detachment of a cell. 
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6. Conclusions and outlook 
 

The objective of this work was to probe the mechanical properties of adhering cells. 

To this end, cells were adhered on polylysine and then subjected to a shear flow in a 

micro fluidic channel. The displacement of a cell body due to flow could be 

monitored and tracked with bright field transmission microscopy. Differential 

Interference Contrast microscopy revealed local deformation of the cell body and the 

formation of tethers, which remained invisible for transmission microscopy. 

 

6.1. Conclusions 

When exposed to low forces, adhering cells remain firmly attached to the surface and 

deform viscoelastically until the flow ceases. Cells then relax back towards their 

initial position almost completely. From this we conclude that the adhesion area of the 

cell remains largely unchanged while the cell is subjected to low forces. The 

deformation can be characterized by two effective parameters: an elastic constant k 

and a viscous modulus η. We found an elastic modulus of k=1.4±1.2 nN/µm, and an 

viscous modulus of η =21±18 nN·s/µm. These are not material properties but rather 

serve as effective parameters to describe the behavior of a cell in this specific setup. 

We observed that at higher forces, the cell adhesion area undergoes a 

transition after which the cell remains connected to the surface with multiple 

membrane tethers, rather than a continuous adhesion area. 19 out of 39 cells 

underwent this transition at an average drag force of 4±1 nN. The transition alters the 

cell’s displacement behavior under flow from viscoelastic deformation to movement 

that is limited by viscous tether elongation. A gradual increase in speed during this 

viscous movement shows that tethers detach one by one. Cells detached completely 

within 5±2 s of the onset of the shear force. The behavior of multiple tethers that 

elongate and detach under force could be modeled, though the exact mechanism 

behind the detachment remains unknown. According to the model, 30 to 70 tethers are 

pulled from a cell while it detaches from the channel floor.  

 

Earlier tether pulling experiments mostly studied single tethers. These were pulled 

from a cell by exerting force on the cell membrane through one discrete point. The 

tethers form when the membrane detaches from the actin cortex beneath it at that 

specific point. In this work we discovered that multiple tethers will emerge from a 

continuous adhesion area when a cell starts to detach from the substrate. This means 

that at the spots where tethers form, the adhering membrane will detach from the 

cortex, whereas at all other locations it will rather detach from the substrate. This 

shows that while a cell detaches, there is a competition between bilayer-cortex bonds 

and bilayer-surface bonds at every position of the adhesion interface. From this we 

conclude that the adhesion strength is inhomogeneously distributed throughout the 

interface.  

 

6.2. Outlook 

In future research, we recommend the use of Total Internal Reflection Microscopy 

(TIRM)
[Sun2010]

 or interference reflection microscopy (IRM)
[Pie2003]

 to monitor a cell’s 

adhesion area during an experiment. Studies concerning the viscoelastic deformation 
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of cells at low forces could use this technique to investigate the relation between the 

deformation of a cell and the size of its adhesion area.  

 When further investigating tether formation, TIRM could provide direct 

images of the transition of a cell’s adhesion area. The technique could for instance be 

used to investigate tether radius and density, or to monitor the tether detachment. As 

not every cell in these experiments underwent tether formation, another question that 

could be investigated is if the initial contact area of the adhering cell limits the 

occurrence of the transition. Finally, TIRM could be used as well to investigate the 

interaction of the cell body with the surface as it drags along the channel floor. 

 TIRM uses an evanescent wave to illuminate a thin slice of the sample close to 

the substrate. This approach could therefore be suited for investigating the cell-

substrate interface. Results in this research showed however that microscopy based on 

light absorption is not ideally suited for the detection of small features of the largely 

transparent cell. One way to circumvent this could be to mark the membrane with 

fluorescent labels prior to cell adhesion. 

 

Our current approach allows for characterization of the cell response within the 

context of our setup. To further characterize the cells, the system will need to be better 

defined. The current experiments could be augmented with a more extensive model or 

a numerical simulation of the deformation of a cell exposed to shear flow. Such a 

simulation would prove useful both for providing more accurate knowledge of the 

drag force exerted on cell and for gaining insight in the physical meaning of the 

effective parameters k and η. Such a model was beyond the scope of this research. For 

the deformations encountered in our setup, the basis for such a model should be the 

mechanical properties of a cell’s cytosol, cytoskeleton and membrane. [Khi2009] 

provides a good overview to start with.  
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Appendix A: Protocol for micro-fluidic channel construction 

This appendix contains the protocol that was used to construct a micro-fluidic device 

on a microscope slide with adhesive tape. A schematic picture of the channel is 

included in figure A1 to illustrate the assembly of the components. 

 

 

 
Figure A1: Setup of the fluid channel. The channel is constructed from precut adhesive tape holding 

together a glass microscope slide and a PMMA cover slip. Tubes for in- and outflow are connected to 

the PMMA slip with cylindrical polycarbonate connectors. The dimensions of the precut channel are 

1mm x 76.2mm. Component heights and materials are specified in the picture. 

 

Material 
• Glass microscope slide 

• Double sided adhesive type (thickness ~200 µm) 

• Plotter 

• PMMA sheet (thickness 125 µm) 

• Pincer 

• Premade PS Cilynders with holes of 1/16” 

• 2x 5cm tube with ID 0.04” and OD 1/16” 

 

Channel fabrication 
1. Attach double sided adhesive tape to a sticker label. This will ensure the 

double sided adhesive tape to be peeled off easily after the cut. 

2. Attach the sticker label to a carrier sheet of the plotter. The plotter is used to 

cut out the 1mm x 76 mm slit that will form the channel (See figure A1). 

3. Also cut out two 5mm x 5mm squares with 1mm diameter holes in them. 

4. Remove the outline of the channel (the excessive tape) and remove the inside 

of the channel and the squares using a pincer. The actual channel remains on 

the sticker label. 

 

PMMA cover slip fabrication 
1. Take a PMMA sheet and remove the top protective layer. Attach the PMMA 

sheet to the carrier sheet with the other protective layer on the bottom. 

2. The plotter is used to cut out a 4mm x 78mm rectangle with two holes of 1mm 

on the centre axis, with a space of 75mm between them (see figure A1). 

 

Functionalisation with Polylysine 
1. Wash the glass microscope slide with demineralised water and then with 

isopropanol. After that, dry the slide with an air blower. 

2. Press the glass slide on top of the pre-cut double side adhesive tape. 
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3. Remove the glass slide with the tape attached from the sticker label and use a 

pincer to press the tape more tightly to the glass.  

4. The glass slide is put in a Petri dish and the channel is filled with 50 µl Stock 

solution of polylysine. 

5. The Petri dish is sealed airtight and the channel is left to incubate overnight at 

room temperature. 

6. The polylysine solution is washed from the channel with demineralised water. 

 

Channel assembly 

1. Attach the PMMA substrate to the tape so that the holes in it overlap with the 

extremities of the channel (see figure A1). 

2. Use the 5mm x 5mm adhesive tape squares to attach the PS cylinders on top of 

the PMMA cover slip (see figure A1) 

3. The device is now finished. Tubing can be connected to the PS cylinders. 
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Appendix B: Cell tracking software 

This appendix contains the software code that was used for automated cell tracking in 

the movies. The script is written in the MATLAB environment. ‘Fileloop’ is the main 

procedure that calls ‘selectarea’, ‘detectedge’ and ‘cellfit’. These functions 

respectively ask for a region of interest, deterime the outline of the cell and fit the 

binarized image with an ellipse. 

 

 
function [ x, y, d ] = FileLoop( input_args ) 
 

%select directory 

pathname = uigetdir; 

list = dir(fullfile(pathname,'*.tif')); 

 

%select ROI in first frame 

plaatje = imread(fullfile(pathname,list(1).name)); 

imshow(plaatje); 

rect = getrect(1); 

 

for FilmID = 1:5 

 

pathname = uigetdir; 

CellDataFileName = strcat('Cell11-film',int2str(FilmID), '.txt') 

FILE_ID = fopen(fullfile(pathname,CellDataFileName), 'a'); 

 

    for index=1:length(list) 

        plaatje = 

DetectEdge(imcrop(imread(fullfile(pathname,list(index).name)),rect)); 

        %figure, imshow(plaatje); 

        [y,x,a,b,o,d,opp] = CellFit(plaatje);         

 

        fprintf(FILE_ID, int2str(index));  

        fprintf(FILE_ID, '\t'); 

        fprintf(FILE_ID, num2str(x,4));  

        fprintf(FILE_ID, '\t'); 

        fprintf(FILE_ID, num2str(y,4)); 

        fprintf(FILE_ID, '\t');         

        fprintf(FILE_ID, num2str(a,4));  

        fprintf(FILE_ID, '\t'); 

        fprintf(FILE_ID, num2str(b,4)); 

        fprintf(FILE_ID, '\t'); 

        fprintf(FILE_ID, num2str(o,4)); 

        fprintf(FILE_ID, '\t'); 

        fprintf(FILE_ID, num2str(d,4)); 

        fprintf(FILE_ID, '\t'); 

        fprintf(FILE_ID, num2str(opp,4)); 

        fprintf(FILE_ID, '\r\n'); 

    end 

fclose(FILE_ID) 

end 

end 

 

function [ J ] = SelectArea( input_args ) 
plaatje = imread(imgetfile); 

imshow(plaatje); 

rect = getrect(1); 

J = imcrop(plaatje, rect); 

End 
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function [ EdgeFinal ] = DetectEdge( Plaatje ) 
F = fspecial('gaussian'); 

Plaatje = imfilter(Plaatje, F, 'circular'); 

 

[onzinCoordinaat threshold] = edge(Plaatje,'Canny'); 

fudgeFactor = 2; 

Edge = edge(Plaatje,'Canny', threshold * fudgeFactor); 

 

se90 = strel('line', 2, 90); 

se0 = strel('line',2,0); 

EdgeDil = imdilate(Edge, [se90 se0]); 

 

EdgeFill = imfill(EdgeDil, 'holes'); 

seD=strel('diamond',1); 

EdgeFinal = imerode(EdgeFill, seD); 

 

Outline = bwperim(EdgeFinal); 

Ioutline = Plaatje; 

Ioutline(Outline) = 255; 

 

imshow(Ioutline); 

end 

 

 

function [ X, Y, a, b, o, deform, MaxArea ] = CellFit( Silhouette ) 
Stats  = regionprops(Silhouette, 'area' , 'centroid', 

'majoraxislength', 'minoraxislength', 'orientation'); 

Areas = cat(1, Stats.Area); 

Centroids = cat(1,Stats.Centroid); 

[MaxArea, Imax] = max(Areas); 

X = Centroids(Imax,2); 

Y = Centroids(Imax,1); 

 

Silhouette(round(X),round(Y)) = 0; 

 

as = cat(1,Stats.MajorAxisLength); 

bs = cat(1,Stats.MinorAxisLength); 

os = cat(1,Stats.Orientation); 

a = as(Imax)/2; 

b = bs(Imax)/2; 

o = os(Imax); 

deform = a/b; 

 

t = [0:0.5:2*pi]; 

    x = X+a*cos(o)*cos(t)-b*sin(o)*sin(t); 

    y = Y+a*sin(o)*cos(t)+b*cos(o)*sin(t); 

imshow(Silhouette); hold on; plot(y,x); hold off; 

end 
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Appendix C: Model of tether detachment 

This appendix contains the script that was used for both Monte Carlo (MC) 

simulations and the numerical solutions of the model for tether elongation and 

detachment. At the start of the script, tether parameters and experimental conditions 

can be defined (definitions are in SI units). Also the modelling parameters, time step 

length and number of steps, are defined. 

For the MC simulations, the script evaluates the extension of the tether 

ensemble in time steps of length dt, based on the number of remaining tethers. In 

every step, the survival of every tether is determined by comparing the dissociation 

probability kr·dt with a randomly generated value between 0 and 1. If the calculated 

probability is higher than the random number, the number of tethers N is reduced by 

one. 

For the numerical solution the script determines for every time step a non-

integer decrease in de number of tethers diffN is determined from the equations 

discussed in chapter 2.  

The script returns several arrays in which the number of currently remaining 

tethers and the current extension are listed per time step. This is done for both the 

numerical solution and the MC simulations. At the end of the code there is the 

possibility to have the program plot several of these data sets. 

 
clear all; 

close all; 

 

% tether & bond parameters 

k0 = 1e-3;           

d = 1.00e-9; 

kbT = 4.14e-21; 

fbeta = kbT/d; 

xi = 1e6;            

 

% experimental parameters 

F0 = 4.8e-9; 

N0 = 58; 

ExtT0 = 0;               

Fr = 70e-12;            

%ExpTime = 10; 

 

% simulation parameters 

Steps = 300; 

dt = 0.2; 

repeats = 100; 

 

Times = linspace(0,Steps*dt,Steps)'; 

NSim = zeros(size(Times,1),1); 

LengthSim = zeros(size(Times,1),1); 

AccN = []; 

 

hW = waitbar(0,'Performing MC Simulation...'); 

for rr = 1:repeats 

N = N0; 

Ext = ExtT0*6e-7; 

for ll = 1:size(Times,1) 

       curT = Times(ll); 

    NSim(ll) = N;  

     LengthSim(ll)=Ext/6e-7;  %/0.6 means values in pixels 
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     Force = (F0 / N) - Fr;  

     koff = k0 * exp(Force * d / kbT);  

     curProb = koff * dt; 

     Ext = Ext + xi*Force * dt; 

     for ii = 1:N 

      test = rand(1); 

         if curProb > test 

             N = N - 1 ; 

        end 

     end 

end 

waitbar(rr/repeats); 

AccN = [AccN NSim]; 

end 

 

close(hW); 

 

% averaging over number of beads per time 

AvgN = mean(AccN,2); 

StdDevN = std(AccN,0,2)/sqrt(repeats); 

 

% averaging over times for a given integer number of beads 

AvgT = zeros(N0,1); 

StdDevT = zeros(N0,1);  

 

for nn = 1:N0 

[r, c] = find(AccN == nn); 

AccTimes = Times(r); 

NoSamples = size(AccTimes,1); 

AvgT(nn) = mean(AccTimes); 

StdDevT(nn) = std(AccTimes);%/sqrt(NoSamples); 

end 

 

% numerical integration of rate equation 

Nt0 = N0; 

Ntheory = zeros(size(Times,1),1); 

LengthTheory = zeros(size(Times,1),1); 

LengthTheory(1)=0; 

Ntheory(1) = Nt0; 

Nt = Nt0; 

ExtT=ExtT0; 

for oo = 1:(Steps-1) 

    

   diffN = -k0 * Nt * dt * exp(((F0/Nt)-Fr)/fbeta); 

   Nt = Nt + diffN; 

   if Nt < 0 break; end 

   Ntheory(oo+1) = Nt; 

   Vext = xi*((F0/Nt)-Fr)*dt/6e-7 

   ExtT = ExtT + Vext; 

   LengthTheory(oo+1)= ExtT; 

end 

 

 

figure(1); 

hold on; 

ilc = 50; 

plot(Times,Ntheory,'--k','LineWidth',2); 

plot(Times,LengthTheory,'.b','LineWidth',2); 

plot(Times,LengthSim,'--r','LineWidth',2); 

%plot(Times(1:ilc:size(Times,1)),NSim(1:ilc:size(NSim,1)),'or'); 

%plot(AvgT,1:N0,'ob','LineWidth',4); 
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%herrorbar(AvgT,1:N0,StdDevT,'or'); 

%errorbar(Times(1:ilc:size(Times,1)),AvgN(1:ilc:size(AvgN,1)),StdDevN

(1:ilc:size(StdDevN,1)),'or'); 

%errorbar(1:N0,AvgT,StdDevT); 
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Appendix D: Measurement data of detaching cells 

 

Table D1: Characteristic data for 12 cells detaching from the surface under flow and 

the results of modeling their displacement.  

Force Modeled N 
Real lifetime 

(s) 

Modeled 
lifetime 

(s) 

Max.  
displacement 

(um) 

Modeled max. 
displacement 

(um) 

Shown 
in figure 

       

2,4 31 7,5 9 120 130 5.7 

3,6 50 15 34 58 204 5.8 

3,6 51 22,5 48 48 225 5.8 

3,6 49 3,1 24 16 180  

4,8 62 5,9 8,4 57 114  

4,8 65 4 22,1 28 168  

3 37 5 3,8 79 68  

4,2 50 1,5 1,8 24 51  

4,8 58 6,4 2,6 28 51  

4,8 57 2,3 0,9 30 31 5.6 

3 37 4,1 3,8 27 68  

42 59 8,7 41 19 216  

 


