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Chapter 1     
 
 
 
 

General Introduction 
 
 
   
The human body is built up of cells, most of them having dimensions on the micrometer to 
millimeter scale. Viewing them through a low magnification microscope is like looking at 
busy cities from high above in the sky: not much is happening. At the micrometer and sub-
micrometer scale, however, many processes are taking place: proteins and lipids are 
constantly manufactured by the endoplasmic reticulum and the Golgi apparatus, which are 
the factories of the cell. Motor proteins act as trucks, transporting cargo along the 
microtubule network, the streets of the cell. The cell membrane envelopes the entire cell, 
like a many gated city wall, with ion channels as the gates through which solutes can be 
transported in and out of the cell. Like a moat that surrounds a medieval town, cells can 
be surrounded by a coat attached to the cell membrane: the pericellular matrix (PCM). 
Unlike the purely viscous water of the moat, the PCM is viscoelastic and has more than 
only a protective function. 
 
 
1.1 The pericellular matrix 
 
There are many cells that express a PCM, from embryonic [1, 2, 3], synovial [1], 
mesothelial [4, 5], and smooth muscle cells in the proliferating and migrating phase [6], to 
fibroblasts [7, 8], chondrocytes [9, 10], and carcinoma cells [5, 11, 12, 13, 14]. 
Furthermore a special type of PCM is expressed by endothelial cells: the endothelial 
glycocalyx (EG) [15]. 

  
 
Figure 1.1: Pericellular matrix of PC3 cells in the presence of exogenous aggrecan (1 mg/ml), 
when probed using a particle exclusion assay with 0.8 µm silica beads (chapter 5). 
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The PCM is composed of membrane bound glycoproteins, proteoglycans, glycolipids and 
the glycosaminoglycan (GAG) hyaluronan (HA). Since the proteoglycans and HA are 
highly hydrated, this extracellular layer consists for the most part of water, which makes 
imaging, especially in vivo, difficult. Instead an indirect visualization technique is used for 
cells in culture and microvessels in vivo that can be indicated as a particle exclusion 
method. For example the PCM dimensions of single cells become clear when adding 
particles to the culture medium, as demonstrated in Figure 1.1 for prostate cancer 
epithelial cells (PC3 cells), since these particles are not able to enter the PCM. The 
exclusion technique has been applied to a variety of mammalian cells using fixated 
erythrocytes which have a dimension of a few micrometers [1]. Particles with dimensions 
of 0.3 µm may be excluded from the PCM when aggregating chondroitin sulfate 
proteoglycans are present [4]. That these particles cannot approach the cell membrane by 
normal Brownian motion alone indicates the presence of a layer with rheological 
properties that differ from the solvent. The width of such an exclusion zone can be larger 
than 20 µm [16]. In in vivo experiments the exclusion zone of capillaries has been studied 
by comparing the distribution space of macromolecules and red blood cells, and is about 
0.5 µm thick [15]. The role of the PCM is not exactly known and differs between cell types. 
It can be characterized by biomechanical properties such as porosity, shear transmission, 
viscoelasticity as well as biochemical properties such as being a binding site for various 
growth factors [17]. In this thesis the focus will be on the biomechanical properties of the 
PCM. Chondrocytes, the cells that are present in the (articular) cartilage and produce its 
extracellular matrix (ECM), have a PCM that is involved in the transfer of mechanical 
loads from the ECM to the cells [18]. In the articular cartilage of joints, chondrocytes are 
subjected to compression forces, which cause the cells to deform[19]. In osteoarthritic 
cartilage,  the Young’s modulus of the PCM is decreased [20], the PCM is enlarged [21] 
and cell proliferation is stimulated [22]. 
 Cell proliferation and migration are facilitated by the presence of a PCM. Smooth 
muscle cell PCM formation is a fast and dynamic process with PCM occurrence mostly 
during the cell detachment phase of migration (at the trailing edge)  and the cell rounding 
phase of mitosis [6]. Motile prostate cancer cells express a PCM at the trailing edge, 
where detachment takes place, but not at the leading edge, where adhesion takes place 
[11]. Cancer cells have an abnormal high cell division rate, are multi-drug resistant, can 
invade adjacent tissues and can even metastasize to other parts of the body via the blood 
stream or the lymphs. The expression of a PCM could be partly responsible for these 
characteristics. And indeed it has been shown, that the PCM is involved in the multi-drug-
resistance of cancer cells by forming a penetration barrier [23], and/or stimulating the PI3 
kinase and MAP kinase cell survival pathways through HA signaling [24]. Cell apoptosis is 
increased and tumor growth is inhibited when HA-cell interactions are targeted by 
replacing endogenous HA with HA oligosaccharides through a competitive mechanism 
[25]. This method of replacing large endogenous HA polymers by short exogenous HA 
oligosaccharides has been  frequently used to remove the PCM [6, 26, 27, 28], reducing 
cell migration [6, 28], proliferation [6, 28] and metastasis [28].  
 The PCM is thus clearly involved in cell adhesion processes and could possibly 
facilitate cell detachment by exerting a pushing force due to swelling of the layer, 
disrupting focal adhesions and forming an anti-adhesive layer. Furthermore, a malleable 
matrix assists cell rounding during mitosis [6]. 
 
 
1.2 Hyaluronan in the PCM 
 
The glycosaminoglycan HA is considered to be the backbone of the PCM, and plays a 
major role in the proper functioning of this layer. Several examples can be given from 
which this role of HA may be concluded: 1) The synthesis of HA peaks at mitosis and its 
inhibition results in cell cycle arrest before mitotic detachment [29].  2) Reduction in HA  
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production causes highly metastatic mammary carcinoma cells  to loose their PCM and 
most of their metastatic ability [12]. 3) Extravasation of metastatic prostate 
adenocarcinoma cells out of the blood stream is mediated through an interaction of 
pericellular HA with endothelial cells [14].  4) HA produced by endothelial cells as part of 
the EG, is involved in flow meditated mechanotransduction [30]. 
 HA stands out among the glycosaminoglycans, GAGs, which are present in the PCM. 
This ‘standing out’ may be taken literally since HA can be huge and can extend up to 25 
µm at a molecular weight of 107 kDa [31, 32]. Other molecules in the GAG family, like  
heparan sulfate (HS) and chondroitin sulfate (CS), have molecular weights of  only ~ 3 
×104 Da [33]. HA also differs from these other GAGs by mechanism of production. HS and 
CS are produced, as part of a proteoglycan, via the endoplasmic reticulum and Golgi 
apparatus but in contrast HA is synthesized on the inner surface of the plasma membrane 
by one of its synthases. There are three vertebrate HA synthases: HAS1, HAS2 and 
HAS3 [32]. These are multipass transmembrane enzymes with their active site located on 
the inner surface of the plasma membrane, from where HA is polymerized and extruded 
through the plasma membrane. This way of synthesis allows HA to reach such long 
lengths. For more details on HA synthesis and its interaction with the cell membrane as 
well as with non membrane-bound proteoglycans, and its possible structuring in the PCM, 
see chapter 2. 
  
 
1.3 The endothelial glycocalyx 
 
The endothelial glycocalyx (EG) or endothelial surface layer is an important intravascular 
compartment extending at least 0.5 µm into the lumen of blood vessels as is illustrated in 
Figure 1.2. 
 

 
 
Figure 1.2: Endothelial glycocalyx (hairy structures) on the luminal side of a rat myocardial 
capillary. Images obtained using electron microscopy and Alcian blue 8GX staining of the 
glycocalyx structures. (Courtesy  Van den Berg [34])  
 
 
It forms a shear-sensing protective barrier between the flowing blood and the underlying 
endothelial cell layer. Red blood cells are excluded from the EG and plasma flow near the 
cell surface is halted. Thus endothelial cells do not directly sense flow at their luminal 
surfaces, but instead shear stress is transmitted and amplified through the glycocalyx. 
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1.3.1 Mechanotransduction of shear stress 
 
The precise manner in which shear stress is transmitted to the EG is still unclear. That HA 
plays a role is evident from enzymatic studies in isolated canine arteries and on cultured 
bovine aortic endothelial cells, where the nitric oxide, NO, response to flow was severely 
hampered upon HA degradation of the EG [30]. The picture, however, is more 
complicated since enzymatic removal of HS has a similar effect on the NO-response to 
shear stress for cells in culture [35, 36].  Removal of CS, which is next to HS the dominant 
sulfated GAG in the EG, however, did not have an effect [36]. One hypothesized 
mechanism of transduction of shear stress by the EG is via bending of (trans)-membrane 
proteoglycans [37]. The two major proteoglycans in the EG are syndecan, which is 
transmembrane, and glypican, which is anchored to the membrane via GPI [38]. It is 
highly likely that glypican, having only HS side chains, is involved in the NO inducing 
pathway since it is linked to eNOS containing caveolae [36]. These lipid rafts also harbor 
CD44, which explains the HA-NO inducing pathway [39].  Syndecan, which has mainly HS 
and some CS side-chains, is coupled to the cytoskeleton [38, 40]. Cytoskeletal 
reorganization under fluid shear stress is impaired after removal of HS from the EG of rat 
fat-pad EC cells [41] and from the EG of human umbilical vein (HUVEC) and bovine aortic 
endothelial cells (BAEC) [42]. Unfortunately, these studies did not look at the effect of HA 
removal, which might give similar results, since the HA-CD44 pathway is linked to the 
cytoskeleton via ankyrin [39, 43, 44].  
 
 
1.3.2 Barrier functions 
 
The HA-CD44 signaling pathway, with CD44 located in lipid rafts, is important for proper 
barrier functions of the endothelial cell layer as has been shown for human pulmonary 
artery endothelial cells in vitro, measuring transEC electrical resistance [45]. High 
molecular weight HA (~1000 kDa) increased resistance, while low molecular weight (~ 2.5 
kDa) disrupted it, after an initial rapid increase. This was shown to be due to coupling to 
different isoforms of CD44. Apparently, both low and high molecular weight chains recruit 
CD44s (the standard CD44 form) rapidly (5 min) to lipid rafts. Endothelial cell barrier is 
increased by CD44s mediated transactivation of the receptor S1P1, which leads to Rac1 
signaling inducing thickening of cortical actin. Low molecular weight but not high 
molecular weight chains induce a slow (> 15 min) recruitment of the isoform CD44v10 to 
lipid rafts, activating a barrier disruption pathway via CD44v10 mediated transactivation of 
the receptor S1P3, which leads to RhoA signaling. S1P3 phosphorylation is mediated by 
ROCK ½ and Scr kinase [45]. Activation of Scr leads to endothelial cell contraction and 
the appearance of paracellular gaps [46]. Inhibition of Scr reduces myocardial edema after 
myocardial infarction [47]. Furthermore enzymatic removal of HA from the EG results in 
fluid loss through the vessel wall of rat myocardial capillaries [34].Thus high molecular 
weight HA is necessary for maintaining the barrier function of the endothelial cell layer. 
Apart from inducing signaling pathways maintaining a functional endothelial cell barrier, 
HA as part of the EG can also form a mechanical barrier capable of excluding 
macromolecules and red blood cells from the layer. In an in vivo intravascular particle 
exclusion assay using fluorescently labeled dextrans, the EG was shown to become more 
permeable after enzymatic degradation of HA [48]. Interestingly, proper barrier functions 
of the EG could only be fully restored when a combination of HA and CS was 
simultaneously infused, indicating the importance of CS in the structural integrity of the 
EG.  Strangely, the presence of CS in the above mentioned cell culture study was not 
necessary for functional mechanotransduction of shear stress [36]. Furthermore there 
seems to be an unexplained difference between the in vivo EG and the cell culture EG 
[49].  
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1.3.3 Absence of a mechanical EG on cultured endothelial cells 
 
The EG is, under physiological shear stress and cell culture conditions, absent in collagen 
microchannels lined with endothelial cells (HUVEC or BAEC), when probed with 
fluorescent microparticle image velocimetry (µ-PIV) [49]. When a combination of HA and 
CS was infused, however, a flow retarding layer of ~ 0.2 µm could be found.  Using the 
same technique in vivo (mouse cremaster venules), resulted in an EG dimension of ~ 0.5 
µm, without infusion of HA and CS. In the in vitro study no infusion with HS was tried or 
the presence of endogenously pericellular HA was assessed. That HA is synthesized by 
HUVEC’s in cell culture under physiological flow has previously been reported [50]. This 
does not mean, however, that an extended mechanical EG, capable of flow retardation, is 
present. From the above it seems that yet unknown physiological factors are a 
prerequisite for such a layer. For other types of PCMs, the presence of HA binding 
proteoglycans like aggrecan or versican is necessary for extension of the layer (see 
chapter 2). In these cases we are dealing with several µm thick layers. The EG thickness 
has mostly been found to be ~ 0.5 µm although dimensions of 3-4 µm have also been 
reported [51, 52]. Versican, which can be produced by endothelial cells (mouse aortic 
endothelial cells [53] and human glomerular endothelial cells [54]) and is found in blood 
plasma [55], might be such a factor. This is, however, highly speculative since no studies 
have been done to determine its presence in the EG. In a static cell culture study the 
combination of exogenous HA and aggrecan was enough for the formation of a thick coat 
on BAECs, observed using the particle exclusion assay with fixed red blood cells [26]. 
Administering of HA or aggrecan by itself did not have an effect. Apparently there are not 
enough HA attachment sites (e.g. CD44) and endogenously present HA chains on these 
cells in culture. The same is the case for HUVECs, as can be seen from Figure 1.3, 
depicting 0.8 µm silica beads in the presence of exogenous aggrecan (1 mg/ml). Clearly 
no mechanical pericellular coat is present. We did not perform this assay in the presence 
of exogenous high molecular weight HA and aggrecan or in the presence of exogenous 
high molecular weight HA and CS.  
 In all the cell culture studies discussed here, serum was present in the culture medium. 
Several studies have shown the importance of serum, and to a lesser extent the 
importance of its main protein albumin, in the structural functioning of the EG. In the 
absence of serum, the EG has a collapsed configuration and no cytoskeletal 
rearrangement under flow is observed [41]. The mechanism is not clear. Serum contains 
IαI (see chapter 2) which could possibly cross-link HA in the EG. This, however, does not 
explain the role of albumin. The presence of fetal calf serum (20 %) increased the 
synthesis of HA by mesangial cells 32-times, while the increase in synthesis of HS-
proteoglycans was only 1.5 times [56]. Although this serum-dependent HA production was 
shown for a different type of cells, the same mechanism could be responsible for the EG-
dependence on serum. Thus the importance of serum for the presence of an extended 
functional EG could be coupled to the expression by endothelial cells of many surface 
bound HA chains. Furthermore for HA-CD44 binding and the formation of a PCM, capable 
of particle exclusion,  an intact cytoskeleton seems to be necessary [57, 58]. Apparently 
for a well functioning EG all the physiological factors should be at the right settings. 
Pathological settings like atherogenic concentrations of oxidized lipoproteins [59], 
hyperglycemia [60] but also disturbed flow at vessel bifurcations [61] show a diminished 
layer. That this layer is not merely viscous follows not only from the 
mechanotransductional and barrier studies previously discussed but also from the 
observation that the EG in capillaries is squashed by white blood cells, which is visible as 
a widening of the red blood column directly behind the white cells [62]. In a time of ~ 0.5-1 
sec after passage of the white blood cell, the width of the red blood cell column is returned 
to basal which is thought to be due to an elastic recoil of the EG. Thus not only knowing 
the chemical properties of the EG but also its mechanical properties is important for a   
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Figure 1.3: No exclusion region is present around human umbilical vein cells (HUVECs) in the 
presence of exogenous aggrecan (1 mg/ml), when probed using a particle exclusion assay with 0.8 
µm silica beads. 
 
 
deeper understanding of this layer. The latter can be achieved by using microrheology. 
 
 
1.4 Microrheology 
 
Microrheology is rheology on the micrometer scale. Rheology is the science of 
deformation and flow of matter. Many materials, including HA, are viscoelastic and have 
both elastic as well as viscous properties. The response of a viscoelastic material 
depends on the time scale on which it is probed. “Silly putty” for instance bounces like a 
rubber ball but when put on the table, slowly flows. When a material is purely viscous, like 
water, all energy is dissipated. When a material is elastic, like rubber, all energy is stored. 
When a material is viscoelastic both phenomena occur.   
 In this thesis the shear modulus G is measured. We thus measure the response of 
matter to shear. An example of the deformation of a sheared material is shown in Figure 
1.4, where a cube with side length a and area A is sheared in one direction (x) with a force 
F, which causes the material to deform with a deformation angle θ. The shear modulus is 

defined as the ratio of shear stress ( AF /=σ ) and shear strain ( θθγ ≈=∆= tan
a
a

 for 

small deformations): γσ /=G . The shear modulus is complex, with G' the real component 
and G" the imaginary component. When the sheared material is a simple Newtonian 
viscous fluid, the shear stress applied to the material is linearly proportional to the shear 
rate γ&  of the material: γησ &= , with η the viscosity of the fluid. The shear rate is defined 

as
dz

dv , with dv the velocity gradient in the direction (z) perpendicular to the flow direction. 

In the case of our simple cube example, dz = a and dv = vt – vb, where vt is the velocity of 
the top layer and vb the velocity of the bottom layer.  When the sheared material is a 
simple Hookean elastic solid, however, the shear stress applied is independent of the 
shear rate but is linearly proportional to the strain of the material, with G' the constant of 
proportionality.  
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Figure 1.4: Simple shear is applied to the top of a cube with sides a and volume A3. The applied 
shear force F results in a deformation ∆a with deformation angle θ. 
 
  
In classical rheometers the shear strain or shear stress is kept constant while the other is 
being measured. For instance an oscillatory strain can be applied to a material:  

)sin( )( 0 tt ωγγ = . By varying the oscillation frequency, the response of the material can be 
probed at different time scales ( ωπ /2=t ).  When the amplitude of the strain is small 
enough such that the material is not deformed beyond the range of linear elastic 
response, the shear stress is given by [ ])cos()(")sin()(')( 0 tGtGt ωωωωγσ += . G', the 
elastic or storage modulus, is in phase with the strain, and G", the viscous or loss 
modulus, is out of phase with the strain. The response of the material is time dependent 
and can vary between time scales. When G">> G', the material is considered to be liquid-
like, when G' >> G", the material is considered to be solid-like.  
 Classical rheometers, however, are not suited for probing micrometer volume samples 
like that of the PCM, for which a different technique is necessary. Instead of actively 
shearing a material, its mechanical properties can be obtained from the thermal motion of 
small particles, with diameters in the order of a µm,  embedded in the material [63]. This is 
called passive microrheology and it is used in the experiments discussed in this thesis.  
 Brownian motion in thermal equilibrium forms the basis of passive microrheology. 
Probe particles, embedded in the viscoelastic material, thermally move due to collisions 
with solvent molecules. The resulted motion is determined by the viscoelastic response of 
the material in which the particles are embedded. Although no external force is present, 
the equations concerning the particle’s movement can be written as if there is a small 
external oscillatory force )(ωf  acting on the particle: )()()( ωωαω fx ×= , with α(ω) the 

complex response function ( )(")(')( ωαωαωα i+= ). The imaginary part of α(ω) is related 
to the displacement of the probe particle via the fluctuation-dissipation theorem: 

)()4/1()(" B ωωωα STk= , with S(ω) the power spectral density (PSD) of the position 
fluctuations of the probe particle, kB the Boltzmann constant, and T the temperature of the 
solution. The real part of )(ωα  can be computed using a Kramers-Kronig integral relation:  
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∫∫
∞∞

=
00

)sin()(")cos(
2

)(' tdtdt ξξξαω
π

ωα . By using spherical probe particles a generalized 

Stokes-Einstein relation can be used to extract the complex shear modulus from the 
complex response function: ))(6/(1)( ωαπω aG = , with a the bead radius. Thus the 
viscoelastic properties of a material can be obtained by measuring the motion of spherical 
particles embedded in the material [64]. To detect this motion with high precision and at 
different locations in the material, a setup equipped with optical tweezers and far-field 
interferometry can be used.  
 
 
1.4.1 Trapping with optical tweezers 
 
The first time laser light was successfully used to trap and move dielectric particles, in 
sizes ranging from 25 nm to 10 µm, was in 1986 in the lab of Ashkin [65]. The “optical 
tweezers” setup has as underlying basic principle the conservation of momentum law.  
Laser light incident on a dielectric particle will be refracted when the refractive index of the 
particle is higher than that of the surrounding medium. Since momentum is conserved 
there will be a force in the opposite direction, directed towards the particle: the gradient 
force. To create a trap in 3-dimensions, the laser beam needs to have a Gaussian profile, 
with a maximum laser power on the beam axis. The gradient force is responsible for 
pushing the particle back to the center of the beam (highest intensity) (x-, y- and z-
direction). In the z-direction, however, due to the radiation pressure of the incident 
photons, the particle is pushed away from the focus along the direction of laser light 
propagation by the scattering force.  To be able to oppose the scattering force, the beam 
needs to be strongly focused. This is achieved by using a microscope objective of high 
numerical aperture (NA). The gradient force in the z-direction, due to the high NA of the 
objective lens, opposes the scattering force when the particle is located just below the 
focus and a stable trap within three dimensions is formed. A simple 2 D-schematic of the 
forces acting on a trapped dielectric particle is shown in Figure 1.5. The trap creates a 
potential well in which the particle can move. This movement in two directions 
perpendicular to each other (x-, y-) and perpendicular to the direction of propagation of the 
laser light (z-) can be measured using far-field laser interferometry.  
 
 
1.4.2 Displacement detection by far-field interferometry 
 
The movement of the particle within the trap can be detected using laser interferometry 
[66, 67]. The interference of the unscattered light and the light scattered by the particle in 
the back focal plane of the condenser lens is a direct measure for the displacement of the 
particle. The lateral displacement of the trapped particle away from the focus causes an 
intensity change in the interference pattern of the electric fields of the unscattered and 
scattered light. The back focal plane light intensity shift due to the displacement can be 
detected with a quadrant photodiode situated at the back focal plane or at a plane 
conjugated to the back focal plane as is done in this thesis. With a quadrant photodiode it 
is possible to detect the motion in the two perpendicular lateral directions (x-, y-). For the 
x-direction the normalized difference between the left two quadrants and the right two 
quadrants is linear to the displacement x of the particle (Figure 1.6), and proportional to 

3
0

3 /wd , when 0wx << , where 0w  is the 1/e radius of the beam waist and d the diameter 
of the particle. A precise deduction of this relationship can be found in [66], together with 
experimental data confirming the theoretical dependence. Thus by measuring the intensity 
of each of the four quadrants as a function of time, the x-, y-displacements in units of volts  
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Figure 1.5: Schematic of the forces acting on a bead in an optical trap. Due to the Gaussian 
intensity profile of the beam, more light is refracted to the left than to the right (left figure). Thus, 
due to conservation of momentum, the bead will experience a force in the opposite direction 
towards the highest laser intensity: the gradient force. The bead is also subject to radiation 
pressure, caused by the photons scattered on its surface: the scattering force, which acts in the 
direction of the laser light. When the laser is strongly focused, a gradient force in the opposite 
direction can oppose this force (see figure on the right), and a trap in 3-dimensions is formed. 
 
can be measured, with the y-displacement given by the normalized difference between   
the two upper and two lower quadrants (Figure 1.6). An example of a PSD of a 0.8 µm 
bead in water is also shown in the same figure.  

 
Figure 1.6: Schematic of the position detection with a quadrant photodiode. The laser spot is 
slightly displaced from the center due to displacement of the trapped bead. Both the x- and y- 
displacements are given as a function of the outputs of the quadrants (left). Power spectrum 
density (PSD) of a 0.8 µm bead in water (right). At low frequencies the curve flattens due to the 
trap. Above the corner frequency ( cf ) the PSD has a power of -2. 
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As expected for a purely viscous medium the slope of the PSD is -2. In the absence of a 
trap, this dependence would range over the whole frequency spectrum. Since the bead is 
trapped, the movement of the particle is limited and the curve becomes flattened at low 
frequencies (= long time scales).The spectrum of the thermal motion of the bead in the 
presence of a trap with trap stiffness κ has a Lorentzian shape, which can be expressed 
as )/( 22

c
2

c0 fffS + , where S0 = S(f=0)  and cf  is  the corner frequency (the frequency at 

which 2/)( 0SfS = ). Both 0S  and cf  are directly related to the trap stiffness: 
2

B0 /4 κγ TkS =  and πγκ 2/c =f , where γ  is the drag coefficient of the bead ( aπη6= , 

where a is the bead radius and η the viscosity of water (in this example)), kB is the 
Boltzmann constant and T the temperature [67]. In the case of water η is known and cf  

(and thus κ) and S0 can be easily found from fitting the measured curve. Furthermore the 
spectrum can be converted to units of m2/Hz: S(m2/Hz) = R-2S(V2/Hz), where R(m/V) is the 
calibration factor which can easily be found by multiplication of the PSD with 2f . At high 

frequencies ( 0ff >> ), 2)( ffS reaches a plateau value: 2
0

2)( cfSffS = . Comparing the 

measured value of 2
0 cfS  (in V2Hz) with the calculated value ( aTk ηπ 3

B 6/= ) (in m2Hz) 
gives R. The value of the calibration factor obtained with this method (PSD of bead in 
water) can be used in all measurements done under the exact same settings (trap 
stiffness, temperature, bead size) to convert the output of the quadrant photodiode to units 
of meter. From here on the shear moduli can be calculated from the PSD S(m2/Hz).  
 An example of a series of shear modulus measurements, obtained from the 
displacements of a 0.8 µm silica bead at different heights above an endothelial cell 
surface, is shown in Figure 1.7 (a) (G') and (b) (G"). Clearly, no viscoelastic endothelial 
glycocalyx is found above the cell surface. This is in agreement with the particle exclusion 
assay shown in Figure 1.3, where similar probe particles were able to reach the cell 
membrane without any hindrance. This in contrast to measurements done on PC3 cells, 
for which thick exclusion layers are visible around the cell surfaces (Figure 1.1) The PC3-
PCM is indeed viscoelastic, as is demonstrated in chapter 5. 
 

 
Figure 1.7: A viscoelastic endothelial glycocalyx is absent on human umbilical vein endothelial 
cells (RF cells) in culture as probed with microrheology using 0.8 µm beads as probe particle. (a) 
Elastic modulus (G') at different heights above endothelial cell surface. (b) Viscous modulus (G") at 
different heights above endothelial cell surface. Cells were incubated for 90 min with standard 
culture medium containing aggrecan (1 mg/ml). 
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1.5 Outline 
 
The work contained in this thesis was performed to learn more about the mechanical 
properties of the PCM in general and the EG in particular. The focus is on the 
macromolecule HA, which has the potential to play an important role in the mechanical 
properties of the EG as it does for other PCMs. The details of hyaluronan are discussed in 
chapter 2.   
 In chapter 3 the viscoelastic properties of HA solutions, at different concentrations and 
molecular weights, are investigated to get a better understanding of the mechanical 
behavior of HA. Furthermore the effect of shortening of the chains by the enzyme 
hyaluronidase (HAase) is shown as a function of time. These model systems are a first 
step in quantitatively describing the mechanical EG. 
 In chapter 4 the EG model systems are extended by adding various EG components to 
HA. The effect of the EG components heparan sulfate, chondroitin sulfate, plasma 
(albumin) and the effect of the HA-binding proteoglycan aggrecan on the viscoelasticity of 
the HA solutions is studied. For the EG to function properly, none of its components can 
be compromised. Only the components interacting with HA (aggrecan, chondroitin 
sulfate), however, were found to have an effect on the mechanical response of the HA-
composites. Furthermore the response remained dominated by HA.   
 In chapter 5, the PCM of prostate cancer cells (PC3 cells) is used as a mechanical 
model for an HA-based PCM. With the applied technique (optical tweezers + far-field 
interferometry) it was possible to mechanically probe this soft PCM (G' ∼ 1 Pa) in the 
presence and absence of exogenous aggrecan. The viscoelastic layer was found to 
extend on average ~1 µm (no aggrecan present) or ~4 µm (aggrecan present) upwards 
from the cell surface. Such a mechanical layer could not be found on human umbilical 
vein endothelial cells in culture (see this chapter, paragraph 1.3.3). 
 In chapter 6 a report is given of our attempts to mechanically probe the EG in an in vivo 
setting. The inside of mouse cremaster capillaries is probed and found to be entirely 
viscous. The interaction between platelets and endothelial cells is studied using our set-
up. Platelets could be attached to the vessel wall by excitation of fluorochromes, when 
held near the vessel wall, with attachment occurring at the rim of the platelets. In chapter 
7 the results of the previous chapters are discussed and a future outlook is given. It is 
concluded that optical tweezers equipped with a far-field interferometer are a promising 
tool for studying vessel wall-particle interactions. 
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