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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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Chapter 2     
 
 
 
 

Hyaluronan: its regulation and function within the 
pericellular matrix  
 
 
 
The macromolecule hyaluronan plays a crucial role in the proper functioning of the 
pericellular matrix. In this chapter regulation and function of HA will be described in more 
detail. Emphasis is put on its structure and synthesis, its interaction with the cell 
membrane and with non-cell bound proteoglycans, and its potential to provide structure to 
the PCM.  
 
 
2.1 Structural aspects of hyaluronan 
 
HA has a simple linear structure, consisting of repeating disaccharides. Each disaccharide 
is build up of D-glucuronic acid linked to N-acetylglucosamine (-β(1,4)-GlcUA-β(1,3)-
GlcNac-) and is negatively charged due to the carboxyl group as illustrated in Figure 2.1. 
Depending on the number of disaccharides, HA can be 0.5−25 µm long, with HAS1 and 
HAS3 synthesizing chains with  molecular weights of  ~ 2×105 - ~2×106 Da , and HAS2 
synthesizing the largest chains  with molecular weight > 2×106 Da  [1] as depicted in 
Figure 2.1. This difference in chain lengths indicates different roles for the HAS isoforms. 
Of the three, HAS2 seems to be the most important for cell migration and cancer cell 
invasiveness [2, 3], with less invasive cells  expressing HAS3 [3].  HAS2 is required for 
embryonic development; mice deficient in HAS2 are not viable while mice deficient in 
HAS1 and HAS3 are [4]. Furthermore reduction of HAS2 expression in osteosarcoma 
cells leads to a decrease in cell proliferation which cannot be re-attained with exogenous 
high molecular weight HA. Over-expression of HAS3 could, however, again restore cell 
proliferation. Over-expression of HAS3 in several types of cells results in the formation of 
long microvillus- like protrusions [5], that might facilitate cell proliferation. The longer the 
HA chains the thicker the PCM can be, which could make cell-detachment easier by 
forming a thick compartment in between cell and extracellular matrix. 
 
 
2.2 Production and breakdown of  hyaluronan 
 
Growth factors can stimulate HA production by activation of protein kinase C which 
directly or indirectly phosphorylates and activates already present hyaluronan synthases 
[6]. Another signal transduction pathway is via extracellular-signal-regulated kinase, ERK,  
activation that directly phosphorylates and activates the enzymes [7].  The synthesis of 
new HAS proteins can also be induced [6, 8, 9] with the ERK’s mitogen-activated protein 
kinase, MAPK,  and phosphoinositide 3-kinase, PI3K,  as identified signaling pathways for 
the PDGF (platelet-derived growth factor)-BB induced HA production [9].  PDGF-BB 
induces HAS2 protein up-regulation but has no effect on HAS3  levels [9].  Again this up- 
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regulation of HAS2 indicates the possibility of the involvement of a thick mechanical PCM 
in facilitating cell detachment. 
 

 
 
Figure 2.1: Schematic of HA synthesis by the HA synthases HAS1, HAS2, HAS 3. A cross-section 
of a cell with in the center the nucleus is depicted. The synthases are multipass transmembrane 
enzymes. They produce HA chains consisting of disaccharides. The HA disaccharide unit has a 
molecular weight of ~ 400 Da, and a length of ~ 1 nm, as shown on the left and right of the figure. 
In the center two disaccharides are shown to indicate that the largest HA chains (> 106 kDa) are 
synthesized by HAS2. 
 
 
 Apart from HA synthesizing molecules there are also HA degrading molecules: the 
hyaluronidase (HAases). There are several human HAases (Hyal-1, Hyal-2, Hyal-3, PH-
20) which degrade HA by cleavage of the β1,4 glycosidic bond. Hyal-2 is a 
glycosylphosphatidylinositol- (GPI-) anchored protein which reduces high molecular 
weight HA to a size of ~ 20 kDa. The internalized and reduced HA is further degraded by 
Hyal-1 to small oligosaccharides, mostly tetrasaccharides. Although Hyal-1 is a lysosomal 
enzyme, it can also be found in circulating plasma [10]. It has, however, a sharp pH 
optimum of 3.7, and is thus expected not to have much activity outside the lysosomes. 
Hyal-2 has a pH optimum of 6-7 and can degrade HA extracellularly [11].  HA expressed 
by invasive breast cancer cells is degraded by this enzyme, but a HAS2 synthesized PCM 
is still present during cell growth [3]. The HA synthase(s) and hyaluronidase(s) are both 
present and active in HA-synthesizing cells, regulating the size of the HA polymers. HA 
polymers of different size have different functions. For instance, HA oligosaccharides 
induce angiogenesis [12, 13], and thus tumor neovascularization. HA oligosaccharides, 
however, have been shown, for several cell types, to reduce cell proliferation and 
migration [14, 15]. That this is not the case for endothelial cells, could be due to the role of 
the EG in shear sensing for which an intact layer is necessary [16, 17]. Replacing 
endogenous high molecular weight HA with HA oligosaccharides could impair the layer’s 
functionality, resulting in intracellular signaling inducing cell proliferation and migration.  
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This has been shown to occur when the EG is degraded by heparinase III, which 
abolishes the suppression of endothelial cell proliferation and migration under flow [18]. 
Intracellular present reactive oxygen species (ROS) can  increase endothelial cell motility 
by regulating actin cytoskeletal network reorganization [19]. Furthermore ROS reduces 
HA polymer length [20] and degrades the EG [21, 22, 23]. This degradation of the EG 
could thus be caused by degradation of extracellular HA. For extracellular degradation by 
Hyal-2, the HA receptor CD44 needs to be expressed [11]. Furthermore CD44 is involved 
in the internalization of HA [24], where it can be further degraded by Hyal-1 [11]. The 
regulation of HA polymer size is thus a complex process involving various HA synthases 
and HAases, with HA polymer size playing an important role in cellular functioning. 
 
 
2.3 Hyaluronan binding to the membrane 
 
CD44 is not the only cell-membrane anchorage point for HA. HA can remain attached to 
its synthase or can be bound by another HA receptor, for instance the Receptor for HA-
Mediated Motility, RHAMM. CD44 is the most abundantly expressed HA-receptor. It is a 
transmembrane glycoprotein with carbohydrate side chains (chondroitin sulfate, heparan 
sulfate, keratan sulfate), and exists in different isoforms [25, 26]. This makes it a diverse 
molecule that does not only interact with HA but can also, via its carbohydrate side chains, 
interact with other extracellular matrix macromolecules like fibronectin, laminin, collagen 
[27, 28], and with growth factors, cytokines [29], and metalloproteinases [30]. The 
transmembrane region is thought to be responsible for CD44-lipid raft association [31], 
while the C-terminal cytoplasmic tail can indirectly  interact with the cytoskeleton  [32, 33, 
34, 35].  HA-CD44 binding can induce intracellular signaling promoting proliferation [36, 
37], cell survival [38], and cell motility [39, 40].  In some cell types expressing CD44, 
however, the RHAMM receptor is required for cell motility [41, 42]. Like CD44, RHAMM 
has several isoforms [43, 44]. It is expressed on the cell surface [45] but can also be 
found intracellularly [46]. Intracellular RHAMM can interact with the cytoskeleton (actin, 
microtubules) [46], and with signaling proteins [47, 48]. Cell surface RHAMM and CD44 
co-localize in invasive breast cancer cells and a signaling pathway induced by HA and 
RHAMM-CD44 interaction is a requirement for the highly motile behavior of these cells 
[49]. The same mechanism is required for fibroblast motility [50]. Thus HA coupling to 
CD44 or/and RHAMM leads to down-stream signaling that results in cytoskeletal 
rearrangement necessary for cell motility. HA can also remain attached to one of its 
synthases, but HAS-cytoskeletal interactions have not been reported.   
 
 
2.4 HA binding proteoglycans  
 
Cell-surface HA receptors like CD44 and RHAMM are not the only hyaldherins (HA 
binding proteoglycans). There is a family of proteoglycans that are not linked to the cell 
surface but bind to HA along its chain length. To this family belong the two 
macromolecules aggrecan and versican [51]. Aggrecan is synthesized by chondrocytes 
and consists of a core protein with mostly chondroitin sulfate side chains and some 
keratan sulfate chains (Figure 2.2) [52]. The core protein (~ 250 kDa) consists of three 
globular domains (G1, G2 and G3) interlinked with two non-globular domains.  The largest 
non-globular domain contains most of the GAG side chains: one aggrecan molecule can 
have ~ 100 chondroitin sulfate chains attached. The N-terminal G1 domain can bind to HA 
[53]. It contains the same link module as the other hyalectins and CD44. This link module 
is also present in a so-called link protein (~ 45 kDa), that binds to both HA and aggrecan, 
stabilizing the HA-aggrecan bond [54].  
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Figure 2.2: Structure of aggrecan and the four isoforms of versican. All express the HA-binding 
domain G1, and the G3 domain. The versican isoforms, however, lack the G2 domain and do have 
any keratan sulfate side chains. Of the four versican isoforms, V0 is the largest, having the most 
chondroitin sulfate side chains. In contrast, V3 does not have any chondroitin sulfate side chains 
and is the smallest of the four isoforms. 
  
 
 Versican is expressed by a variety of cells: from vascular endothelial and smooth 
muscle cells [55, 56, 57] to fibroblasts [58]. It is similar to aggrecan: it contains both the N-
terminal G1 and C-terminal G3 globular domain but lacks the G2 domain (Figure 2.2). 
Versican exists in four isoforms: V0-V3, which vary in core protein length and number of 
chondroitin sulfate side chains. V3 is the smallest of the isoforms and has no side chains 
while V0 is the largest with the most GAG-attachment sites: 17-23 [59]. All of the versican 
variants, however, are capable of binding to HA via the G1 domain. Again, as is the case 
for aggrecan, stable bonds are formed when link protein is present. Interestingly versican 
can also, via its chondroitin sulfate chains, bind to CD44 [60]. The combination of versican 
and HA leads, like aggrecan and HA for chondrocytes [61], to an extended PCM in other 
cell types: prostate cancer cells incorporate versican synthesized by prostatic fibroblasts 
in their PCM, promoting motile cell behavior [62]. Prostate cancer cells can up-regulate 
versican synthesis by prostatic fibroblasts via transforming growth factor β1, TGF-β1 [63]. 
Smooth muscle cells synthesize versican, where it is needed for an extended PCM, motile 
cell behavior and proliferation [14]. Furthermore upon growth factor treatment, PDGF, not 
only the synthesis of high molecular weight HA was up-regulated but also that of versican 
and link protein, resulting in extended pericellular matrices [64]. Furthermore, PDGF 
increases the length of the chondroitin sulfate chains [65]. It is clear from the above that 
the mechanical function of versican in inducing a thick extended PCM is an important 
factor in cell adhesion-events.  
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2.5  PCM Structure 
 
The HA-aggrecan (versican) containing PCM is thought to be structured in a brush-like 
manner with the HA chains extending from the cell surface [66]. An extended HA chain 
can be longer than 20 µm depending on the molecular weight of the chain. The chains are 
expected to follow conformational behavior as described for end-grafted neutral polymers 
in good solvent [67]: at low density (distance between tethered chains > radius of 
gyration), HA chains take up a ‘mushroom’ conformation with a thickness of < ~ 1 µm, 
depending on chain length. When the distance between the chains becomes less than the 
radius of gyration, chain conformation is expected to change to an extended form. The 
density of the chains depends on the number of HA binding sites on the cell surface. 
When the HA chain density is not high enough, the presence of HA binding proteoglycans 
like aggrecan and versican can have the same extensional effect [68]. Versican or 
aggrecan might even be able to cross-link HA via G3 domain-tenascin-G3 domain 
interactions [69]. 
 Recently, however, it has been shown that cells producing a high amount of HA, 
intrinsically or up-regulated due to transfection with HAS3, express not only a thick PCM 
but also long (3 - 20 µm) microvillus like protrusions [70]. These protrusions are not visible 
with phase contrast microscopy, contain actin, and express HAS3 in the cells that were 
transfected with GFP-labeled HAS3. When actin is disrupted with latrunculin A, the 
microvilli and the coat around A6 epithelial cells disappear [71].  This brings forward 
another possible model for the structure of the PCM in which the long microvilli provide a 
scaffold for the HA chains. In chapter 5 it is shown that the presence of aggrecan in the 
culture medium of HA-producing PC3 cells induces the appearance of similar long 
microvillus like protrusions.  
  Furthermore, HA conformation can be effected by serum. The presence of serum can 
induce PCM formation [72, 73] by up-regulating HA and versican synthesis [73]. Serum 
can also play a structural role: fibroblasts and mesothelial cells form a PCM in the 
presence of the serum component IαI (inter-alpha trypsin inhibitor) [74]. The heavy chains 
(HC) of IαI can bind to HA and possibly crosslink the HA chains via HC-HC interactions 
[75]. Fixed bladder carcinoma cells with functional HA receptors, however, were able to 
form an extended coat in the absence of serum when HA and aggrecan were 
administered [76]. Thus, although HA is the backbone of the PCM, various other 
molecules are involved in the structuring of this extracellular layer, but as can be seen in 
chapter 4, HA is the dominating mechanical component.  
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Abstract 
 
The endothelial glycocalyx (EG) is a complex biopolymer network produced by vascular 
endothelial cells that forms a layer with multiple functions at the luminal side of blood 
vessels. The EG acts as an anti-adhesive protection layer, as a molecular sieve and 
chemical sensor site, and as a mechanotransducer of fluid shear stress to the underlying 
cell layer. A major component involved in these processes is the highly hydrated 
glycosaminoglycan (GAG) hyaluronan (HA). Here we used laser interferometry to 
measure the broad-band mechanical response of reconstituted HA solutions at close to 
physiological conditions. HA showed rheological behavior consistent with that of a flexible 
polymer. The elastic behavior observed for entangled HA networks showed reptational 
relaxation with a large distribution of time scales, which disappeared quickly (15 min) with 
the addition of hyaluronidase (HAase).  We conclude that the broad-band mechanical 
probing of model systems (HA solutions) provides quantitative data that are crucial to 
understand the mechanical response of the EG in vivo and its role in mechanosensing. 
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Introduction 
 
The luminal side of blood vessels is covered with a protective, chemically and size 
selective, and mechanosensing polymer layer, called the endothelial glycocalyx (EG) or 
endothelial surface layer [1, 2]. The EG forms a highly negatively charged hydrated 
network consisting of membrane-bound proteoglycans, glycoproteins, 
glycosaminoglycans (GAGs), and adsorbed plasma proteins. Damage of the EG triggers 
an increased adhesion of platelets [3] and leukocytes [4], leakage of fluid through the 
vessel wall [5], and causes a diminished sensitivity to shear stress (diminished NO-
production by endothelial cells) [6, 7]. These multiple patho-physiological consequences 
of damage underline the important role of the EG for the proper functioning of the 
vasculature.  
 The three most prominent GAGs in the EG are heparan sulfate (HS), chondroitin 
sulfate (CS) and hyaluronan (HA). Both HS and CS are produced via the Golgi pathway, 
sulfated and attached to core proteins. HA, in contrast, is not sulfated and is produced at 
the inner side of the plasma membrane [8, 9] and extruded through the plasma membrane 
into the EG. It is constructed as a repeating structure of disaccharide units (D-glucuronic 
acid and N-acetyl-D-glucosamine) linked by β(1-3) and β(1-4) glycosidic bonds [10] 
(Figure 3.1). HA can far exceed the other GAGs in length, with a molecular weight ranging 
from 2x105 -> 2x106 Da [11], compared to 20 kDa and 36 kDa for HS, and 20 kDa for CS 
[12].  It was found, by scattering experiments, to behave like a wormlike chain molecule 
with an intrinsic persistence length of ~ 80 Å [13]. HA is not only found in the EG, but can 
be produced by many other cell types. It plays an important physiological role in the 
extracellular matrix, synovial fluid and the vitreous humor of the eye [14]. 
 

  
 
Figure 3.1: Microrheology in an entangled HA solution. Sketch of the experimental geometry. 
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 Endothelial cells express three vertebrate HA synthases: HAS1, HAS2, and HAS3 [15, 
16]. The molecular weight of a single HA chain seems to depend on the HAS involved in 
its synthesis, with HAS2 responsible for the largest chains (> 2x106 Da) [11]. Endothelial 
cells also express hyaluronidase (HAase) [17]. HAase randomly hydrolyzes the 1→4 
linkages between N-acetyl-D-glucosamine and D-glucuronate, reducing the polymer size. 
Both HAase and plasma HA levels are elevated in type 1 diabetes patients, who show a 
reduction in glycocalyx volume compared to healthy volunteers [18]. It is thus likely that 
the balance between HAS and HAase influences the length and amounts of HA in the EG. 
 The thickness of the EG is in the range of 0.5 - 3 µm [3, 5, 19, 20, 21], which is much 
larger than the mesh size of the HA network [22]. Thus it is reasonable to study the 
mechanics of HA-bulk solutions as a first approach. In a high-salt buffer, HA is expected 
to behave as a flexible hydrophilic polyelectrolyte [23, 24]. Above the entanglement 
concentration ce,  which is determined by the molecular weight of its chains, it forms an 
highly viscoelastic network [25, 26]. In the EG, if arranged similarly, HA can thus withstand 
externally applied stress and can also act as a molecular sieve, permeable for small 
molecules, but not for larger ones. In support of this model, in vivo studies have shown a 
decrease in mechanotransduction and an increase in permeability of the EG when treated 
with HAase [7, 27].  
 Prior studies, using conventional rheometers, have shown that an entangled HA 
solution is viscoelastic, with a shear modulus depending on concentration and molecular 
weight [25, 26]. Macroscopic conventional rheometers, however, can not measure the 
viscoelasticity of the microscopic EG layer, and furthermore have a severely limited 
frequency range. In recent years, new techniques, collectively called microrheology, have 
been developed to measure viscoelastic properties on microscopic length scales by 
observing the motion of micrometer-sized probe particles [28]. Good agreement between 
conventional rheology and video-based microrheology at low frequencies has been 
demonstrated with synthetic polyelectrolytes [29]. We here use laser interferometry to 
measure the position of an optically trapped probe particle precisely in a wide frequency 
range [30, 31].  Earlier work has shown that there is good agreement between macro- and 
this type of microrheology in flexible polymer solutions for frequencies of at least up to 10 
kHz [32]. 
 We have probed the viscoelastic behavior of HA solutions at conditions (concentration 
and molecular weight) resembling the physiological EG in order to elucidate its possible 
role as a mechanotransducer. We show that HA in a high salt buffer can be regarded as a 
flexible polymer [24]. The entangled HA network has an elastic plateau displaying a weak 
power-law dependence caused by the distribution of reptational relaxation times [33]. 
Addition of HAase to an entangled HA network has a drastic effect and leads to a strong 
decrease of the elastic properties of the network. This is likely to be relevant for 
understanding endothelial function in the presence of glycocalyx degrading enzymes. 
 
 
Materials and methods 
 
Sample preparation 
 
Sodium hyaluronate in powder form, with a weight-average molecular weight (Mw) of 231 
kDA (HA200), 1024 kDa (HA1000) and 1844 kDa (HA2000), was obtained from LifeCore 
Biomedical. Hyaluronidase, extracted from bovine testes (fraction IV-S), was purchased 
from Sigma. Phosphate-buffered saline (PBS) was obtained from Fresenius Kabi, and 
spherical silica particles (0.8 µm, 50 mg/l) from G. Kisker GbR. Samples were prepared at 
different HA concentrations by diluting with PBS (pH 7.4): HA200: 10 mg/ml, HA1000: 10 
mg/ml, and HA2000: 0.5 to 10 mg/ml. For the microrheology measurements, silica particles 
with a diameter of 0.8  µm - larger than the average hyaluronan mesh size (approximately  
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0.1 µm for 0.5 mg/ml, MW 680 kDa) [22] - were added. The mixture was put into a 
disposable sample chamber, with the inner dimensions of 26 mm × 5 mm × 100 µm 
(height), consisting of a coverslip and a microscope slide separated from each other by 
double-stick tape. The chamber was sealed with vacuum grease. The measurements 
were carried out at room temperature (21.4 oC). HAase was mixed with the silica particles 
and the 10 mg/ml HA2000 solution to a final concentration of 46.8 U/ml. The mixture was 
incubated at 37 oC for 15, 30, 60, or 120 min before being inserted into the sample 
chamber for measurements at room temperature. The solutions were heated to 37 oC 
prior to incubation. 
 
 
Experimental setup 
 
The microrheology measurements were carried out with a custom-built inverted 
microscope equipped with optical tweezers as described previously [30]. In short, a near 
infrared laser (Nd:YVO4, cw, λ  = 1064 nm, maximum power = 4 W, Compass, Coherent) 
was focused to a diffraction-limited spot with a high-NA oil-immersion objective lens (Zeiss 
Neofluar 100x, NA = 1.3).  The focused beam is able to trap a probe particle inside the 
sample chamber. The outgoing laser light, interfering with the light scattered by the 
particle, was collected with a condenser lens (NA = 1.4) and imaged onto a quadrant 
photodiode placed conjugate to the condenser back-focal plane. The output signals from 
the quadrant photodiode, which are proportional to the displacements of the probe particle 
in two axes normal to the laser beam [34], were digitized and sampled at 195 kHz (AD16 
board on a ChicoPlus PC-card, Innovative Integration). The power spectral density (PSD) 
was calculated from ~4 × 106 data points recorded for each axis. We calibrated both trap 
stiffness and particle displacement by measuring the PSD of identical beads in water with 
identical instrument settings. The spatial resolution of the probe particle position obtained 
with this method (back-focal plane laser interferometry) is better than 1 nm [35]. All 
measurements were carried out ~20 µm away from the bottom surface of the chamber in 
order to avoid an influence of the surface [36]. 
 
 
Shear modulus determination 
 
Details of the method used to derive the shear modulus of the surrounding material from 
the PSDs of probe particles embedded in the material are given elsewhere [30]. The 
accessible range of shear moduli that can be probed with this method lies between ~ 10-3 
to ~ 103 Pa. The fluctuation-dissipation theorem relates the calculated PSD S(ω) of the 
position fluctuations of the probe particles to the imaginary part of the complex response 
function )(")(')( ωαωαωα i+=  as )()4/1()(" B ωωωα STk= . Here, kB is the Boltzmann 

constant, and T the temperature of the solution. Provided that α"(ω) is obtained over a 
wide frequency range, the real part α'(ω) can be calculated via a Kramers-Kronig integral 

relation as ∫∫
∞∞

=
00
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2
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π

ωα . As reported in ref [37], the obtained 

complex response function α(ω) includes the influence of the optical trap. Therefore, α(ω) 
is corrected to the bare material response function αcor(ω) without the presence of the 
optical trap as )1/( tcor ααα k−= where tk is the stiffness of the optical trap [37]. The 

complex shear modulus of the HA solution )(")(')( ωωω iGGG += , with G' the elastic and 
G" the viscous component, is given via the generalized Stokes-Einstein relation (GSER),  
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))(6/(1)( cor ωαπω aG = , with a the bead radius. For a purely viscous medium of viscosityη, 

the Stokes relation is recovered by using ωηω iG −=)(  

 
 

Results and Discussion 
 
High band-width mechanical response of HA.  
 
First, we measured the molecular weight dependence of the shear modulus for a fixed HA 
concentration of 10 mg/ml. PSDs were taken for at least ten different probe particles for 
each molecular weight and averaged as shown in Figure 3.2 (b). PSDs, for each probe 
particle, were analyzed to derive G' and G" and then averaged for each molecular weight 
as shown in Figure 3.2 (c) and (d) (absolute value of G") respectively. G" for the solvent is 
shown as a dotted line in Figure 3.2 (d). 
 

 
 
Figure 3.2: (a) Power spectral densities (PSD) (units V2/Hz) of thermal motion in x- and y-direction 
for beads in 10 mg/ml hyaluronan solutions of molecular weights: 231 kDa (11 different beads), 
1024 kDa (17 beads) and 1844 kDa (21 beads). (b) Averaged PSDs calibrated to nm2/Hz for 231, 
1024, and 1844 kDa. Averages were taken over all beads and the x- and y- directions. (c) Average 
storage moduli G' for 231, 1024 and 1844 kDa calculated from the data in (a). Averages were taken 
over all beads and the x- and y-directions. (d) Average loss moduli G" (absolute value of the 
intrinsically negative numbers) for 231, 1024, 1844 kDa and solvent. Averages were taken over all 
beads and the x- and y-directions.  
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Figure 3.3:  (a) Average storage G' and loss modulus G" (absolute values) superimposed for a 10 
mg/ml 1844 kDa HA solution, (b) for a 10 mg/ml 1024 kDa HA solution, (c) for a 10 mg/ml 231 kDa 
HA solution. (d) G"1844 kDA- G"solvent. Line indicates a slope of 0.63. Dotted and solid lines in (a), (b) 
and (c) show the fit with Equation 3.1  for G' and G" respectively. 
 
 
The frequency dependence of G' and G" for different molecular weights (Mw = 1844 kDa, 
1024 kDa, 231 kDa) is depicted in Figure 3.3 (a)-(c), each in its own panel.  
 Individual chains in a polymer solution interact sterically when their concentration 
becomes larger than c* (~1/Rg

3), where Rg is the radius of gyration of a chain. At 
concentrations higher than the entanglement concentration ce (>> c*), interactions 
between polymer chains, due to strong entanglement, affect the rheological behavior of 
the solution and lead to an elastic plateau region at intermediate frequencies [33]. Stress 
applied to the entangled polymer solution relaxes through the thermal disentanglement of 
the network (reptation). Thus, the elastic modulus decreases at frequencies below the 
inverse of the characteristic time for disentanglement. For the HA solution with the highest 
molecular weight (1844 kDa), the plateau and long-time relaxation are clearly visible 
(Figure 3.3 (a)). The smallest HA tested (231 kDa) at the same concentration (10 mg/ml), 
in contrast, is hardly entangled and shows no plateau (Figure 3.3 (c)). 
 At the high-frequency end, the frequency dependence of G(ω) has a power-law form, 
which typically reflects the relaxation process of the polymer chain within a mesh [30, 32, 
38]. At even higher frequencies (or in very dilute solutions), a purely viscous response 
(power law slope 1) is expected due to solvent drag on the probe. The exponent for the 
power law depends on the flexibility of the single polymer chain and on hydrodynamic   
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interactions: it is about 1/2 for flexible polymers in the Rouse limit,  from 5/9 to 2/3 in the 
Zimm limit [33], and about 3/4 for semiflexible polymers [30].   
 We assume that the frequency dependence of G over the whole frequency regime can 
be described with an empirical relaxation function as:  

                                          sol
0 )(
)(1

)( ωηω
ωτ

ωηω γ
β iiB

i

i
G −−+

−+
−

= . (3.1) 

 
The minus signs in this equation follow from the physical fact that the viscous response 
must follow the force in time, and from our choice of Fourier transform convention 

( tief
d

tf ωω
π
ω −

∫= )(
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)( ). The first term on the right hand side of Equation 3.1, called Cole-

Cole relaxation function, represents both the elastic plateau region and the low frequency 
behavior due to reptation, with ( 1)β ≤  empirically indicating the broadness of the low 

frequency relaxation, 0η the steady state viscosity, and τ the average relaxation time. The 

second term expresses the above mentioned power law behavior at high frequencies. The 
third term includes the solvent contribution with ηsol the viscosity of the solvent. The fits are 
shown in Figure 3.3 (a)-(c). In our experiments, G' does not properly follow the high 
frequency power law due to the cut-off effects in the Kramers-Kronig integration [30]. We 
did find, however, an exponent of 0.63i for the high frequency scaling of G" (HA2000) after 
removing the contribution of the solvent viscosity to the total loss modulus G"; G"HA = G"tot 
- G"solvent (Figure 3.3 (d)). Thus we kept γ fixed at 0.63 to obtain a stable fit. The 
parameters obtained from the fits are listed in Table 3.1. Both the relaxation time τ and the 
specific viscosity ηsp ( sol0 /ηη≡ , withη0 = − lim

ω→0
G"(ω) / iω ) scale with molecular weight as 

Mw
3 (solid lines in Figure 3.6 (a)-(b)). This is characteristic for an entangled network 

composed of flexible polymers [33]. 
  
   
Table 3.1: Parameters obtained from a fit with Equation 3.1 of the shear modulus G for different 
HA molecular weights. Characteristic frequency frep = 1/2πτ obtained from the average relaxation 
time τ. 
 

Mw (kDa) ηηηηsp  ττττ    ((((s))))    frep ( ( ( (Hz)    ββββ B (Pa) 

1844 3224 0.16 0.99 0.84 0.12 

1024 274 0.02 7.96 0.71 0.13 

231 24 0.0003 530 0.52 0 
 
 
 Next, we measured the concentration dependence of the shear modulus for a fixed HA 
molecular weight of 1844 kDa. For each concentration, PSDs were taken for at least ten 
different particles, and averaged as shown in Figure 3.4 (b). PSDs taken for each probe 
particle were first analyzed to derive G' and G" as a function of frequency and then 
averaged for each concentration. Figure 3.4 (c) and (d) depicts the averaged G' and G" 
respectively. G" for the solvent is shown as a dotted line in Figure 3.4 (d). 
                                            
i A similar exponent was found in prior work on wormlike micelle solutions [32]. Both results are consistent 
with Zimm-like dynamics where hydrodynamic interactions play an important role. 
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Figure 3.4: (a) Power spectral densities (PSD) (units V2/Hz) in x- and y-direction for beads in 1844 
kDa hyaluronan solutions of different concentrations: 0.5 mg/ml (21 different beads), 1 mg/ml (17 
beads), 2.5 mg/ml (16 beads), 5 mg/ml (17 beads) and 10 mg/ml (20 beads). (b) Averaged 
calibrated PSDs (nm2/Hz) for 0.5, 1, 2.5, 5 and 10 mg/ml. Averages were taken over all beads and 
the x- and y-directions (c) Average storage modulus G' for 0.5, 1, 2.5, 5 and 10 mg/ml. Averages 
were taken over all beads and the x- and y-directions. (d) Averaged loss moduli G"  (absolute 
values) for 0.5, 1, 2.5, 5 and 10 mg/ml HA, and solvent. Averages were taken over all beads and 
the x- and y-directions. 
  
 
As expected an elastic response (G') emerges with increasing concentration. Nishimura et 
al. probed a similar HA sample (c = 5 mg/ml, Mw = 1900 kDa), with oscillating shear 
between ~ 0.01 –1 Hz in a plate–and-cone rheometer and our microrheology results are in 
good agreement with their macrorheology results [39].The frequency dependence of G' 
and G" for each concentration is depicted in Figure 3.5, each in its own panel. Lines are 
the fit with Equation 3.1, carried out as explained above.  Parameters are listed in Table 
3.2.  
 In Figure 3.6 (e) the concentration dependence of the broadness factor β  is shown, 
which rapidly decays to smaller values for semidilute unentangled solutions and 
asymptotically approaches a single relaxation ( 1~β ) at higher concentration. The narrow 
distributions of reptational relaxation times are observed in concentrated flexible polymer 
solutions or polymer melts. These materials then have elastic plateaus which are 
practically frequency independent. Our semidilute solutions, on the other hand, showed 
approximate power law dependence 1 0.15 0.5βω ω− −=  in the same region, which indicates 
that the distribution of reptational relaxation times is broad (Figure 3.6 (e)). The reason  
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Figure 3.5: Averaged storage G' and loss moduli G" (absolute values) superimposed for a 1844 
kDa HA solution at different concentrations. Dotted and solid lines show the fit with Equation 3.1 for 
G' and G" respectively. 
 
 
Table 3.2: Parameters obtained from a fit with Equation 3.1 of the shear modulus G for different 
HA concentrations. Characteristic frequency frep = 1/2πτ obtained from the average relaxation time 
τ. 
 

c (mg/ml) ηηηηsp ττττ    ((((s))))    frep ( ( ( (Hz)    ββββ B (Pa) 

10 3224 0.16 0.99 0.84 0.12 

5 428 0.09 1.77 0.78 0.06 

2.5 42 0.04 3.98 0.68 0.02 

1 11 0.02 7.96 0.56 0.002 

0.5 4 0.01 15.92 0.53 0.0003 
 
 
most likely is a gradual transition between elastic plateau and high frequency response 
and could also be affected by polydispersity in Mw. In our case the polydispersity was low: 
PDI = 1.1. It should be noted that it is necessary to use a high-bandwidth technique to 
analyze broad relaxation processes quantitatively and obtain an average relaxation time τ  
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Figure 3.6: Molecular weight dependence of (a) the specific viscosity ηsp and (b) the relaxation 
time τ. Concentration dependence of (c) the specific viscosity ηsp, (d) the relaxation time τ  and (e) 
the broadness factor β. Solid lines in (a) and (b) show the Mw

3-dependence of the scaling. Solid 
lines in (c) and (d) show the fits with Equations 3.3 and 3.2 respectively. 
 
 
(Table 3.1 and Table 3.2). Here high-bandwidth microrheology has a definite advantage                                 
over conventional techniques. 
 The viscoelasticity of polyelectrolyte networks in the high salt limit, as we used in this 
study, is qualitatively expected to follow the same scaling law as that of a flexible polymer 
network, with 4/1c∝τ , 4/5

sp c∝η  for the semidilute unentangled and 2/3c∝τ ,  
4/15

sp c∝η  for the semidilute entangled [24]. Solid lines in Figure 3.6 (c) and Figure 3.6  
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(d) are fits with an interpolating function of the semidilute unentangled and semidilute 
entangled regimes as, 
 
                                                  2/3

2
4/1

1 cAcA +=τ ,         (3.2) 
 
     
                                                  4/15

2
4/5

1sp cBcB +=η .          (3.3) 

 
The cross-over behavior from the semidilute unentangled to the semidilute entangled 
state was observed at similar concentrations: 1.9 mg/ml for the τ - fit and 2.9 mg/ml for 
the spη - fit. These values are in a similar range as the previously reported value of 2.4 

mg/ml which was obtained with a DC viscometer for a slightly smaller HA-chain (1500 
kDa) [23]. ii  Furthermore, at low concentrations, we find reasonably good agreement 
between our specific viscosity values and those found by Krause et al. [23], when the 
difference in molecular weight is taken into account.  
 Our experiments show that the empirical expression Equation 3.1 can describe the 
rheological behavior of a HA solution in the semidilute regime, and that the concentration 
and molecular weight dependence of the obtained parameters follow the expected scaling 
laws. More specifically, we confirmed that not only the prediction for the specific viscosity 
(Equation 3.3) but also the prediction for the relaxation time (Equation 3.2) is consistent 
with the data.    
 
 
Effect of HAase activity on the mechanical response of HA.  
 
We followed the effect of HAase on the power spectra and shear moduli of the 1844 kDa 
solution (10 mg/ml) as a function of the incubation time (at 37 oC) with the enzyme. Figure 
3.7 depicts PSDs obtained, at room temperature, from at least six beads, taken within 15 
minutes per time point. Except for the 30 min time point for which half of the 
measurements were taken after 15 min. The average of these PSDs for each time point is 
shown in Figure 3.7 (b). The initial point is taken without incubating with HAase. PSDs, 
taken for each probe particle, were analyzed to derive G' and G". The time dependences 
of G' and G", after treatment with HAase, are displayed in Figure 3.7 (c) and (d) 
respectively. G" for the solvent is shown as a dotted line in the Figure 3.7 (d). 
 The averaged moduli, measured 15 min after HAase treatment, are compared with 
those for the 231 kDa solution (10 mg/ml) in Figure 3.8 (a) and (b). G' and G", measured 
at 15 min, are shown in Figure 3.8 (c), with G" dominating over G' for the whole frequency 
range. Figure 3.8 (d) shows the effect of HAase on the specific viscosity ηsp as a function 
of time.  
 The enzyme HAase cuts HA and reduces its length. Prior to incubation with HAase, the 
high molecular weight entangled HA solution (1844 kDa, 10mg/ml) was predominantly 
elastic over a wide frequency range (2 - 3 kHz) with an elastic modulus of about 100 Pa. 
When incubated with HAase, we observed within minutes a drastic change in G' and G", 
with a rapid loss of the elastic component due to the disentanglement of the solution. After 
15 minutes of incubation with HAase, the moduli closely resembled those of the small 
molecular weight 231 kDa solution of the same concentration (Figure 3.8). The specific 
viscosity was similar: 13 (15 min HAase) compared to 24 (231 kDa). This observation is 
thus consistent with an approximately ten-fold reduction in chain length of the original  

                                            
ii The overlap concentration c* was measured to be 0.59 mg/ml for 1500kDa HA in PBS and the specific 
viscosity at c* was found to be 2.0 in ref [23]. Following their result and extrapolating our data to ηsp(c*) = 2, 
gives us an estimate of c* ~ 0.3 mg/ml for our 2000kDa HA in PBS, which is consistent with ref [23]. 
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polymer. The polymer length is further reduced with longer incubation times. The solution 
after 2 hours of incubation was almost purely viscous (G"~ω at high frequencies) with 
negligible elastic moduli G'. The specific viscosity had been decreased to 2.85.   
 

 
 
Figure 3.7: Effect of hyaluronidase on a 10 mg/ml 1844 kDa HA solution. (a) Power spectral 
densities (PSD) (uncalibrated units V2/Hz) in x- and y-direction for 0 min (6 different beads), 15 min 
(8 beads), 30 min (6 beads), 60 min (9 beads), and 120 min (10 beads). (b) Averaged calibrated 
PSDs for all time points. Averages were taken over all beads and the x- and y-directions. (c) 
Averaged storage moduli G' for all time points. Averages were taken over all beads and the x- and 
y-directions. (d) Averaged loss moduli G" (absolute values) for all time points and for the solvent. 
Averages were taken over all beads and the x- and y-directions. 
 
 
The effect of HAase on the in vivo EG layer has been studied by Henry et al. [27]. They 
used bright-field and fluorescence microscopy to measure the permeability of the EG for 
FITC labeled dextrans of different sizes as a function of time. The addition of HAase at a 
similar concentration as in our experiments induced an increase in permeability of the EG 
for the smaller FITC-dextrans (70 and 145 kDa), which is consistent to our in vitro 
observation (Figure 3.7). The permeability for the larger FITC-dextrans (580 and 2000 
kDa), however, was hardly influenced by the dose of HAase regardless of incubation time, 
indicating an unaltered apparent glycocalyx thickness. Thus it is likely that HAase 
penetrates into the glycocalyx and opens up the network such that smaller dextrans can 
enter more easily. Under this condition, weak cross-linking of the EG which possibly exists 
in vivo [40], prevents the total breakup and decomposition of the EG layer. 
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Figure 3.8: (a) Storage modulus G' for a 10 mg/ml 1844 kDa hyaluronan solution after 15 min of 
hyaluronidase treatment, compared to a 10 mg/ml 231 kDa hyaluronan solution without 
hyaluronidase treatment. (b) Loss modulus G"  (absolute value) for a 10 mg/ml 1844 kDa 
hyaluronan solution after 15 min of hyaluronidase treatment compared to a 10 mg/ml 231 kDa 
hyaluronan solution without hyaluronidase treatment. (c) G' and G" (absolute values) for a 10 
mg/ml 1844 kDa hyaluronan solution after 15 min of hyaluronidase treatment. (d) Effect of 
incubation with hyaluronidase on the specific viscosity ηsp. The viscosity ηsp at various time points 
was obtained from the fits of G with Equation 3.1. 
 
 
Estimation of the in vivo molecular weight and concentration of HA.  
 
HA is expected to be an important factor for the rheological behavior of the EG. To gain a 
better understanding of the EG’s mechanical property, it is necessary to know the 
concentration and molecular weight of the HA-polymers existing in the in vivo EG. 
Exclusion and staining measurements so far provided evidence for a physiological 
glycocalyx thickness between 0.5 and 3 µm [19, 5, 3, 20, 21]. The maximal thickness of 
the EG is likely to be limited by the length of a single HA chain. The contour length of the 
1844 kDa HA chain is about 4.6 µm [41], and thus we can assume that the molecular 
weight of the HA polymers used in this study is within a realistic range compared to the 
endothelial glycocalyx.  
 An estimate of the concentration can be made using an isolated cell study in which 
after 24 hours of flow an amount of 46 × 10-4 ng HA/cell was found [42].  When we take an 
endothelial cell surface area between 1200 µm2 and 300 µm2, we find that the estimated  
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HA concentration for cells exposed to 24 hours of flow is about 8-31 mg/ml for a 
glycocalyx thickness of 0.5 µm, and 1-5 mg/ml for a glycocalyx thickness of 3.0 µm. 
Therefore, our choice for the concentration of the in vitro HA solutions, is physiologically 
relevant.  
 
 
Physiological relevance of the HA mechanical response  
 
The EG is hardly deformed by red blood cells (RBC) when their velocity is higher than 20 
µm/s [19]. The characteristic time for the impact of a high velocity RBC on the glycocalyx 
is estimated by dividing the cell velocity by the thickness of the EG. When we take, for the 
sake of argument, a RBC velocity of 200  µm/s and a thickness of 0.5 µm, we find a 
characteristic time of about 5/200= 0.0025 s. This corresponds to a frequency of 
1/(2π·0.0025) Hz, which lies within the frequency region in which the high molecular 
weight solutions are more elastic (10~100 Pa) than viscous. A predominantly elastic 
response implies storage rather than dissipation of energy. Thus stress applied to the EG 
can be transmitted to the plasma membrane as well as to the cytoskeleton, which is likely 
the initial process for mechanotransduction.   
 When the motion of a RBC is arrested, the EG layer is, however, almost completely 
crushed by the RBC. In order to compress the EG completely, most of the solvent 
molecules have to be squeezed out from the EG.  This compression process takes much 
longer than the time estimated above due to the strong friction between the polymer 
network and the solvent. Indeed, in vivo, it has been observed that the endothelial 
glycocalyx, compressed by a white blood cell, restores its shape/volume in about 0.5-1 
sec [43], which means that even at such long times the response is still elastic.   
 This behavior is different from the predominantly viscous response we measured in our 
HA solutions at low frequencies (< 1 Hz). For our entangled HA solution, the original 
integrity of the network structure is lost due to the reptation of polymer strands and is 
never elastically restored at these low frequencies.  The reason for the different behavior 
in vivo is likely due to interaction with other EG components which could inhibit reptation 
by cross-linking. In a prior study [39] it was shown that chondroitin sulfate has a small 
effect on the shear modulus, while the HA binding proteoglycan aggrecan has a 
considerably larger effect. The latter, however, has not been found in the EG.  Further 
studies, taking cross-linking and compressive deformation modes into consideration, will 
be particularly helpful for modeling the passage of RBCs and leukocytes through blood 
vessels. 
 
 
Conclusions 
 
 We have quantitatively probed the rheological behavior of model systems for the 
endothelial glycocalyx using microrheology, a technique with which one can access small 
sample volumes and characterize the response over a large frequency range, reaching 
frequencies that are expected to be relevant for the endothelial glycocalyx. We confirmed 
that HA in a high-salt buffer is a flexible polymer. We found that the rheological behavior 
of the HA network can be described by the broad distribution of reptational relaxation 
times. We also found that the elasticity characteristic of the entangled HA network 
disappears quickly (15 min) with HAase addition, while the remaining viscosity after two 
hours of HAase activity is still about three times higher than that of water.  
 The HA model networks were investigated in an approximately physiologically range of 
molecular weights and concentrations. The physiological events occurring at the luminal 
side of a blood vessel have various time-scales. Thus, in conclusion, our broad band  
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study is a step towards a better understanding of the physiological role of a mechanical 
HA layer at the luminal side of blood vessels.   
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Abstract 
 
Many cells cover themselves with a multifunctional polymer coat, the pericellular matrix 
(PCM), to mediate mechanical interactions with the environment. A particular PCM, the 
endothelial glycocalyx (EG), is formed by vascular endothelial cells at their luminal side, 
forming the mechanical interface between the flowing blood and the endothelial cell layer. 
Hyaluronan (HA) is involved in the main functions of the EG, mechanotransduction of fluid 
shear stress and molecular sieving. HA, due to its length, is the only glycosaminoglycan 
(GAG) in the EG or any other PCM able to form an entangled network. The mechanical 
functions of the EG are, however, impaired when any one of its components is removed. 
We here used microrheology to measure the effect of the EG constituents heparan 
sulfate, chondroitin sulfate, whole blood plasma, and albumin on the high-bandwidth 
mechanical properties of a HA solution. Furthermore we probed the effect of the 
hyaldherin aggrecan, a constituent of the PCM of chondrocytes, and very similar to 
versican (present in the PCM of various cells, and possibly in the EG). We show that 
components directly interacting with HA (chondroitin sulfate and aggrecan) can increase 
the viscoelastic shear modulus of the polymer composite.    
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Introduction 
 
Polymeric materials serve crucial functions for cells. Because these functions are largely 
mechanical it is important to understand the physical properties of these materials. The 
inside of cells is structured by cytoskeletal protein networks. The outside of cells is often 
covered by a different type of network, the pericellular matrix (PCM), consisting of 
polysaccharides and proteins. For example, chondrocytes in the cartilage of joints are 
surrounded by a several micrometer-thick layer [1], smooth muscle cells express a PCM 
during the detachment phase of migration and the cell rounding phase of mitosis [2], 
prostate cancer cells express a PCM in their motile phase [3]. Vascular endothelial cells, 
forming the inner lining of blood vessels, produce at their luminal side a specific PCM, the 
endothelial glycocalyx (EG) or endothelial surface layer [4]. The EG forms a protective 
anti-adhesive [5, 6] interface between the flowing blood and the underlying endothelial 
cells, acting both as a mechanosensor of fluid shear stress [7, 8, 9] and as a molecular 
sieve [10, 11, 12].  It consists of cell-bound proteoglycans, glycoproteins, glycolipids and 
HA. HA is unique among the glycosaminoglycans (GAGs) that can be found in the EG or 
in other types of PCMs: it is not sulfated, not attached to core proteins, and can reach 
molecular weights (>1000 kDA [13]) far exceeding that of the other GAGs (~ 30 kDA on 
average for heparan sulfate (HS) and chondroitin sulfate (CS), which have a chain length 
between 50 and 150 disaccharides  [14]). After synthesis, HA can stay attached to its 
synthase [15], or can be extracellularly released. After release from the synthase, it can 
remain bound by cell surface receptors, of which CD44 is the most prominent [16], or 
interact with the chondroitin sulfate side chains of the core proteins [17]. A highly hydrated 
and entangled HA network is thus assumed to be the dominating mechanical component 
of the EG and of the PCM in general. Mechanical properties of HA model systems  have 
been investigated in prior studies [18, 19, 20, 21].   
 In vivo, however, the complex composite of HA and various other components is 
crucial for the mechanical integrity and proper functioning of the EG or other PCMs. A 
decrease in shear sensitivity of endothelial cells has been observed when either HS [8] or 
HA [9] are removed from the EG. The barrier functions of the EG are impaired when HA is 
removed and can be restored only when both HA and CS are infused simultaneously [10]. 
Similarly, it was shown that the PCM of chondrocytes could only be fully restored after HA 
digesting by hyaluronidase when both aggrecan and HA were simultaneously 
administered [1]. Apart from the involvement of GAGs in the proper functioning of the EG, 
plasma proteins have also been shown to be important structural factors [22, 23, 24]. In 
the following, we will refer to plasma proteins as components of the EG, although it is 
more precise to refer to them as part of the endothelial surface layer [4]. 
 In this study, we measured the effect of the EG components CS, HS, plasma, and the 
main plasma protein albumin on the mechanical properties of HA. Furthermore we probed 
the effect of the hyaldherin aggrecan. Aggrecan is similar to versican [25, 26], which is 
produced by endothelial cells [27, 28] and found in blood plasma [29]. Although we here 
study bulk solutions, the mesh size of the HA network is small [30] compared to the 
thickness of the EG, which is in the range of 0.5 - 3 µm [5, 31, 12, 32, 33]. Thus, as a first 
approach, it is reasonable to study the mechanics of HA-bulk composites. For this 
purpose we used a high-bandwidth microrheology technique consisting of an optical trap 
and a laser interferometer to locally measure the shear elastic modulus of the samples 
from the displacement of micrometer-sized particles embedded in the solutions. We show 
that components which directly interact with HA polymers (CS and aggrecan) could 
increase the shear modulus of composites, while non-interacting (HS and albumin) could 
not.  
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Materials and methods 
 
Sample preparation 
 
Sodium hyaluronate in powder form, with a weight-average molecular weight (Mw) of 1844 
kDa, was obtained from LifeCore Biomedical. Sodium chondroitin sulfate C (90 %, 
balance is chondroitin sulfate A) (C4384), sodium heparan sulfate (H7640), aggrecan 
(>2500 kDa) (A1960), and bovine plasma (P4639) were obtained from Sigma-Aldrich. 
Bovine serum albumin (Cohn Fraction V, 05480) was obtained from Biochemika. 
Phosphate-buffered saline (PBS) was obtained from Fresenius Kabi, and spherical silica 
particles (0.8 µm, 50 mg/l) from G. Kisker GbR. Samples were prepared at different 
concentrations by diluting in PBS (pH 7.4). Lyophilized plasma and albumin were 
dissolved in PBS without stirring to prevent foaming. HA (10 mg/ml) was used for the inset 
of Figure 4.2. Mixtures with or without other EG components were made from a vortexed 
stock solution of HA (5 mg/ml) by adding an appropriate volume containing the other 
component and beads or only PBS and beads resulting in a HA concentration of 2.5 
mg/ml. Samples were briefly (< 5 s) vortexed (no foaming was observed in the protein-
containing samples). In all the mixtures, the HA concentration was kept constant at 2.5 
mg/ml. Silica particles, probes for the microrheology measurements, were included in the 
sample. Samples were put into disposable microscope chambers consisting of a coverslip 
and a microscope slide joined by double-stick tape with a thickness of ~100 µm (Figure 
4.1). The chambers were sealed with vacuum grease. The measurements were carried 
out at room temperature (22 oC). 

 
Figure 4.1: Schematic of the sample chamber assembled from slide glass, coverslip and double 
stick tape (not to scale). 
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Experimental setup 
 
The microrheology measurements were performed using a custom-built inverted 
microscope equipped with optical tweezers described previously [34, 35, 36]: in short, a 
near-infrared laser (diode laser, cw, λ = 830 nm, IQ1C140, Laser 2000) was focused to a 
diffraction-limited spot with a high-NA oil-immersion objective lens (Zeiss Neofluar 100x, 
NA = 1.3). The laser light was collected by a condenser lens (NA = 1.4) after passing 
through the sample chamber and imaged onto a quadrant photodiode (10 mm diameter, 
Spot9-DMI, UDT) located conjugate to the condenser’s back-focal plane. The output 
signals from the quadrant photodiode are proportional to the displacements of the probe 
particle in two perpendicular axes, x and y, both normal to the propagation direction of the 
laser beam [37, 38]. The x-, y-output signals were digitized and sampled at 195 kHz 
(AD16 board on a ChicoPlus PC-card, Innovative Integration). The power spectral density 
(PSD) was calculated from ~ 4 × 106 data points recorded for each axis. The trap stiffness 
and particle displacement were calibrated by measuring the PSD of the probe particles in 
water with identical instrument settings [39, 40, 41]. The spatial resolution of probe particle 
position obtained with back-focal plane laser interferometry is better than 1 nm [38]. All 
measurements were carried out ~20 µm away from the bottom surface of the sample 
chamber to avoid a perturbation from the surface [42]. 
 
 
Calibration for the high-concentration protein solution  
 
Calibration factors for the trap stiffness and for particle displacement obtained by 
observing the particle’s fluctuations in water cannot be used for probe particles trapped in 
solutions having a refractive index much different from water. Differences in refractive 
index between water and high concentrations of proteins can change the efficiency of the 
trap and the laser diffraction. To check if this was the case for our 44 mg/ml albumin 
samples, we used a different calibration method: actively displacing the laser sinusoidally 
across the probe particle by using an acousto-optic deflector (frequency of 2 kHz, and 
amplitude of 40 nm) and detecting the output of the quadrant photodiode with a lock-in 
amplifier (SR830, Stanford Research Systems). The output of the lock-in amplifier gives 
the calibration factor for the particle’s displacement. Details of the technique can be found 
in [43, 44]. Probing both water and albumin (44 mg/ml) in this way, we found only a < 1 % 
difference in calibration factor between the two, concluding that it is possible to use the 
passive water calibration method even for the albumin containing mixtures.  
 
 
Shear modulus determination 
 
The shear modulus of the material surrounding the probe particle is determined from the 
PSD, S(ω), of the probe particle’s position fluctuations [34, 35]. S(ω) is related to the 
imaginary part of the complex response function α(ω) via the fluctuation-dissipation 
theorem as )()4/1()(" B ωωωα STk= [45]. Here, kB is the Boltzmann constant, and T the 

temperature of the solution. Provided that α"(ω) is obtained over a wide frequency range, 
the real part α'(ω) can be calculated via a Kramers-Kronig integral relation as 

∫∫
∞∞

=
00

)sin()(")cos(
2

)(' tdtdt ξξξαω
π

ωα . The complex response function, obtained by this 

method, includes the influence of the optical trap [36]. The material response function αcor 
without the trap contribution is obtained as )1/( tcor ααα k−= , with kt  the stiffness of the  
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optical trap [36]. The complex shear modulus )(")(')( ωωω iGGG += , with G' the elastic 
and G" the viscous component, is given via the generalized Stokes-Einstein relation 
(GSER): ))(6/(1)( cor ωαπω aG = , with a the bead radius [34, 35]. The G'- and G"-
curves shown in this paper are averages taken over ~ 20 probe particles and the x- and y-
directions. 
 
 
Results and discussion 
 
In this study we use a semidilute unentangled 2.5 mg/ml HA solution [20, 21]. Therefore 
we expect the shear moduli to reflect single molecule relaxation dynamics.  Relaxation 
would be dominated by orientational dynamics at low frequencies and by intra-chain 
dynamics at high frequencies [46]. The frequency dependence of the shear moduli we 
measured is consistent with this interpretation (Figure 4.2). 
 

 
 
Figure 4.2: (a) Storage G' and loss modulus G" of 2.5 mg/ml 1844 kDa HA solution. Averages 
were taken over 18 beads and the x- and y- directions. Inset shows G' and G" for an entangled 10 
mg/ml 1844 kDa HA solution expressing a distinctive elastic plateau. Averages were taken over 10 
beads and the x- and y- directions. 
 
 
This is in contrast to the viscoelastic response of an entangled polymer solution, which 
has typically three distinct frequency domains. As shown in the inset of Figure 4.2 (10 
mg/ml HA solution), entangled polymer solutions show an intermediate plateau in the 
elastic modulus G' [47, 48, 49, 50]. The plateau is limited towards low frequencies by the 
disentanglement time of the chains, towards high frequencies by the longest relaxation 
time (Rouse mode) of a mesh [51].  
 We chose the semidilute unentangled 2.5 mg/ml solution because it is more suited to 
probe the effects of EG constituents on the mechanical properties of HA composites, than  
a solution of higher concentration, which is already highly elastic due to strong 
entanglement. This concentration is also not unreasonable for comparison with the  
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physiological situation, although the HA concentration in the EG is not directly known. It 
can be roughly estimated to be 1-5 mg/ml for a glycocalyx thickness of 3 µm from the total 
amount of HA harvested from cultured endothelial cells [52, 21]. Confocal images of HA in 
the EG of cultured endothelial cells show a thickness of about 3 µm [33]. 
 
 
Effect of the GAGs chondroitin sulfate and heparan sulfate  
 
We first tested the influence of GAGs on the HA solution. HS is the most abundant 
sulfated GAG in the EG, with HS-proteoglycans constituting 50-90% of the total 
proteoglycan population [53]. HS, however, has hardly any effect on the mechanical 
response of the HA composite as can be seen in Figure 4.3 (a) and (b). There is only a 
small change in the high-frequency power-law region that can be understood as merely an 
increase in the viscosity of the solution, which is expected even without direct interaction 
with the HA polymers. The low-frequency response, on the other hand, remains 
unchanged, suggesting no direct mechanical interaction between HA and HS. Cross-
linking, for example, would have a large effect on the low-frequency response [54]. The 
finding is consistent with the literature, inasmuch as no such interaction has been 
reported. Heparin is very similar to HS and has been shown in bead agglutination tests to 
hardly  interact with HA [17]. The presence of CS, at the same concentration (15 mg/ml), 
on the other hand, increases both G' (Figure 4.3 (a)) and G" (Figure 4.3 (b)) by about 2-5 
times, depending on the frequency. Both HS and CS have similar molecular weights and 
are negatively charged. Electrostatic repulsion within and between CS molecules could 
induce a stiffening of the HA chains, which would be observed as an increase in G′ 
(Figure 4.3 (a)).  
 

 
 
Figure 4.3: Effect of heparan sulfate and chondroitin sulfate on the HA composite network 
viscoelasticity. (a) Storage moduli G' and (b) loss moduli G" for solutions of hyaluronan (2.5 mg/ml, 
1844 kDa) with chondroitin sulfate (15 mg/ml) (HA+CS15) and heparan sulfate (15 mg/ml) 
(HA+HS15). Averages were taken over 19 (HA+HS15), 17 (HA+CS15) beads and the x- and y-
directions. For comparison, G' and G" for the pure hyaluronan solution (HA) ((2.5 mg/ml, 1844 kDa) 
are also depicted in (a) G' and (b) G". Averages were taken over 18 beads.  
 
  
 The increase in elasticity only for CS, however, indicates an interaction different from 
purely electrostatically repulsive between CS and HA. CS has indeed been reported to 
interact with HA [17]. The interaction was shown to be stronger with chondroitin sulfate C, 
probed here, exhibiting a higher affinity for HA than chondroitin sulfate A [17, 55, 56]. Of 
the two types, chondroitin C is the one mostly produced by endothelial cells [57]. The 
exact concentrations of HS and CS in the EG are not known, but they were found to have  
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a 1:4 ratio (CS:HS) in mouse mammary epithelial cells [58]. A lower limit for HS can be 
estimated from an EG-perturbation study in humans, where about 6 mg/dl HS was 
released during early reperfusion after global ischemia with circulatory arrest [59], i.e. 
during the restart of blood flow after surgery. Assuming a total plasma volume of 4.5 l and 
a glycocalyx volume of 1.5 l [60], we get a HS estimate of about 0.6 mg/ml in the EG. This 
value is a lower limit since we do not know if all HS was shed in this study and how much 
was cleared by the liver prior to measurement. Furthermore we assume in this rough 
estimate that HS is equally distributed throughout the EG volume which does not need to 
be the case. In our experiments, we chose higher concentrations of CS and HS to clearly 
show the effects on the elasticity of the HA solution. 
 
 
The effect of plasma and the plasma protein albumin 
 
Plasma proteins are involved in the structuring of the EG, suggesting a mechanical 
interaction with other EG components. We therefore investigated the mechanical 
response of HA in the presence of plasma and in the presence of the major plasma 
protein albumin at a concentration as found in plasma (44 mg/ml). The mechanical 
response of the HA solution mixed with plasma or albumin, is shown in Figure 4.4. As can 
be seen from the figure, the effect of plasma and albumin is similar and the data points of 
the latter experiment are almost fully covered by the former. Clearly albumin does not 
interact with HA since no change in the low frequency response is visible. Only the power-
law region is affected due to an increase in viscosity. Also shown in Figure 4.4 are the 
viscous moduli for plasma, albumin and water. 
 

 
 
Figure 4.4: Effect of plasma and albumin on the HA composite network viscoelasticity. (a) Storage 
moduli G' and (b) loss moduli G" for solutions of hyaluronan (2.5 mg/ml, 1844 kDa) without (HA), 
with plasma (HA+plasma) and with albumin (44 mg/ml) (HA+albumin). Averages were taken over 
18 (HA), 19 (HA+plasma), 30 (HA+albumin) beads and the x- and y-directions. Also depicted in (b) 
are average G" for plasma, for albumin, and for water. Averages were taken over 20 (plasma), 20 
(albumin), 10 (water) beads and the x- and y-directions. 
 
  
 In a prior study albumin was shown to modify the mechanical properties of a HA 
network [61]. It was speculated that albumin forms a tenuous network around the HA 
polymers, increasing the number of entanglements in the solution. In contrast, here in our 
high band-width linear response study we find no evidence for an increase in 
entanglement of the composite: the low-frequency response of HA was unaltered by the 
presence of albumin. In [61], high pre-shearing (100 s-1) was applied to the sample prior to  
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the experiment, which might have caused a conformational change of the albumin 
molecule, or the network structure, leading to a stronger interaction [62].   
 Studies in the living organism [23, 24] and on cultured cells [22, 33] have shown that 
plasma and albumin are essential for a structured EG with shear sensing [22] and barrier 
functions [24, 33]. Furthermore it has been shown for lung endothelial cells that HA is the 
main structural EG component which keeps albumin inside of the EG layer and hinders 
albumin diffusion [33]. These observations suggest the existence of a more subtle 
physiological response of HA to albumin in the EG, which could not be found in our simple 
HA-albumin composite. 
 
 
The effect of aggrecan  
 
Finally we probed the effect of aggrecan (5 mg/ml) on the mechanical response of our HA 
(2.5 mg/ml) solution. Aggrecan can, unlike the other GAGs or proteoglycans, bind to HA 
via its G1 domain [63]. Stable bonds are formed when an additional link protein is present 
[64]. In Figure 4.5, the mechanical response of an HA composite with aggrecan is shown. 
We observed a much larger effect of aggrecan than of the GAGs or albumin on the low 
frequency viscoelastic response of HA. Aggrecan by itself is already a large enough 
molecule to cause a viscoelastic response of a pure aggrecan solution at high enough 
frequencies (Figure 4.5 (a) and (b)). The response of the composite is at high frequencies 
close to the sum of the two pure solutions which suggests that both molecules contribute 
independently at the small length scales probed at these frequencies.  At low frequencies, 
however, it is evident that aggrecan causes an increase in the shear modulus that is more 
than additive. As can be seen from Figure 4.5 (b), G" at high frequencies increased ~ 2 
times, while the increase at low frequencies was about 2.4-3 times. This resulted in a 
larger frequency range in which G' dominated over G": ~ 2 - 200 Hz (Figure 4.5 (c)). Note 
that this is the opposite of the effect of CS (15 mg/ml) which caused more increase in the 
high-frequency regime (Figure 4.3). Likely aggrecan, associated with HA, extends the 
conformation of the compound such that entanglement effects begin to show. An 
aggrecan monomer consists of a core protein with (predominately) chondroitin sulfate side 
chains (~ 100), which give aggrecan a brush-like appearance [65]. Electrostatic repulsion 
between the negatively charged brushes can explain a more extended conformation of 
HA-aggrecan. A schematic of HA with attached aggrecan monomers is depicted Figure 
4.5 (d).  
 The effect of aggrecan and CS on the mechanical response of HA has been 
investigated in a prior study in a limited frequency range (0.1-10 rad s-1) using a 
conventional rheometer [66]. Our high-bandwidth results are consistent with this study at 
low frequencies.   
 Aggrecan is present  in the PCM of chondrocytes [1]. Its close relative versican [26] is 
more widely produced and is, for instance, present in the PCM of migrating smooth 
muscle cells [2] and prostate cancer cells [3]. Although versican is not mentioned in 
respect to the EG [67, 4], endothelial cells are capable of producing it. Versican has been 
shown to be expressed by aortic endothelial cells at the luminal cell surface [27], and  by 
glomerular endothelial cells, where it could be involved in the permselectivity of the 
glomerular filtration barrier [28]. Furthermore it is present in human plasma [29]. Since 
versican is similar to aggrecan, expressing a similar HA binding domain, our results on 
aggrecan and HA are likely to be also relevant to the EG. 
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Figure 4.5: Effect of aggrecan on the HA composite network viscoelasticity. (a) Storage moduli G'  
and (b) loss moduli G" for solutions of hyaluronan (2.5 mg/ml, 1844 kDa) without (HA), and with 
aggrecan (5 mg/ml) (HA+aggrecan) and for aggrecan (5 mg/ml) (aggrecan). Averages were taken 
over 18 (HA), 18 (HA+aggrecan), 18 (aggrecan) beads and the x- and y-directions. (c) Average 
storage G' and loss modulus G" superimposed for the solution containing both hyaluronan (HA) 
and aggrecan. (d) Schematic drawing of a hyaluronan polymer with attached aggrecan monomers.   
 
 
Conclusion and outlook 
 
In order to quantitatively understand the mechanical properties of the glycocalyx of 
endothelial cells (EG), which line the interior of blood vessels, we here studied model 
systems of  hyaluronan (HA) with various EG components. We have used optically 
trapped sub-micron probe particles to measure the viscoelastic response parameters of 
the composite materials. 
 We found that chondroitin sulfate (CS) and aggrecan which are known to directly 
interact with HA modify/increase the low frequency elasticity of the HA solution while 
heparan sulfate (HS), plasma and albumin did not have an effect.  
 We have used bulk HA-composites as a model system to understand the mechanical 
properties of a HA-based EG or of other PCMs.  Our study, however, could not elucidate 
the role of plasma on the mechanics of the EG; although removal of plasma has been 
shown to collapse the EG layer in vivo, our model system did not show any evidence for a 
direct interaction with the HA chains.  
 The exact architecture of the in vivo EG is not yet known. It is known, however, that HA 
can be bound by one end to its synthase or to an HA-receptor such as CD44 on the  
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endothelial cell surface.  Polyelectrolytes tethered on a 2D surface experience a transition 
in morphology from a coil to an extended brush-like structure depending on the inter-chain 
distance and electrostatic interactions along the chain [1].  Such a transition might be the 
reason for structural changes in the EG layer in response to EG components like CS, HS, 
and plasma.  Thus a logical next step in elucidating the mechanics of the EG is to probe 
the mechanical properties of thin surface-tethered HA-layers with microrheology. The 
mechanical response of controlled bulk HA composites carried out in this study should be 
useful as a basis for such further studies.  
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Abstract 
 
Many cells express on their outside a membrane-coupled mechanical layer, the 
pericellular matrix (PCM). The PCM can be micrometers thick and is amongst others 
associated with cell proliferation and migration. It has the glycosaminoglycan hyaluronan 
(HA) as its backbone, to which proteoglycans like aggrecan or versican can bind. The 
latter, like HA, is associated with cancer progression and metastasis. Exploring the local 
viscoelasticity of the PCM is essential for understanding its mechanical design and 
functioning. Here we introduce the application of a micro-rheometric technique, based on 
the optical trapping of < µm sized colloids, with which we obtained a mechanical cross-
section of the PCM of cultured prostate cancer cells (PC3 cells), with 500nm spatial 
resolution. In the presence of exogenously aggrecan we not only found an increase in 
thickness of the layer but also the expression of long microvillus-like protrusions (<~ 10 
µm) embedded in the soft HA-aggrecan coat. 
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Introduction  

 
Many cells express on their outside a mechanical layer, the pericellular matrix (PCM), 
which forms the interface between the cell and the extracellular matrix and is thus likely to 
be of significant importance for cellular functioning [1, 2, 3, 4, 5, 6]. The PCM has been 
shown to play an important mechanical role in various cellular processes like proliferation, 
migration, and mechanosensing [7, 8, 1, 3]. It is rapidly formed during mitotic cell rounding 
and observed mostly at the trailing edge of migrating cells, facilitating their detachment [1, 
3]. A particular PCM, the endothelial glycocalyx (EG) is expressed by vascular endothelial 
cells, forming the interface between the flowing blood and the underlying cell layer, acting 
as a protective barrier and mechanotransducer of shear stress [5, 9, 10]. Although there 
are differences in composition between PCMs depending on the cell type they enclose, for 
instance chondrocytes have collagen incorporated in their PCM [7], while this protein is 
absent in the EG [11], the PCMs share the dependence on a common denominator the 
polymer hyaluronan (HA). HA is  the  mechanical backbone of the PCM: replacing native 
high molecular weight HA by HA oligosaccharides through a competitive mechanism 
results in inhibition of cell migration and proliferation [1]. The motility and invasive nature 
of osteosarcoma cells are abolished by the same treatment [12], which suggests the 
involvement of a mechanical PCM in cancer cell metastasis. Endothelial cells loose their 
ability to respond to fluid flow when HA is enzymatically removed [10].    
 In order to express a natively extending PCM, not only HA but also HA binding 
proteoglycans like aggrecan or versican are necessary [3, 13]. High molecular weight HA, 
however, is expected to be the main mechanical component (chapter 4). Here we 
mechanically probed the PCM expressed on HA-synthesizing prostate cancer epithelial 
cells (PC3 cells) [3] using an optical tweezers setup equipped with a far-field 
interferometer. 
 We employed an upright microscope, instead of the inverted configuration which is 
common for optical trapping. This ensures a better laser focusing without being disturbed 
by inhomogeneous cell constituents, which enabled us to efficiently manipulate and 
precisely measure the position of the probe particle. Furthermore, in the upright 
configuration, it is possible to push the probe particle down to the cell surface with a 
weaker optical trap, which is essential when measuring soft and fragile materials [14]. We 
used a water immersion objective to eliminate the dependence of lateral trap stiffness on 
the distance to the cell surface [15].  With this setup we obtained a mechanical cross-
section of the PC3-PCM and quantitatively resolved the local viscoelasticity and its 
sensitive response to aggrecan and hyaluronidase (HAase) with sub-micrometer 
resolution.     
 
 
Material and methods   

Sample preparation 
 

The culture medium D-MEM, as well as antibiotic-antimycotic, non-essential amino acid 
solution, trypsin and inactivated fetal bovine serum (FBS) were obtained from GIBCO-
Invitogen. Phosphate Buffered Saline (PBS, pH 7.4) was purchased from Fresenius Kabi, 
and the silica spheres (0.8 µm, 50 mg/l) from G. Kisker GbR. Aggrecan and hyaluronidase 
(bovine testis, fraction IV-S) were obtained from Sigma Aldrich. Fibronectin was a kind gift 
from the Sanquin Research Foundation (Amsterdam, The Netherlands). PC3 cells (human 
prostate adenocarcinoma cell line) were grown in cell culture flasks coated with 10 mg/ml 
fibronectin at 37 oC in 5 % CO2. Cells were cultured in D-MEM supplemented with 10 % 
FBS, 1 % non-essential amino acid solution and 1 % antibiotic-antimycotic solution. For 
each microrheology measurement, cells were trypsinized from a culture flask and seeded  
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on a glass coverslip, located in a re-usable glass chamber (Figure 5.1). The bottom of the 
chamber was made of a slide glass. The spacers at the four lateral sides were made of 
glass with a height of 0.39 mm. The spacers were glued to the slide glass with silicon 
resin, forming an inner volume of 22×14×0.39 mm3. After seeding, cells were incubated 
for 90 minutes before the culture medium was replaced by either new culture medium 
without any extra additives, or with culture medium containing aggrecan (1 mg/ml) with or 
without HAase (40 units/ml). After 90 min, 0.8 µm silica beads were added and the 
chamber was sealed by a second coverslip, placed on top of the spacers. Measurements 
were done within an hour after the sample was taken out of the incubator at room 
temperature (21.8 oC).  

 
Figure 5.1:  Schematic of the sample chamber assembled from (slide) glass and sealed with a 
coverslip (not to scale). 
 
 
Immunofluorescence confocal imaging 
 
For the immuno-fluorescence staining of actin, PC3 cells were seeded on glass coverslips 
and incubated for 90 min with normal culture media, in a protocol identical to that used in 
the microrheology measurements. After further 90 min incubation with aggrecan (1 mg/ml), 
the cells were fixed with paraformaldehyde (4 %), without intermediate washing of the 
cells. After 10 min the paraformaldehyde was removed and the cells were washed with 
PBS (2×). The cells were then stained with Alexa Fluor® 555 phalloidin (5 U/ml, Molecular 
Probes) for 60 min. After a final wash step with PBS, the cells were mounted on a slide 
glass, and sealed. 50% glycerol in PBS was used as mounting medium. Fluorescent 
images of actin containing microvilli were obtained with a confocal microscope (Leica TCS 
SP2). 3-dimensional scans were made with a stepsize of 120 nm in the z-direction. Data 
were analyzed and projected on to cross-sections using WCIF ImageJ software. 
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The microrheology setup 
 
The microrheology measurements were performed with a custom-built optical tweezers 
setup. The setup was built around, and attached to an upright microscope equipped with 
differential interference contrast (Olympus BX51WI). Its water immersion objective 
(UPlanApo, 60×, NA=1.2, Olympus) was used to focus an 830 nm laser beam (diode 
laser, cw, 140 mW, 1Q1C140 G5, Laser 2000) in the sample chamber. The thermal 
motion of a trapped 0.8 µm silica bead inside the chamber was detected with a quadrant 
photodiode (diameter = 10 mm, SPOT-9DMI, UDT Sensors, Hawthorne, CA, USA) using 
back-focal-plane interferometry. For optimal trapping, the laser was expanded (3×) by a 
beam expander (LINOS Photonics, Germany).  The laser power was controlled by a 
combination of a half wave plate and a polarizer.  A 1:1 telescope system was used for 
fine positioning and steering of the beam focus. To detect the position of the trapped 
bead, the out-going laser light interfering with the bead-scattered light, was collected by a 
condenser lens (NA = 0.8, WI-UCP, Olympus), and projected onto a quadrant photodiode 
(diameter = 10 mm, SPOT-9DMI, UDT Sensors, Hawthorne, CA, USA), positioned at the 
image plane of the back focal plane of the condenser lens [16]. The four output signals of 
the quadrant photodiode were processed with analog amplifiers to get the x-, y- voltages, 
corresponding to the position of the trapped bead in two (x-, y-) directions parallel to the 
sample plane. These voltages were recorded using a data acquisition board (PCI-4451, 
National Instruments, Austin, TX, USA) operated with LabView software (National 
Instruments, Austin, TX, USA). Data was taken with a sampling rate of 195 kHz (2 × 106 
data points).  The precise z-positioning of the trapped bead was achieved by mounting the 
objective lens on a piezo-driven nano-focussing device (P-720, Physik Instrumente) which 
was computer-controlled. The microscope was operated in high contrast DIC-mode.   
 Measurements were started at a height of about 10 µm above the cell surface, going 
down with initial steps of 1 µm and ending with steps of 0.5 µm for the last 2 µm range. 
The z-position of the trapped particle was manipulated with a PC-controlled piezo stage. 
When the focus of the laser beam crosses over the cell membrane surface, the bead is 
displaced from the center of the trap, leading to a loss of quadrant photodiode signal.  0.5 
µm higher than this point was set as the origin of the height coordinate (h = 0 µm).  After 
scanning across the PCM along the height direction, we brought the probe bead upwards 
and measured again at h = 25 µm.   
 
  
Shear modulus determination 
 
The imaginary part of the complex response function )(")(')( ωαωαωα i+=  ( Fx /=α , 
with x the displacement of the probe particle, and F the force exerted on the probe 
particle) was obtained via the fluctuation-dissipation theorem from the power spectral 
density S(ω) [17]: )()4/1()(" B ωωωα STk= , with kB the Boltzmann constant, and T the 

temperature of the solution. Under the condition that α"(ω) is known over a wide frequency 
range, a Kramers-Kronig integral can be used to obtain  
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ωα . In the case of a spherical particle, as in our 

experiments, a generalized Stokes-Einstein equation can furthermore be used to finally 
derive the complex shear modulus: ))(6/(1)( ωαπω aG = , with a the bead radius. Before 
this final step is taken, however, the complex response function should be corrected for 
the contribution of the optical trap to the measured response: )1/( tcor ααα k−=  where tk  

is the trap stiffness and α the uncorrected response [14].  
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Position and force calibration 
 
The voltage output of the quadrant photodiode used for laser interferometry is proportional 
to the trapped bead’s position [16, 18].  In order to get the actual displacements from the 
trap center in (nano-) meter units, probe particles, identical to the ones used in the cell 
experiments, were measured in water using the same technique [19, 20, 21]. The power 
spectra of the fluctuations of beads in water have a Lorentzian form: )/( 22

c
2

c0 fffS + , 

where 0S  is the value for the low frequency plateau and cf  the corner frequency. The 

calibration factor R(m/V) relates the power spectrum of  the output signal (V2/Hz) to that of 
the bead’s fluctuations (m2/Hz) as S(m2/Hz) = R2S(V2/Hz).  By fitting the power spectra of 
the output signal S(V2/Hz) with a Lorentzian, values for 2

c0fS (V2Hz) and 2
cf are obtained. 

The Brownian motion of a trapped particle in a purely viscous solvent is described by 
2

B0 /4 κγ TkS =  and πγκ 2/c =f , where γ  is the drag coefficient and κ is the trap stiffness.  

Using the drag coefficient for a spherical particle given by Stoke’s law ( aπηγ 6= , η is the 

viscosity of the medium, a = the particle’s radius), we get aTkfS ηπ 3
B

2
c0 6/=  in m2Hz. 

Comparing the measured value of 2
c0fS  (in V2Hz) with the calculated value 

( aTk ηπ 3
B 6/= ) gives R. From the measurement of cf  the trap stiffness follows: 

c
212 afηπκ = .   

   
 
Correction for surface effect (Faxen’s law) 
 
In prior works [22, 23, 24, 25], experiments as well as calibrations were carried out at 
around 20 µm away from the glass surface.  This was necessary to avoid artifacts such as 
spherical aberrations of the objective lens, which give rise to a height dependence in 
calibration and trap stiffness [15]. By using a water-immersion lens in this study instead of 
an oil-immersion lens we could avoid the effect of spherical aberrations on the trap 
stiffness and calibration. For a water-immersion lens used for imaging in an aqueous 
solution the trap stiffness is independent of height [15]. The corner frequency, however, is 
still dependent on height due to the hydrodynamic interaction between the particle and the 
glass surface, at distances from the surface comparable to the particle size. This 
hydrodynamic interaction between the particle and the surface results in an apparent 
higher viscosity ηapp, due to an increase in the viscous drag coefficient γ also known as 
Faxen’s law [26]. For scanning microrheometry, therefore, the viscoelasticity obtained 
using the same calibration procedure, �increases on approach to the cell membrane, in the 
proximity of the surface even if there is no viscoelastic pericellular layer present.  The data 
were thus corrected for this effect by measuring the apparent viscous modulus as a 
function of height above the glass surface, where no cells were present. The in this way 
obtained Faxen curve is shown in Figure 5.2, and is an average over 8 height scans. 
From the experimental curve, correction factors for each height point were obtained by 
normalizing the curve by the value at the 25 µm-point where calibrations in this study were 
taken. Finally by dividing the apparent G' and G" with the height dependent correction 
factors, the true shear moduli were found. These were analyzed to find the mechanical 
parameters of the PCM. 
 
 
 
 
 



  Results 

 67 

 

 
 
Figure 5.2:  Faxen curve: apparent increase in viscosity due to surface proximity. Average curve 
experimentally obtained from 8 height-scans of G" (1676 Hz), and normalized by G" at 25 µm.  
 
  
Analysis of G' and G"-scan 

 
G' at low frequencies is influenced by the existence of a mechanically stabilized HA 
network (e.g. cross-linked or entangled). G" at high frequencies, approximately expressed 
as " ~G iωη− , however, indicates the viscosity of the PCM, which is an approximate 
measure for the concentration of the viscoelastic components in the PCM regardless of 
the presence or absence of stable network formation. Thus we focused here on the height 
dependence of G' at low frequencies (15 Hz, taken as an average between 7 and 22 Hz), 
and of G" at high frequencies (1700 Hz, taken as an average between 1100 and 2200 Hz) 
of the Faxen corrected curves. 
 
 
Results   
 
The existence of a PCM on PC3 cell surfaces incubated with aggrecan is tested in Figure 
5.3 (a), using a particle exclusion assay.  Free particles identical to the probe particles 
used for the microrheometry experiments could not enter towards the peripherals of the 
PC3 cells. Cells co-incubated with HAase, on the other hand, lost their PCM as can be 
seen in Figure 5.3 (b). The hindrance on the approach of the probe particles to the cell 
membrane when HA is not diminished indicates the presence of a mechanical layer. That 
the layer is viscoelastic can be seen in Figure 5.4 where the PCM of a PC3 cell is 
mechanically probed in the presence of aggrecan. The elastic (Figure 5.4 (a)) and viscous 
(Figure 5.4 (b)) modulus spectra are shown at different heights above the cell surface. 
The elastic modulus G' at 15 Hz and the viscous modulus G" at 1700 Hz are shown as a 
function of height (h) in Figure 5.4 (c) and (d) respectively.  As can be seen from the 
figure, the increase in viscoelasticity near the cell membrane is predominantly due to the 
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mechanical properties of the PCM and not to the presence of the surface since correcting 
the data for the influence of the surface (Faxen) had hardly an effect. For the intact PCM, 
both G' and G" have the largest value at the cell surface and decay to a smaller value in 
the culture medium. The half width at half maximum (HWHM) value ((G0-G∞) / 2 + G∞, with 
G0 the shear modulus (G' or G") at the cell surface and G∞ the shear modulus at h =25 
µm) of the height-curve is taken as the characteristic thickness λ of the PCM.  In the case 
of the example in Figure 5.4, both the G' - and G"-scan give λ = 4 µm.  
 When cells were incubated with aggrecan, some cells were found to express 
microvillus-like protrusions projecting straight out from the cell surface. The protrusions 
were visible with high contrast DIC during the microrheology experiment (Figure 5.5 (d) for 
a cross-section of the protrusions) and their lengths, sometimes longer than 10 µm, were 
measured directly. The actin filaments inside the protrusions were visualized with 
AlexaFluor®555 phalloidin using confocal microscopy (Figure 5.5 (a)). An example of a 
mechanical scan in between the protrusions is shown in Figure 5.5 in which the height 
dependence of the elastic (b) and viscous (c) modulus is shown. 
 A plateau region in the G'-scan is distinguishable between 2.5-15 µm. λ = 14 µm is 
found, taking G'plateau instead of G0' while the HWHM of the G"-scan gives λ = 11 µm. A 
strong correlation between the thickness of the PCM and the length of the protrusions was 
found as shown in Figure 5.5 (e). The Pearson correlation coefficient r was 0.77 and 0.85 
for the thickness obtained from the G'-scan (circles) and the G"-scan (triangles), 
respectively. r  is given by  
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with  x  the mean protrusion length and y  the mean PCM thickness λ . 

 
 

Figure 5.3:  Pericellular matrix (PCM) of PC3 cells, incubated with aggrecan in the culture 
medium, indirectly visualized using a particle exclusion assay with 0.8 µm silica particles. Particle 
depleted zone indicates an expression of thick PCM (a), which disappears upon co-incubation 
with hyaluronidase (b).  Scale bars 10 µm. 



  Results 

 69 

 
 
Figure 5.4:  Pericellular matrix (PCM) of PC3 cells mechanically probed with a 0.8 µm silica bead.  
(a,b) Elastic modulus (G') (a) and viscous modulus (G") (b) at different heights above PC3 cell 
surface incubated with aggrecan. (c,d) Vertical cross-section of G'(15Hz) (c) and G" (1700 Hz) (d) 
over the pericellular region. Data between vertical dashed lines (7-22 Hz) in (a) and between 
vertical dashed lines (1100-2200 Hz) in (b) are averaged for each height, and results are shown in 
(c) and (d) respectively. Horizontal lines indicate the PCM thickness as obtained from the G'-scan 
(c) and G"-scan (d). 
 
 
 Enzymatic removal of HA disrupted the PCM, and no mechanical layer or microvillus-
like protrusions remained. An example of a scan is shown in Figure 5.6. The increase in 
viscous modulus near the cell surface is predominately due to proximity of the cell surface 
as can be seen in Figure 5.6 (d). 
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Figure 5.5:  Mechanical properties (thickness λ and elastic modulus G0' at the surface) of the 
pericellular matrix (PCM).  (a) Long microvilli visualized by staining actin with Alexa Fluor®-555 
phalloidin. Vertical projection obtained from a z-stack of horizontal confocal images. (b,c) Vertical 
cross-section of G'(15Hz) (b) and G"(1700Hz) (c) over the pericellular region of the cell pictured in 
(d), expressing straight long microvilli in the presence of aggrecan, corrected (closed circles) and 
not corrected (open circles) for the surface effect. (d) DIC-cross section of similar protrusions as in 
(a). The arrow points at a 0.8 µm silica bead trapped in between the protrusions (smaller dots). (e) 
Correlation diagram between PCM thickness λ and length of microvillus-like protrusions obtained 
from G' (circles) or G" (triangles) height profiles (n=12). The Pearson correlation coefficient of 0.77 
(G') and 0.85 (G") indicates strong correlation between microvilli and PCM. Also shown is the line 
of identity. 
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Figure 5.6:  Disruption of the pericellular matrix by hyaluronidase (HAase). (a,b) Elastic (a) and 
viscous (b) modulus at different heights above PC3 cell incubated with both aggrecan and HAase. 
(c,d) Vertical cross-section of G'(15Hz) (c) and G" (1700 Hz) (d) over the pericellular region in the 
presence of aggrecan+HAase, corrected (closed circles) and not corrected (open circles) for the 
surface effect. Data between vertical dashed lines (7-22 Hz) in (a) and 1100-2200 Hz in (b) are 
averaged for each height, and results are shown in (c) and (d) respectively. Horizontal line in (d) 
indicates the PCM thickness as obtained from the G"-scan. 
 
 

The distributions of G0' and λ for all experimental conditions (+/- aggrecan, +/- microvilli, 
+/- HAase) are shown in Figure 5.7 and the median values are shown in Table 5.1.             
λ is obtained from the G'- and G"-scan respectively, both give about 4 µm as median 
value for the PCM thickness when aggrecan was present, and no protrusions were 
observed (Table 5.1). Cells expressing protrusions had a median thickness of 6.5 µm. 
When cells were not co-incubated with aggrecan the thickness was about 1 µm.  No PCM 
was left after enzymatic removal of HA by HAase (λ = 0 µm (G'), and λ = 0.25 µm (G")). 
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Figure 5.7:  (a) Distribution of the elastic modulus at the cell surface G0' with aggrecan present in 
the culture medium. Further distinction is made between cells expressing microvilli (n=11) and cells 
not expressing microvilli (n=11). (b) Distribution of G0' (with both aggrecan and hyaluronidase 
(n=17) and without aggrecan and hyaluronidase (n=10) present in the culture medium. (c,d) 
Distribution of the PCM thickness λ with aggrecan present in the culture medium without HAase (c) 
and with HAase (d), and without the presence of both aggrecan and HAase (d). Values were 
derived from the G'-scans. (e,f) Same as (c,d), except values were derived from the G"-scans. N: 
number of data points per bin, Nav: total of data points/number of bins.  
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Table 5.1 : Mechanical properties of the pericellular matrix (PCM). Median values of the elastic 
modulus at the cell surface G0' and the PCM thickness λ. The latter was obtained from both the G'- 
and G"-scans respectively. 
 
 - aggrecan  + aggrecan 

 - microvilli 
+ aggrecan 
 + microvilli 

+ aggrecan 
 + HAase 

λ [µm] (G') 1 3.5 6.5 0 

λ [µm] (G") 0.75 4 6.5 0.25 

G0' [Pa] 0.38 0.38 0.43 0.11 
 
 
Discussion  
 
With our micro-mechanical technique we successfully measured the viscoelasticity of the 
PCM of prostate cancer cells. Even though the elastic modulus increased on approach to 
the cell membrane, the elasticity at the surface (G0') was still less than 1 Pa. The 
presence of exogenous aggrecan had only a significant effect on the thickness, which was 
increased, but not on the viscoelasticity of the PCM. Furthermore the presence of 
aggrecan could induce the formation of long microvillus-like protrusions, which were 
coupled to a further extension of the PCM to many micrometers. The thickness of the 
PCM was found to strongly correlate with the length of the protrusions.  

 
 

Hyaluronan structuring the PCM    
 
As expected, hyaluronan (HA) was found to play a dominant role in the mechanical 
functioning of the PCM. After cleavage of the chains by the HA reducing enzyme 
hyaluronidase (HAase) no mechanical layer remained. Furthermore the presence of 
aggrecan in this study did not have a significant effect on G0', which corresponds to the 
mechanical properties of model PCM solutions where added aggrecan had only moderate 
effects as demonstrated in chapter 4. The thickness of the PCM, however, remarkably 
increased in the cellular system. This can be explained by extension of the HA-chains 
from the cell surface due to attachment of the aggrecan proteoglycans to the HA-chains 
[27]. The HA-aggrecan brush extends from the cell surface with an extension limited by 
the HA chain length. The average PCM thickness of 4 µm found here indicates a 
molecular weight of at least 1600 kDA for the HA-chains [28]. HA synthases are capable 
of synthesizing HA chains > 1000 kDA [29]. Without aggrecan the HA chains are thought 
to be collapsed, in a so-called mushroom-like configuration, when the distance between 
HA cell surface attachment points (e.g. the synthase itself [30] or a HA receptor like CD44 
[31]) is larger than the radius of gyration of the chains [32]. The thickness of the layer is 
then equal to the Flory radius of a coil in good solvent: RF =  a ⋅ N3/5 , with N the number of 
monomers and a the monomer length (= 1 nm for HA [28]) [32]. Thus for a 4 µm long 
chain the thickness is about 145 nm. In our microrheology study we find without aggrecan 
on average a thickness of ~ 1 µm, which suggests that the grafting density is already high  
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enough for the HA chains to be partly extended without aggrecan. With aggrecan attached 
to the chains the extension is increased. Furthermore when cells express microvillus-like 
protrusions, the thickness of the PCM is even higher (6.5 µm on average). The existence 
of similar protrusions has been reported for several HA producing cell types [33]. In this 
study, our scanning microrheometer could probe the mechanical properties of the PCM in 
between the protrusions and a strong correlation was found between protrusion length 
and PCM thickness. Possibly the protrusions need to be supported by the PCM, and/or 
the PCM is, at least partly produced and tethered on the protrusions where HA synthase 
is expressed [33]. The formation of microvillus-like protrusions suggests the involvement 
of cellular signaling processes and an active remodeling of the PCM induced by aggrecan. 
The trigger for microvillus formation might be mechanical since in another study similar 
protrusions were observed after transfection of HA synthesizing cells with the HA 
synthase HAS3 [34]. Upregulation of HAS3 increases the number of HA binding sites on 
the cell surface and can thus lead to the extension of the HA chains. In our case, 
aggrecan binding induces extension of the chains. The induced force on the cell 
membrane due to extension of the chains (osmotic pressure) might be responsible for the 
formation of the protrusions through bending of the membrane. This is a hypothesis and 
the molecular details, however, of the findings in this study (thickening of PCM, long 
microvilli, and correlation of these) are yet to be known.   
 
 
Study limitations  
 
In this study we used prostate cancer cells as a model for an HA producing cell type, and 
studied the effect of the proteoglycan aggrecan on the viscoelastic properties of the PCM 
of these cells. The question is how relevant the findings are resulting from adding 
aggrecan to a PCM that has natively no aggrecan incorporated. Prostate cancer cells, 
however, have been shown to upregulate the synthesis of versican by fibroblasts in the 
peritumoral stroma [3]. Aggrecan and versican are similar, belonging to the same 
hyalectin family, and expressing the same HA binding domain, although versican has less 
chondroitin sulfate side chains [35, 36]. Furthermore, versican containing medium 
extracted from fibroblasts culture induces similar thick pericellular matrixes as found here 
[3]. Thus, aggrecan is used here as a substitute for versican for studying the patho-
physiological function of the thick PCM to which the malignant activity of cancer cells 
seems to be linked [3, 12].   
 Many cells, with thick pericellular matrices, express similar microvillus-like protrusions 
as found here and hence these protrusions may be considered as an integral part of the 
PCM [33]. It is thus likely that they are also expressed by prostate cancers cells when 
versican is integrated in their PCM and not only when aggrecan, as used in these 
experiments, is present. The PCM of prostate cancer cells is thus a good model system to 
study, with the possibility of discriminating between the contributions of different 
components, in our case HA and aggrecan, to the viscoelastic properties of the PCM. 
 
 
Mechanical probing of soft PCM 
 
The measuring technique used in this study is ideal for probing the PCM as expressed by 
prostate cancer cells, which is too soft to detect with other techniques. Atomic force 
microscopy (AFM), for instance, needs at least sub-nN forces to deform the indentation tip 
[37]. By manipulating the location of a probe particle in 3D directions with an optical trap, it 
is possible to measure the local mechanical response of the surrounding material in a less 
invasive way by microrheology [37]. The mechanical property of the PCM probed in this 
study is about a factor 1000 softer than the cell body, which gives rise to an intriguing 
question, namely how such a soft structure influences the mechanical functions of the  
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whole cell system and of the mechanical interaction between the cell and the extracellular 
matrix. Furthermore the question remains what role the microvillus-like protrusions fulfill.  
 
 
Conclusion 
 
By using a non-invasive micromechanical technique we were able to make a high 
resolution scan of the HA-based pericellular matrix of prostate cancer cells, finding a soft 
layer with a maximum thickness in between microvillus-like protrusions. Our 
micromechanical study thus revealed the unique possibility to explore the biological 
reasoning for the existence of such soft pericellular matrices by measuring the mechanical 
design on the microscopic scale. 
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Abstract 
 
We show here for the first time the potential of the in vivo application of optical tweezers 
equipped with far-field interferometry to the microcirculation. Mouse cremaster muscle 
capillaries, in which blood flow was temporarily halted, were mechanically probed by 
detecting the displacement of trapped endogenous platelets or injected silica beads 
(diameter < 1 µm). Against expectations, the vessel lumen was found to be entirely 
viscous. We could therefore not confirm the hypothesized viscoelastic properties of the 
endothelial glycocalyx (EG), which is extruded by and attached to the endothelial cells that 
line the inside of blood vessels.   We could attach platelets to the vessel wall when the 
platelets were held against the wall during fluorescent illumination (excitation of 
fluorescein isothiocyanate (FITC) labeled dextrans) of the blood vessels. The platelets 
stayed attached with the attachment site located at the rim of the platelets, and could be 
rotated with the optical tweezers around this attachment-point. Further characteristical 
observations were that in 25 % of the cases the platelets could be translocated along the 
vessel wall. In some cases platelets seemed to be attached to the wall by a tether that 
could be micrometers long. In conclusion, optical tweezers with far-field interferometry 
have the potential to be a tool for in vivo manipulation and mechanical probing of vessel 
wall–platelet interactions. 
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Introduction 

 
Optical tweezers have, since their introduction [1], been widely used for probing biological 
systems from model gels [2, 3, 4, 5, 6] to cells [7, 8], but never before in a living animal. 
The thin transparent mouse cremaster muscle has capillaries that can be individually 
visualized with an intravital microscope and seems therefore an ideal system for studies 
with optical tweezers. In this manuscript we describe the application of optical tweezers to 
the study of the microrheological properties of the glycocalyx and the interaction of 
platelets with the vessel wall. 
 The inside of capillaries is covered with an at least 0.5 µm thick viscoelastic layer, the 
endothelial glycocalyx (EG), which is extruded by and attached to the endothelial cells that 
line the inside of blood vessels [9]. It has been described that in humans, with a total 
intravascular volume of about 4.5 l, the total glycocalyx volume amounts up to 1.5 l [10]. 
There are several observations that point to an important role for the EG as a protector 
against vascular diseases like atherosclerosis.  For example, the vulnerability of diabetic 
patients for vascular disease may find its origin in a strong decrease of EG volume. In 
type 1 diabetic patients  the EG volume is decreased to 0.8 l without microalbuminuria, 
and even to  0.2 l for patients with microalbuminuria [10]  Furthermore a disruption of the 
EG by oxidized low-density lipoproteins results in an increase in platelet-wall adhesion 
incidents [11].  
 It is important to establish the microrheological properties of the EG since the EG 
determines the interaction between the endothelial cells and the flowing blood. For 
example shear stress is transmitted to the cells via the EG [12, 13, 14]. Moreover, it has 
been demonstrated that the EG in capillaries can be compressed by passing leucocytes 
and that restoration of the layer thickness takes about a second, pointing to the possibility 
that the layer exhibits elastic properties [15]. Probing the mechanical properties of the EG, 
however, is difficult due to its size and location. For this a non-invasive microrheological 
technique, like optical tweezers, is required.  
 We used a laser tweezing interferometry setup custom built around an upright intravital 
epi-fluorescence microscope. Measurements were done in only plasma containing parts 
of spontaneously (temporarily) obstructed vessels. Platelets or injected silica beads 
(diameter < 1 µm) were removed from the flowing blood stream of non-obstructed vessels 
and transported into the non-flowing side branches, with the use of optical tweezers.  The 
viscoelastic properties inside the vessels were obtained from the thermal motion of the 
particle within the trap. We found that the inside of the vessels that were probed was 
entirely viscous. In the past it has been shown that the EG can be deteriorated by oxygen-
derived free radicals, and one way of locally producing these is via excitation of 
fluorochromes [16]. In our experiments fluorescein (FITC) labeled dextrans (MW 2000 
kDa) were present in the circulation, and were activated to deteriorate the EG by 
fluorescent illumination for 10 s. Although this did not result in an intra-luminal mechanical 
change, we did observe that the majority of platelets adhered to the vessel wall when the 
vessels were fluorescently illuminated with the platelets held close to the vessel wall by 
the optical tweezers.  Our experimental setup seems rather suited for studying such in 
vivo (patho)-physiological cell-vessel interactions. 
 
 
Material and methods   

All procedures and protocols were approved by, and carried out according to the 
guidelines of the Animal Care and Use committee of the Academic Medical Center, 
Amsterdam. Male mice (25–30 g BW) were obtained from Harlan. 
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General surgery and anesthesia 
 
Mice were initially anesthetized by intraperitoneal injection of ketamine hydrochloride (125 
mg/kg), mixed with medetomidine (0.2 mg/kg) and atropine (0.5 mg/kg). They were 
subsequently tracheotomized and ventilated with 50% N2/50% O2. Anesthesia was 
maintained by continuous intraperitoneal infusion of ketamine hydrochloride (3.5 mg/ml), 
medetomidine (20 µg/ml) and atropine (7.5 µg/ml) at a rate of 0.1 ml/10 g BW/hr. The right 
carotid artery was cannulated for the measurement of systemic blood pressure and heart 
rate; the jugular vein for the administration of fluorescein and microspheres. Oesophageal 
temperature was maintained at ~37° C by radiant hea t. 
 
 
Cremaster preparation 
 
The mouse was placed in supine position on a custom-built platform. The right cremaster 
muscle was prepared following Baez [17]. The exposed muscle was spread radially on a 
clear silica circular plate and pinned at the edges. The muscle was continuously (~5 ml 
min-1) superfused at 34 oC with a bicarbonate-buffered physiological salt solution (PSS) 
(131.9 mM NaCl, 4.7 mM KCl, 2.0 mM CaCl2, 1.2 mM MgSO4, 20 mM NaHCO3) 
equilibrated at a pH of ~7.4 with 5% CO2/95% N2. Following surgery, the anesthetized and 
mechanically ventilated mice were transferred to the stage of the intravital 
microscope/optical trap setup. 
 
 
Light-dye 
 
Fluorescein isothiocyanate (FITC)-dextran (2000 kDa) dissolved in a Mops buffer 
containing 1% BSA (10 mg/ml), was administered as a bolus (100 µl) via the jugular vein.  
 
 
Setup 
 
Our optical trap setup is built around and attached to an upright intravital epi-fluorescence 
microscope (BX51WI, Olympus, Tokyo, Japan). The near-infrared laser (diode laser, λ = 
830 nm, cw, 140 mW, 1Q1C140 G5, Laser 2000, Munich, Germany) and trap optics are 
located at the back of the microscope (Figure 6.1 with details of the laser and trap optics 
in Figure 6.2). To provide space for the laser light to pass from the back to the front of the 
microscope where the objective is positioned, the microscope was modified by replacing 
part of its solid frame by a hollow block through which the laser light can pass. Via a 
dichroic mirror (750DCSX, Chroma Technology Corp, Rockingham, VT, USA) the light is 
then guided along the optical axis into the back of the microscope’s high NA water 
immersion objective lens (UPlanApo, 60x, NA=1.2, Olympus), where it is focused to a 
diffraction-limited spot. A set of telescope lenses (f = 11 mm) positioned in front of the 
dichroic mirror makes fine positioning of the spot in the three perpendicular directions (1 
axial, 2 lateral) possible. A beam expander (3x, LINOS Photonics, Germany) positioned in 
front of the telescope lenses, ensures that the objective back focal plane is completely 
illuminated and that optimal trapping conditions are satisfied. A combination of a λ/2-plate 
and polarizer, positioned in front of the laser, allow for adjustment of the trapping power.  
Between the λ/2-plate and laser, an optical isolator (41 dB isolation, Optics for research, 
Caldwell, NJ, USA) protects the laser from back reflections, increasing its stability. 
Furthermore a shutter is used for on/off switching of the trap during the course of an 
experiment. 
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Figure 6.1: Schematic of the setup (not to scale). Mouse is in actual setup positioned on its back. 
Laser light is brought via mirrors into the back of the objective lens and is focused inside a capillary 
of the mouse cremaster muscle, forming an optical trap.  A blow-up of the capillary with a trapped 
bead inside is shown on the left. The laser light is collected by the condenser lens and imaged onto 
the quadrant photodiode enabling high resolution position detection of the trapped particle. 
 
 
 The motion of the particle trapped in the laser focus is detected with a quadrant 
photodiode (diameter = 10 mm, SPOT-9DMI, UDT Sensors, Hawthorne, CA, USA). The 
laser light, after passing through the sample and interfering with the light scattered by the 
particle, is collected by a condenser lens (NA = 0.8, WI-UCP, Olympus), and via a mirror 
and lens imaged onto the quadrant photodiode. The photodiode is positioned in a plane 
conjugate to the condenser’s back focal plane. The lens is also used to center the back 
focal plane image on the detector. An 830 nm line filter (Z830/10, Chroma Technology 
Corp, Rockingham, VT, USA)  positioned directly in front of the detector, ensures that only 
laser light is detected.  
 The output photocurrents from the four quadrants are converted to voltages and 
amplified by low noise preamplifiers. The signals are combined, using analog electronics, 
to give two output voltages, proportional to either the x-, or y- displacement of the particle 
from the center of the trap in the plane normal to the optical axis. The two displacement 
signals were sampled via an A/D converter (200 kHz, 16-bit A/D, DSA board, PCI-4451, 
National Instruments, Austin, TX, USA) and processed using software written in LABVIEW 
(National Instruments, Austin, TX, USA). 
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Figure 6.2: Optical tweezers setup built around an upright microscope. The whole setup is 
positioned on an x-, y-stage. Most of the components for optical trapping are positioned in the black 
box at the back of the microscope. (a) front view, (b) view inside the box taken from the right and 
(c) view inside the box taken from the left. Main components are indicated with arrows. 
 
 
Particle motion measurements 
 
Particles, platelets or silica beads, were trapped from vessels with flow present, and 
transported into the side vessels, where blood flow was halted, by moving the stage (x, y) 
or changing the objective height (z). The thermal motion of the particle within the trap was 
detected with the quadrant photodiode using back-focal-plane interferometry [18]. The 
output photocurrents from the four quadrants were converted to voltages and amplified by 
low noise preamplifiers. The signals were combined, using analog electronics, to give two 
output voltages, proportional to either the x-, or y- displacement of the particle from the 
center of the trap in the plane normal to the optical axis. The two displacement signals 
were sampled at 100 kHz via an A/D converter (200 kHz, 16-bit A/D, DSA board, PCI-
4451, National Instruments, Austin, TX, USA). Data per measurement was taken for 10 
sec (220 data points per direction) and processed using software written in LABVIEW 
(National Instruments, Austin, TX, USA). 
 The power spectral density S(f) (PSD) was obtained via a Fast Fourier transform. At 
high frequencies one typically observes power law behavior S(f) ∝ fα. For a purely viscous 
medium α = -2, for a viscoelastic medium α > -2 [19]. At low frequencies, the 
displacement of the particle is confined by the trap which results in a flattening of the PSD. 
For a purely viscous medium, the amplitude of the PSD is a direct measure for the 
viscosity of the material. 
 To mechanically probe the interior of blood vessels we used two different types of 
probe particles: endogenous platelets and injected silica beads (diameter = 0.5 or 0.8  
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µm). When platelets were used as probe particles, there were per vessel at least four 
measurements done: two at the center and two at the wall. The first measurements at the 
center and at the wall were performed at control conditions with measurements then 
repeated during (platelets in center of vessels) and after (platelets at wall) the vessels 
were fluorescently illuminated for 10 sec. When possible, e.g. when the blood flow did not 
restart after the second wall measurement, a 5th measurement was taken with the 
platelets held against the wall while the vessels were again fluorescently illuminated for 10 
s.  In all measurements done at the wall the platelets were held with their long axis parallel 
to the wall. We probed in total 23 capillaries in 4 animals. An extra set of experiments was 
done in which the platelets were held at the vessel wall while the vessels were illuminated 
for 10 sec (6 animals, 20 capillaries) without prior illumination of the vessels when the 
platelets were held in the center of the vessels. Furthermore we did some measurements 
using 0.5 (1 vessel) or 0.8 µm (4 vessels) silica beads as probe particles. The bead 
measurements were done without fluorescently illuminating the vessel: one in the center 
and one at the vessel wall. Since no fluorescence was used we could probe a vessel at 
different positions (31 wall measurements). 
 
 
Results   
 
Endogenous platelets could be trapped from vessels with blood flow and could be 
transported to side branches where the blood flow was halted. An example of the capture 
and transport of a platelet is shown in Figure 6.3. Vessels were mechanically probed by 
measuring the displacement of the trapped platelets, resulting in the power spectral 
densities (PSDs) in the center and at the vessel wall.  
 In Figure 6.4 (e) the power spectral densities are shown obtained at the center (Figure 
6.4 (a)) and at the wall (Figure 6.4 (b)) without fluorescent illumination. The fit of the PSD 
in the range of 3.5 to 12.5 kHz resulted in α = -1.95 ± 0.02 in the center and α = -1.82 ± 
0.01 at the wall of the vessel. The fits are shown in Figure 6.4 (e). These values did not 
significantly change upon fluorescent illumination of the vessel. This is demonstrated in 
Figure 6.4 (f) where the PSDs are shown obtained at the center during fluorescent 
illumination (Figure 6.4 (c)) (α = -1.97 ± 0.02) and at the wall after fluorescent illumination 
of the vessel (Figure 6.4 (d)) (α = -1.80 ± 0.02). The average values of the slopes of all 
the PSDs in the two (x-, y-) directions are shown in Table 6.1. Data are provided for center 
or wall, prior, during (center) or after (wall) the 10 sec fluorescence period. Like the 
example in Figure 6.4, the average slope α of the PSDs slightly differed between the 
center region and the near wall region. This change was still visible after 10 sec 
fluorescence. When silica beads (diameter < 1µm) were used to mechanically probe 
vessels no difference in the power of the PSDs obtained at the center or at the wall was 
observed as can be seen in Figure 6.5 and in Table 6.1. 
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Figure 6.3: Capture and transport of platelet from vessel with flow to one with halted flow. The 
arrow indicates the position of the trap. In (d) the platelet is trapped and subsequently (e,f) 
transported into the side branch where the blood flow is halted. Scale bar is 10 µm.  
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Figure 6.4: Mechanical probing inside a capillary with a platelet as probe particle. Power spectral 
densities (PSDs) were obtained in the center (a, c) and at the wall (b, d) prior to (a, b), during (c) 
and after (d) fluorescent illumination of the vessel by excitation of FITC-dextran (2000 kDa). Scale 
bar is 10 µm. Resulting spectra are shown in (e, f) prior to (e), and during and after (f) the 10 sec 
fluorescent illumination period. Line with slope of -2 and the fit with Afα  is also shown in (e,f). 
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Figure 6.5: Mechanical probing inside a capillary by using a 0.8 µm bead as probe particle. Power 
spectral densities (PSDs) (c) were obtained in the center (a) and at the wall (b). Scale bar is 10 µm. 
(d) PSD with (solid lines) and without (dotted line) the probe particle in the trap. PSDs in (d) were 
obtained in the same vessel as (a-c) but at different center and wall positions. The blue line in (c,d) 
indicates a slope of -2.  
 
 In the example of Figure 6.5, a 0.8 µm bead was trapped in the center (a) and 
subsequently brought to the vessel wall (b). PSDs obtained at both positions are shown in 
Figure 6.5 (c). In Figure 6.5 (d), another example of a PSD is shown obtained with the 
same probe particle but at different (center and wall) locations in the same vessel. Also 
shown in Figure 6.5 (d) is the PSD at the vessel wall when no probe particle was in the 
trap (dotted line). No difference in results between the PSDs obtained with the 0.5 µm or 
0.8 µm particles was found. 
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Table 6.1: Mechanical properties inside mouse cremaster capillaries at the center and at the wall 
prior to (no fluorescence) and during (platelet in center) or after (platelet at wall) (fluorescence) a 
10 sec excitation of FITC-dextran 2000. Shown are the average values of the slope (α) of the 
power spectral densities of the displacement of the trapped platelets (n=23) or silica beads (n=31) 
obtained between 3.5 and 12.5 kHz.    
 
 Platelet 

No fluorescence  
Platelet 
Fluorescence 

Bead 
No fluorescence 

α [V2/Hz2]  
(center) 

-1.96 ± 0.04 -1.95 ± 0.05 -1.99 ± 0.02 

α  [V2/Hz2] 
 (wall) 

-1.84 ± 0.08 -1.84 ± 0.09 -1.98 ± 0.03 

 
 
 

 In 89 % of the cases in which platelets were used, it was possible to move them back 
from the wall after the second wall measurement (16% of these platelets were 
momentarily attached to the wall). When the platelets were brought to the wall for the third 
time and held there while the vessels were fluorescently illuminated, we could, however, 
in only 50 % of the cases remove them from the wall. The other 50 % of the platelets 
stayed attached to the wall at their short axis. In these cases of permanent attachment we 
were able to rotate the platelets around the attachment-point (Figure 6.6 (a-c)). When we 
fluorescently illuminated the vessel for 10 sec for the first time while the platelets were 
positioned at the vessel wall, 60 % of the platelets stayed attached. Apart from being able 
to rotate the platelets around the attachment point, we were also able in 25 % of the cases 
of these permanent attachments to “slide” the platelets along parts of the vessel wall 
(Figure 6.6 (d-f)). Furthermore in some events the platelets were attached to the wall by a 
(not visible) tether, which could be several micrometers long. In the example shown in 
Figure 6.7, the platelet was pulled out of the trap by the tether (b-c) but could 
subsequently be translocated by the optical tweezers (g-i) along the vessel wall from a 
new attachment site (f).  
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Figure 6.6: Rotating of platelet around vessel attachment point from left (a) to right (c), and ‘sliding’ 
along the vessel wall (d-f). Platelets became attached to the vessel during a 10 s fluorescent 
illumination period (excitation of FITC-dextran 2000) while the platelet was held with its long axis 
parallel to the vessel wall by the optical tweezers. Scale bar is 10 µm. 
 

Figure 6.7: Platelet attached to the vessel wall by a (not visible) tether. Platelet is moved from the 
vessel wall (a-b) by the optical tweezers but cannot be pulled further and is subsequently pulled 
back to the vessel wall by the tether. (d-e) Again pulling of  platelet away from the wall by the 
optical tweezers, the subsequent formation of a new attachment site with the vessel wall (f), and 
finally ‘sliding’ along the vessel wall (g-i). Scale bar is 10 µm. 
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Discussion 
 
We introduced with this paper a custom-made intravital microscope equipped with optical 
tweezers and far-field interferometry with which we were able to mechanically probe 
locally inside capillaries of the mouse cremaster muscle and study platelet-vessel wall 
interactions. The luminal side of blood vessels is thought to be covered by an at least 0.5 
µm thick viscoelastic layer, the endothelial glycocalyx (EG), which is extruded by and 
attached to the endothelial cells that line the vessel wall [16, 20, 21, 22]. We did not find 
evidence for viscoelastic properties that one would expect for a layer extending from the 
vessel wall in the order of micrometers. We used two types of probe particles: 
endogenous platelets and, via the jugular vein injected, silica beads (diameter 0.5 or 0.8 
µm). For the platelets, but not for the beads, there was an increase in drag at the vessel 
wall compared to the vessel center. Futhermore platelets could be attached to the vessel 
when held in close proximity to the wall during excitation of the fluorochromes, with an 
attachment site located on the rim of the platelets. 

 
 
Methodological considerations 

 
The difference in drag between platelets and silica beads is likely due to differences in 
geometry between the two types of probe particles. Possibly the movement of the 
platelets near the vessel wall was hindered due to an interaction with the wall but was not 
dominated by glycocalyx properties. An additional cause for the difference between 
platelets and silica particles may have been noise.  The amplitude of the PSD for the 
platelets was small near the vessel wall and noise will influence the slope of the PSDs as 
demonstrated in Fgure 6.5 (d) where the power spectral density (PSD) near the wall 
without a probe particle in the trap is shown. When beads were used as probe particles 
the amplitude of the PSDs was higher and on average a power of about -2 was found for 
the PSD at high frequencies. From this we can conclude that the inside of the capillaries 
probed is entirely viscous.  
 In capillaries (hamster) the EG is concluded to be about 0.5 µm thick [16, 23]. This 
thickness was obtained by comparing the difference in column width of fluorescently 
labeled dextrans that can (MW = 40 kDA) or cannot enter the EG (MW ≥70 kDA). The 
probe particles used in this study are of the same dimension as the EG, and hence we 
should have been able to pick up a change from a purely viscous environment in the 
center (plasma) to a viscoelastic environment (EG) near the vessel wall. Thus we have to 
conclude that most likely no thick viscoelastic glycocalyx layer is present, or is thinner 
than 0.5 µm. In any case, the observation that platelets do not adhere to the vessel wall 
under control conditions indicates that some functional EG was still present under these 
conditions [11]. 
 An explanation for the difference in observations may be the absence of perfusion in 
our vessels during the measurements since absence of physiological flow may 
compromise the EG [24]. The EG is a complicated compartment, constituted of 
proteoglycans, glycolipids, glycosaminoglycans and embedded plasma proteins. When 
one of its components is diminished, the EG may loose its mechanical properties [12, 14, 
13]. One compromising factor for the EG is formed by oxygen-derived free radicals [25, 
16].  
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Mechanisms of platelet endothelium interaction 
 
Oxygen-derived free radicals can also activate platelets [26]. We found that for platelet-
wall adhesion to occur the platelets need to be in close contact with the vessel wall during 
illumination which might activate the platelets and/or diminish the EG. In contrast when 
vessels were fluorescently illuminated while the platelets were held in the center of the 
vessels, almost all of the platelets did not attach to the wall when brought there after the 
fluorescence illumination. More than half of the platelets subsequently stuck to the vessel 
wall after a second illumination period of 10 sec with the platelets now held parallel and 
close to the wall. This attachment of the platelets to the wall was most likely not due to the 
extra illumination period. The same percentage of platelets stuck to the wall without prior 
illumination of the vessels while the platelets were held away from the wall. Apparently 
platelets must be in the vicinity of the wall during illumination for a strong attachment to 
occur.  
 Since we did not find a difference prior to and after the fluorescence period of 10 sec 
in EG mechanical properties, we cannot conclude that the adhesion occurred due to a 
diminishment of the EG. Furthermore we did not observe a change in platelet morphology 
usually a clear indicator for platelet activation. It is well known that platelets attach to 
blood vessels at sites of vascular injury, where the endothelial cell lining of the vessels is 
disrupted and the underlying collagen layer is exposed. Platelets can bind via their GPIbα- 
receptor to Von Willebrand factor (vWF) which is bound to the collagen layer [27]. vWF is 
synthesized by endothelial cells and is stored in the Weibel-Palade bodies of the cells. 
Inducement of the release of vWF can result in the attachment of platelets to endothelial 
cells and the translocation of the platelets along the vessel wall in mouse mesenteric 
venules at low shear [28]. Thus also with an intact endothelial cell lining platelets can 
adhere to the vessel wall. The secretion of vWF can be induced by free radicals 
(superoxide anions) [29], which are also formed during the fluorescence excitation used in 
this study [16]. Furthermore  tethers have been observed during platelet translocation 
between non-activated platelets and vWF [30, 31]. Only a small area of the platelet 
membrane is involved in the attachment to vWF, and the tethers seem to be located at the 
rim of the platelets. Although we observed in our in vivo study similar platelet behavior, we 
cannot rule out that other interactions between the platelets and the vessel wall were 
responsible for the tethering and translocation along the vessel wall. Platelets for instance 
can also bind to P-selectin expressed by endothelial cells [32, 33]. The objective of this 
study, however, was to mechanically probe the inside of blood vessels in vivo, but by 
using platelets as probe particles the much broader application of the technique has 
become evident. Although we did not measure an elastic layer covering the inside of the 
vessels that we probed, an in vivo technique, like the one used in this study, seems to be 
the best way to unravel the mechanical details of the EG since under standard cell 
culturing conditions and physiological flow a layer capable of flow retardation is absent 
[34]. 

 

 

Conclusion  
 
We have shown here for the first time the potential of optical tweezers in vivo. It allowed 
us to mechanically investigate the lumen of capillaries, which was unexpectedly found to 
be entirely viscous, without a ~ micrometer thick viscoelastic covering of the endothelial 
cell layer. Furthermore we were able to bring platelets in close contact to the endothelial 
cell layer, which allows for cell-cell interaction studies. Thus from mechanically probing the 
inside of blood vessels to studying platelet wall interactions, our intravital microscope  



  References 

 93 

 
equipped with optical tweezers and a far-field interferometer is a promising tool for the 
local in vivo non-invasive study of the microcirculation under (patho)-physiological 
settings.  
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Chapter 7     
 
 
 
 

General Discussion 
 
 
   
In cellular functioning not only the intracellular cytoskeleton plays an important mechanical 
role but also the extracellular compartment that is attached to the cell-membrane: the 
pericellular matrix (PCM). Numerous cell types express a PCM, but the aim of this thesis 
was to understand one PCM in particular, namely the endothelial glycocalyx (EG).  
 The approach chosen was to locally probe the viscoelastic properties of the EG since 
this information seems to be essential in further developing concepts on the interaction 
between plasma, blood particles and the vessel wall. Human umbilical vein endothelial 
cells in culture were studied. Both a cell line (RF24) and primary cells were used and both, 
without or with a pre-shear of 24 hrs.  Shear up-regulates the production of hyaluronan, 
HA [1], an important structural component of the EG [2]. No viscoelastic layer, however, 
was detected. This was briefly reported in chapter 1 but no detailed report on these 
negative results in the form of a separate chapter was given. In light of these negative 
findings, and without the recent knowledge that cells in culture do not express a significant 
EG, it was important to investigate the rheological properties of EG model solutions.  
These experiments were discussed in chapters 3 & 4, and demonstrated that an HA 
based EG has viscoelastic properties which should be detectable with the measuring 
technique used. In order to return closer to a cellular situation but with a higher chance of 
success, a cell type, which expresses a more pronounced pericellular matrix, was needed. 
For this the PC3 cell line, an epithelial prostate cancer cell line, which expresses a large 
amount of HA, was chosen. These experiments were discussed in chapter 5, and were 
successful in demonstrating that the microrheological properties of the PCM in a cell 
culture system could be detected with the method used.  
 The ultimate aim was to measure the viscoelastic properties of the EG and since a 
mechanical EG appeared to be absent on cells in culture, to measure the mechanical 
properties of the EG in capillary vessels. The in vivo experiments were limited to mouse 
cremaster capillaries with (temporarily) halted flow. As probe particles the same 
submicron beads, which were used in the model solutions and cell studies, were applied. 
However, as was reported in chapter 6, also in vivo no viscoelastic effect close to the 
endothelial cells was observed. In these experiments endogenous platelets were readily 
available and were also used as probes for measuring the viscoelasticity of the EG. 
Moreover, the experiments involving the platelets, which are also presented in chapter 6, 
resulted in interesting observations on platelet-vessel wall interaction. 
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The role of Hyaluronan 
 
HA is an important constituent of the glycocalyx, which has the potential of forming a 
viscoelastic compartment by itself. In chapter 3 the effect of HA concentration and chain 
length on the microrheological behavior of these solutions was demonstrated. It was found 
that HA can form an entangled network when the concentration and/or molecular weight 
of the HA chains are high enough. Endothelial cells express the HA synthesis enzyme 
HAS2, which can synthesize HA polymers with molecular weights > 106 kDA, and thus 
with polymer lengths > 2.5 µm. Although the in vivo layer thickness is mostly found to be 
0.5 µm on average (for capillaries), this does not mean that the length of the HA chain is 
limited to this size. EG dimensions larger than 3 µm have been reported. Such a large 
thickness could indicate an extended HA configuration in the EG, with maybe interweaved 
HA chains forming a network.  In the HA-bulk-solution study of chapter 3, the HA network 
formed was quickly disentangled in the presence of the HA degrading enzyme 
hyaluronidase (HAase), used at a concentration similar as in in vivo EG degrading 
experiments. This loss of elasticity could explain the reduction in shear sensing by 
endothelial cells when HA in the EG is (partly) removed by HAase.  
How exactly HA is structuring the EG is not yet known. More information is needed on the 
HA chain length and the concentration of the chains in the endothelial glycocalyx. When 
this information becomes available the present results will be useful for understanding the 
mechanical properties of the glycocalyx. In any case, we conclude from chapter 3 that a 
mechanical stable EG capable of transmitting shear between plasma and endothelial cells 
is possible based on the presence of HA alone. 
 
 
Hyaluronan supportive molecules 
 
In chapter 4, the EG model system was extended with different components that occur in 
addition to HA. Several studies have shown that HA is not the only factor involved in the 
proper mechanical functioning of the EG. When serum is left out of the culture medium, 
for instance, the EG has a collapsed configuration and no cytoskeletal rearrangement 
under shear flow is observed. The endothelial cell’s shear sensing pathway, leading to 
cytoskeletal redistribution under shear flow, does only function when serum or the main 
plasma protein albumin is present in the medium [3]. In another study a co-localization of 
albumin and HA above the endothelial cell surface was found [4], suggesting an 
interaction between the two, or at least a hindrance of diffusion of the albumin molecules 
by the HA polymers without a direct interaction.  In the experiments of chapter 4 no 
evidence was found for an interaction between HA and albumin or plasma that lead to a 
change in the mechanical properties of the HA solution, apart from a slight increase in 
viscosity.  Thus we did not find evidence for a structuring of the HA chains by albumin or 
another of the plasma components present in our reconstituted plasma solution.  
 Other plasma components might be able to crosslink HA, such as IαI (inter-alpha 
trypsin inhibitor). In the experiments of chapter 4 the use of reconstituted lyophilized 
plasma might have affected some of the plasma components necessary for cross-linking 
HA. As mentioned in chapter 1, serum induces up-regulation of HA. The intact shear 
sensing of the endothelial cells when a simple medium with serum is administered [3] 
could thus be due to an increase in extracellular HA compared to the medium without 
serum. Thus maybe serum does not directly change the structure of the EG by interacting 
with HA, but by somehow up-regulating HA and thereby inducing a shear sensing EG. 
This hypothesis was not tested in the shear sensing study [3] where the focus was on the 
EG component heparan sulfate (HS).  
 Heparan sulfate (HS) has also been shown to play a role in proper EG functioning, 
without its presence shear sensing is abolished [5]. Thus maybe HS could change the  
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mechanical properties of HA by interacting with it. No evidence for such an interaction 
leading to a change in the mechanical properties of the simple HA solution of chapter 4 in 
the presence of HS chains, however, was found. HS was commercially obtained and was 
derived from bovine kidney. Since there is a variety in HS chains it may be possible that 
other type(s) of HS than used in chapter 4 are part of the EG and can interact with HA.  
 An example of such a component is chondroitin sulfate (CS) of which CS-C (or -6), 
which is mostly produced by endothelial cells, has a higher affinity for HA than the CS-A 
(or -4) form which is sulfated at a different position. In the simple HA solution of chapter 4, 
an effect of CS-C on both the elasticity and viscosity of the HA solution, although the latter 
was increased more than the former, was found. Thus CS does interact with HA, possibly 
by H-bonding. After enzymatic removal of HA, both HA and CS had to be simultaneously 
infused in an in vivo study [6], to restore the proper barrier function of the EG. This may be 
explained by HA – CS interaction discussed in chapter 3.  However, in the simple solution 
study CS did not cross-link HA and no evidence for entanglement of the not yet entangled 
solution was found. Aggrecan, on the other hand, did show a slight increase in elasticity 
compared to viscosity, and seemed to entangle the solution more. Aggrecan has mainly 
CS-side chains and a HA binding region. It is not present in the EG but its cousin versican 
(the same HA binding region although less CS-side chains) has been shown to be 
expressed by kidney and aortic endothelial cells. At least for these types of endothelial 
cells the combination of HA and versican can be a dominating factor in the rheological 
properties of the EG. Still the viscoelastic response of the simple HA+aggrecan solution of 
chapter 4 was dominated by high molecular weight HA. 
 
 
Free versus surface bound HA 
 
In the model solution experiments of chapter 3 and 4, the HA chains were not attached to 
a surface. This in contrast to HA chains in the EG, which can be bound by HA surface 
receptors like CD44 and Rhamm and by one of the HA synthases. HA could also, after 
release by its synthase, remain inside the EG by interacting with the chondroitin sulfate 
(CS) side chains of surface-attached proteoglycans. The way HA is structured in the EG 
is, however, not known. 
 
 
The extended pericellular matrix of epithelial prostate cancer cells  
 
In chapter 5 the pericellular matrix, PCM, expressed by PC3-cells was found to be very 
soft (< 1 Pa). The cell body for instance is about a factor 1000 stiffer. Although in the 
presence of exogenous aggrecan, the thickness of the viscoelastic PCM increased 
significantly (from ~ 1 µm to > 3 µm), the elastic modulus did not change. This is in 
agreement with the bulk solution measurements of chapter 3, where the mechanical 
response was dominated by HA. Obviously, there is a difference between bulk solutions 
and membrane bound chains. In the PCM, the HA polymers are cell surface attached and 
due to the geometry of the cell, the HA density is expected to decrease with distance from 
the surface. This would mean that the shear modulus would also decrease with distance, 
which is in agreement with our findings. That the HA chains extend from the surface in the 
presence of aggrecan is a hypothesis that cannot be confirmed by the experiments of 
chapter 5. In the case HA chains extend all the way from the membrane these chains 
should have at least a molecular weight of 1400 kDa. We found a thicker PCM (6.5 µm) in 
the presence of long microvillus-like protrusions, which could indicate the presence of 
longer HA chains, or the presence of shorter chains that are produced by HA synthase  
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present in the protrusions. Again no distinction can be made based on the findings 
reported in chapter 5.  
 The PC3 cell study demonstrates clearly that glycocalyx viscoelasticity can be 
measured when present. Hence, the fact that no viscoelastic EG expressed by human 
umbilical vein endothelial cells in culture was found is thus not due to the measuring 
technique. It could be due to the fact that in culture under static conditions there is just not 
enough HA produced. Even in the presence of aggrecan no PCM with mechanical 
properties different from the solution was found (chapter 1). This absence of a mechanical 
PCM is in agreement with experiments done by others in which µ-PIV was used as a 
measuring technique: an EG capable of flow retardation was found in vivo but strangely 
not in the cell culture experiments under physiological flow [7]. The absence of a 
mechanical EG under normal cell culture conditions and physiological flow remains 
puzzling.   
 
 
Microrheology in vivo  
 
In chapter 6 the inside of mouse cremaster capillaries was probed and again only a 
viscous environment covering the endothelial cells was found. Although it was possible to 
trap probe particles, including platelets, and measure their displacements, the 
experiments were limited to vessels that were (temporary) occluded and were not under 
normal shear conditions. Thus in the vessels that were probed the EG might have been 
collapsed/diminished [1]. However, simple halting of flow in vivo capillaries is not a 
sufficient explanation. From the study of red cell transport through capillaries it was 
concluded that more glycocalyx is present at lower capillary hematocrit [8, 9]. Hence, 
other factors should be considered for explaining the absence of viscoelastic properties 
near the endothelial wall. 
 
 
Adhesion of platelets to endothelium 
 
The EG can be deteriorated by oxygen derived free radicals upon which the occurrence of 
platelet-wall adhesion incidents is increased [10]. In chapter 6 light-dye treatment of the 
vessels, an established procedure for diminishing the EG [11], was used while platelets 
were trapped in the center or in close proximity to the vessel wall. Interestingly, about half 
of the latter platelets adhered to the vessel wall when treated. In contrast, less than 10 % 
of the “center” platelets adhered when brought to the vessel wall after the light-dye period 
of 10 sec. Although we did not observe a shape change of the platelets, which would have 
been a clear indicator of platelet activation, we cannot rule out that the light-dye treatment 
had not activated the platelets in the center. Apparently platelets need to be in close 
proximity during diminishing of the EG and/or platelet activation. Although it was not the 
aim of our work to study platelet-vessel wall interactions, these results do show the 
broader in vivo application of this particular microrheology technique to the 
microcirculation. 
 
 
Conclusion 
 
Although the measuring technique used in this thesis, optical tweezers + far-field 
interferometry,  is a promising tool for probing in vivo cell-vessel wall interactions, it 
remains a challenge to probe the mechanical properties of the EG. Still, as was shown in 
chapter 5, when a pericellular matrix is expressed, it is possible to mechanical probe it  
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with this setup.  As it has now become evident from recent studies [12, 13, 7], cells in 
culture do not express a mechanical EG. We were limited in our in vivo study to vessels 
that were temporarily occluded beyond our control. A next step would be to use for 
instance a micropipette to temporarily occlude a vessel, insert the probe particle, bring the 
probe particle in place near the vessel wall and then undo the occlusion. In this way the 
measurements can be done in healthy vessels under physiological flow.  
 The EG might be the first line of defense against vascular disease. It is for instance 
diminished in diabetics. To be able to target it, a thorough understanding of this layer 
including its mechanical properties is necessary. Furthermore a thorough knowledge of 
the functioning of the PCM in general, which when expressed by cancer cells can facilitate 
metastasis, might help in targeting such a deadly disease. The studies contained in this 
thesis are a first step in probing the mechanical properties of the PCM  and show that the 
macromolecule HA is an important factor in the mechanical functioning of the PCM and 
possibly of the EG. To confirm the latter further in vivo studies should be pursued.  
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Summary
 
 
 
Cells are enclosed by the cell membrane, a lipid bilayer that forms the boundary between 
the outside world and the organelles of the cell.  On the outside, receptors are attached to 
the membrane, making it possible for cells to communicate but also to attach themselves 
to their environment. Generally, these receptors are not larger than tens of nanometers. 
Several cell types, however, express an extracellular layer that can be much thicker (up to 
several micrometers!). This so-called pericellular matrix forms the first contact between 
cells and the outside world.  
 An example of such an extracellular compartment is the endothelial glycocalyx, which 
extends about 0.5 µm into the lumen of blood vessels. It is attached to the endothelial 
cells that form the inner lining of blood vessels. Other cells that express a pericellular 
matrix are for instance chondrocytes and several types of cancerous cells like prostate 
cancer cells (chapter 5), but in this thesis the emphasis is on the endothelial glycocalyx 
and its mechanical properties. 
 The endothelial glycocalyx and the pericellular matrix in general, have as backbone the 
macromolecule hyaluronan which can have a length of many micrometers. It is essential 
for the proper functioning of the layer, and is, as can be seen in chapter 3, viscoelastic 
with an elasticity depending on the length and concentration of the hyaluronan polymers. 
 Many biological materials are viscoelastic, which means that they have both elastic as 
well as viscous characteristics. One of these two can dominate and this can depend on 
the time scale at which the material is probed. For instance at low frequencies a material 
might behave like an elastic material while at high frequencies its response can be more 
viscous. It has been indirectly shown by others that the endothelial glycocalyx has elastic 
properties. For instance the observation that the glycocalyx recovers in blood vessels, 
after being squeezed by the passage of a white blood cell, is an indication for the elastic 
recoil of this layer. The actual mechanical properties of the endothelial glycocalyx, 
however, have never been measured. This information is essential for a full understanding 
of the functioning of this type of pericellular matrix. But how to measure the viscoelasticity 
of something so small (thickness < 1 µm), that is furthermore attached to the cell 
membrane?  For this a micro-rheological technique is necessary. 
 An optical trap, the so-called optical tweezers, which saw the light in the 1980’s, is ideal 
for this. The idea behind the tweezers is simple and beautiful: based on the principle of 
conservation of momentum, a trap can be created with focused laser light in which a small 
particle (in our case a silica bead with a diameter < 1 µm) can be trapped. The bead can 
move thermally within the trap. This movement contains information about the mechanical 
properties of the material in which the bead is embedded and can be used to determine 
the viscoelasticity of the material. This is done by precisely measuring the displacement of 
the bead within the trap (chapter 1).  From this displacement as function of time, the shear 
modulus can be determined, which has both an elastic as well as a viscous component: 
the elastic and viscous modulus.  In this thesis, this micro-rheological technique has been 
used to determine the viscoelastic properties of endothelial glycocalyx model systems  
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(chapter 3, chapter 4), and of the pericellular matrix of prostate cancer cells. Furthermore, 
an attempt has been made to measure the viscoelasticity of the endothelial glycocalyx 
both on endothelial cells in culture and in capillaries of the mouse cremaster.  
 Hyaluronan is, as has been mentioned above, an important mechanical component of 
the pericellular matrix and thus of the endothelial glycocalyx. Several observations about 
the endothelial glycocalyx lead to this conclusion: endothelial cells loose their sensitivity to 
shear stress exerted by the flowing blood, after enzymatic removal of hyaluronan. Less of 
the molecule NO, which is responsible for the relaxation of the smooth muscle cells of 
blood vessels, is produced. Furthermore, the endothelial glycocalyx looses its barrier 
properties: molecules, which were held away from the cell-surface by the glycocalyx, can 
easily approach the endothelial cells after hyaluronan has been removed.  
 A good first step towards a full understanding of the mechanical properties of the 
endothelial glycocalyx is to know the mechanical properties of hyaluronan. The 
viscoelasticity of simple hyaluronan solutions of different concentrations and molecular 
weights has been determined in chapter 3. From these measurements it becomes evident 
that the response of hyaluronan can be predominately elastic, but that this depends on the 
concentration and molecular weight of the hyaluronan polymers. Both the concentration 
and length of the hyaluronan polymers in the glycocalyx are not yet known. This 
information is needed to say something about the viscoelasticity of the endothelial 
glycocalyx based on the findings of chapter 3. At least if the mechanical response of the 
glycocalyx is dominated by hyaluronan. For now they show that a mechanical glycocalyx 
is possible, based on the presence of hyaluronan alone. 
 In vivo, other components are also involved. For example, the endothelial glycocalyx 
can only be restored after enzymatic removal of hyaluronan, when both hyaluronan and 
chondroitin sulfate are administered at the same time. Furthermore, the removal of 
heparan sulfate from the glycocalyx, like the removal of hyaluronan, abolishes the shear-
sensing capability of endothelial cells. Both chondroitin sulfate and heparan sulfate are 
small molecules (much smaller than1 µm). This means that they are not capable of 
forming elastic networks by themselves. They might, however, change the mechanical 
response of hyaluronan by interacting with the hyaluronan polymers. This hypothesis was 
tested in chapter 4, and it was found, that only chondroitin sulfate, which is thought to 
interact with hyaluronan, has some effect on the mechanical response of the simple 
hyaluronan solution. Furthermore the presence of other factors, which are also important 
for the proper functioning of the endothelial glycocalyx, like plasma and the predominant 
plasma-protein albumin, did not have an effect, except for making the solution more 
viscous. Their role could be biochemical, for instance less hyaluronan is produced by 
mesangial cells when serum is absent in the culture medium. This might be the same for 
endothelial cells.  
 Hyaluronan-binding macromolecules, which can bind to hyaluronan along the length of 
the hyaluronan polymers, are present in the pericellular matrix of other types of cells. Two 
of these macromolecules are versican and aggrecan, which are very similar and belong to 
the same family. Aggrecan is present in the pericellular matrix of chondrocytes, versican 
for instance in the pericellular matrix of prostate cancer cells. The effect of aggrecan on 
the mechanical properties of the simple hyaluronan solution has also been tested in 
chapter 4. Of all the components, aggrecan, which can bind to hyaluronan, had the 
biggest effect. The response, however, remained dominated by hyaluronan. 

These simple hyaluronan-solutions back up the hypothesis that hyaluronan is 
predominantly responsible for the mechanical properties of the endothelial glycocalyx. In 
the endothelial glycocalyx, however, hyaluronan is bound to the membrane surface, 
where it can be attached to hyaluronan-binding receptors or to its synthase. A logical next 
step would be to measure the viscoelastic properties of endothelial cells in culture. This 
was attempted without any positive result, as can be seen in chapter 1. Recently, others 
have confirmed that the endothelial glycocalyx is not expressed by endothelial cells in 
culture, at least not as it is in vivo. This information was not yet available at the time of the  
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experimental work contained in this thesis. To confirm that the used measuring technique 
is capable of detecting the mechanical properties of the endothelial glycocalyx, when 
present, the pericellular matrix of prostate cancer cells was probed.  

This is the first time that the mechanical properties of such a soft pericellular layer have 
been determined (chapter 5). As mentioned above the pericellular matrix of prostate 
cancer cells can contain versican. Versican is produced by fibroblasts present in the 
peritumoral stroma. Under normal culture conditions, however, versican is not present, 
and the pericellular matrix was found to have a thickness of ~ 1 µm (chapter 5). Addition 
of aggrecan, used as a substitute for versican, increased the thickness to ~ 4 µm. The 
hyaluronan polymers with bound aggrecan macromolecules form a brush-like structure 
with the hyaluronan polymers extending from the surface. Addition of aggrecan to the 
glycocalyx of endothelial cells in culture did not have an effect (chapter 1). There is just 
not enough hyaluronan expressed by endothelial cells in culture. It follows from the above, 
however, that when this would have been the case, the mechanical probing of the 
glycocalyx would have been possible with the measuring technique used.   

A final attempt is made in chapter 6 to determine the mechanical properties of the 
endothelial glycocalyx, this time in capillaries of the mouse cremaster muscle. 
Unexpectedly the inside of the vessels was found to be completely viscous. During 
measurement, the flow was halted in the probed vessels, which might have caused the 
glycocalyx to be compromised. This first application of optical tweezers in vivo shows the 
broader in vivo potential: blood platelets can be easily trapped and moved, making it 
possible to locally study platelet-vessel wall interactions. First observations are shown in 
chapter 6.  
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Samenvatting
 
 
 
Cellen zijn omgeven door een membraan, een lipide bilaag, die een barrière vormt tussen 
de wereld buiten de cel en de organellen van de cel. Op het celmembraan zijn aan de 
buitenzijde receptoren aanwezig. Hiermee kan de cel met zijn omgeving communiceren 
maar er zich ook aan vastzetten. Deze receptoren zijn in het algemeen niet groter dan 
tientallen nanometers. Verscheidene typen cellen hebben echter een uitwendige laag die 
veel dikker (tot wel meerdere micrometers!) kan zijn en dus het eerste contact van de cel 
met zijn omgeving vormt. Een voorbeeld van een dergelijk extracellulair compartiment is 
de endothele glycocalyx. De endothele glycocalyx wordt geproduceerd door vasculaire 
endotheelcellen, die de binnenste laag van bloedvaten vormen. De endothele glycocalyx 
steekt een kleine micrometer het bloedvat in. Dit betekent dat een groot volume van onze 
bloedvaten door de glycocalyx ingenomen wordt. De endothele glycocalyx is een specifiek 
voorbeeld van de zogeheten pericellulaire matrix die bij voorbeeld ook aanwezig is op 
chondrocyten en bepaalde soorten kankercellen zoals die van de prostaat (zie hoofdstuk 
5 van dit proefschrift). Dit proefschrift gaat vooral over de endothele glycocalyx, met een 
nadruk op de mechanische eigenschappen van deze laag. 
 De endothele glycocalyx, en de pericellulaire matrix in het algemeen, heeft als 
ruggengraat het macromolecuul hyaluronan. Hyaluronan polymeren kunnen een lengte 
van vele micrometers hebben. Wanneer hyaluronan enzymatisch verwijderd wordt uit de 
pericellulaire matrix, dan stort de hele laag in. Hyaluronan is, zoals te zien is in hoofdstuk 
3, viscoelastisch met een elasticiteit die afhangt van de lengte en de concentratie van de 
hyaluronan polymeren. Veel biologische materialen zijn viscoelastisch, dit betekent dat ze 
zowel elastische als visceuze (stroperige) eigenschappen hebben. Welke van de twee 
domineert, kan afhangen van de tijdschaal. Het materiaal kan zich, bij voorbeeld, bij lage 
frequenties voornamelijk elastisch gedragen, terwijl het zich bij hoge frequenties 
voornamelijk visceus gedraagt. Dat de endothele glycocalyx elastische eigenschappen 
heeft is door anderen reeds indirect aangetoond; bij voorbeeld het herstel van de dikte 
van de laag in het bloedvat na indrukking door een passerende witte bloedcel. Dit duidt op 
een elastische terugbeweging van de glycocalyx. De mechanische eigenschappen van de 
glycocalyx zijn alleen nog nooit gemeten. Deze informatie, echter, is belangrijk voor het 
volkomen begrijpen van het functioneren van deze pericellulaire matrix waarvan onze 
kennis nog incompleet is. Maar hoe de viscoelasticiteit van zoiets kleins (kleiner dan  1 
micrometer) dat vastzit aan een cel te meten? Het gebruik van een conventionele 
macrorheometer is hierbij uitgesloten en een microrheologische techniek is nodig. 
 Gelukkig zag in de jaren tachtig van de vorige eeuw het optisch pincet het licht. Het 
idee achter het pincet is simpel en mooi: gebruik makend van de behoudswet van impuls 
kan met gefocusseerd laserlicht een val gecreëerd worden, waarbinnen een klein bolletje 
(in ons geval met een diameter kleiner dan 1 micrometer) gevangen kan worden. Het 
bolletje kan binnen de val thermisch bewegen. Deze beweging zegt iets over de 
mechanische eigenschappen van het materiaal waarin het bolletje zich bevindt en kan 
dus gebruikt worden om de viscoelasticiteit van het materiaal te meten. Dit wordt gedaan 
door de verplaatsing van het bolletje binnen de val nauwkeurig te meten met behulp van  
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een quadrantphotodiode (hoofdstuk 1). Uit de verplaatsing van het bolletje als functie van 
de tijd kan de zogeheten schuifmodulus bepaald worden. De schuifmodulus heeft een 
elastische en visceuze component: de elastische respectievelijk visceuze modulus. In het 
werk dat in dit proefschrift beschreven is, is deze microrheologische techniek gebruikt om 
de mechanische eigenschappen te bepalen van zowel endothele glycocalyx model-
oplossingen als de pericellulaire matrix van prostaatkankercellen. Verder is er een poging 
gedaan om de viscoelasticiteit van de endothele glycocalyx te meten, zowel op 
endotheelcellen in kweek als in het bloedvat. 
 Zoals hierboven reeds is genoemd, is hyaluronan een belangrijk mechanische 
component van de pericellulaire matrix en van de endothele glycocalyx. Verscheidene 
observaties wat betreft de endothele glycocalyx duiden hierop: na enzymatische 
verwijdering van hyaluronan zijn bloedvaten niet gevoelig meer voor de schuifspanning 
die het bloed uitoefent en wordt er minder van het molecuul NO door de endotheelcellen 
geproduceerd. NO zorgt ervoor dat de spiercellen van het bloedvat zich ontspannen. 
Verder verliest de endothele glycocalyx zijn barrière-eigenschappen wanneer hyaluronan 
verwijderd wordt. Moleculen van bepaalde groottes die bij een intacte glycocalyx niet de 
endotheelcellen kunnen naderen, kunnen dit wel na enzymatische verwijdering van 
hyaluronan.  
 De eerste stap in het bestuderen van de mechanische eigenschappen van de 
endothele glycocalyx is om een idee te krijgen van de mechanische eigenschappen van 
hyaluronan. Simpele hyaluronan-oplossingen van verschillende hyaluronan concentraties 
en moleculaire gewichten zijn doorgemeten met het optisch pincet (hoofdstuk 3). Uit deze 
metingen blijkt dat hyaluronan zeker voornamelijk elastisch kan zijn maar dat dit afhangt 
van de concentratie en lengte van de hyaluronan polymeren. De lengte en concentratie 
van de hyaluronan polymeren in de endothele glycocalyx is nog niet bekend. Pas als deze 
informatie beschikbaar komt, kunnen de bovengenoemde metingen aan de simpele 
hyaluronan oplossingen iets zeggen over de mechanische eigenschappen van de 
endothele glycocalyx. Tenminste, als de hypothese correct is dat hyaluronan hier 
voornamelijk voor verantwoordelijk is. 
 Andere componenten van de glycocalyx spelen ook een rol. Zo kan de endothele 
glycocalyx alleen hersteld worden na verwijdering van hyaluronan wanneer zowel 
hyaluronan als chondroitine sulfaat tegelijkertijd worden toegediend. Tevens blijkt ook dat 
na verwijdering van heparaan sulfaat, endotheelcellen, zoals bij de verwijdering van 
hyaluronan, niet meer gevoelig zijn voor de schuifspanning van het bloed. Zowel 
chondroitine sulfaat als heparaan sulfaat zijn kleine moleculen (veel kleiner dan 1 µm). Dit 
betekent dat zij zelf niet in staat zijn tot het vormen van een elastisch netwerk. Echter, 
misschien kunnen zij de mechanische eigenschappen van een hyaluronan netwerk 
beïnvloeden door met hyaluronan te wisselwerken. Deze hypothese is getest in hoofdstuk 
4. Alleen chondroitine sulfaat, waarvan bekend is dat het met hyaluronan kan 
wisselwerken, blijkt een beetje invloed te hebben op de viscoelasticiteit van de hyaluronan 
oplossingen. Toevoeging van heparaan sulfaat maakt de oplossing vooral meer visceus. 
In beide gevallen, echter, wordt de viscoelasticiteit door hyaluronan gedomineerd. Ook 
toevoeging van plasma en het plasma-eiwit albumine, hebben geen invloed op de 
mechanische eigenschappen van de hyaluronan oplossing. De rol van deze andere 
componenten kan biochemisch zijn, zo wordt er minder hyaluronan door mesangiale 
cellen in kweek geproduceerd wanneer serum ontbreekt. Dit zou ook voor endotheelcellen 
het geval kunnen zijn.  
 In de pericellulaire matrix van andere type cellen komen hyaluronan-bindende 
macromoleculen voor die op verschillende plaatsen langs een hyaluronan polymeer 
kunnen binden. Twee van deze macromoleculen zijn versican en aggrecan, die tot 
dezelfde familie behoren en erg op elkaar lijken. Aggrecan komt in de pericellulaire matrix 
van chondrocyten voor, versican bij voorbeeld in die van prostaatkankercellen. Ook het 
effect van aggrecan op de viscoelastische eigenschappen van een simpele hyaluronan  
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oplossing is in hoofdstuk 4 getest. Aggrecan, dat aan hyaluronan bindt, bleek de 
viscoelasticiteit het meest te verhogen. 
 De simpele hyaluronan-oplossingen zijn een goede eerste stap. De hyaluronan 
polymeren in deze oplossingen zijn, echter, niet gebonden aan een oppervlak. Dit in 
tegenstelling tot hyaluronan in de endothele glycocalyx dat via hyaluronan-bindende 
receptoren vastzit aan de endotheelcellen. Een logische vervolgstap zou zijn om de 
viscoelastische eigenschappen van de glycocalyx van endotheelcellen in kweek te meten. 
Dit is getracht zonder enig positief resultaat, zoals te zien is in hoofdstuk 1. Recentelijk is 
ook door anderen aangetoond dat de endothele glycocalyx, zoals die in-vivo aanwezig is, 
op endotheelcellen in kweek ontbreekt. Omdat deze informatie ontbrak ten tijde van het 
experimentele deel van dit proefschrift en de vraag oprees of het wel mogelijk zou zijn om 
met de gebruikte meetmethode de mechanische eigenschappen van de glycocalyx te 
meten, is ook de pericellulaire matrix van een ander type cel, namelijk 
prostaatkankercellen, onderzocht.  
 Voor het eerst is het mogelijk gebleken om de mechanische eigenschappen van zo 
een zachte pericellulaire matrix te meten (hoofdstuk 5). Zoals reeds hierboven is 
beschreven, kan de pericellulaire matrix van prostaatkankercellen versican bevatten. Dit 
wordt door fibroblasten in de peritumorale stroma geproduceerd. Onder normale 
kweekomstandigheden is versican niet aanwezig, de pericellulaire matrix bleek in dit geval 
slechts een dikte van ongeveer 1 µm te hebben. Wanneer in plaats van versican, 
aggrecan toegevoegd werd, nam deze dikte enorm toe: ongeveer 4 µm. De hyaluronan 
polymeren met gebonden aggrecan macromoleculen vormen een borstelachtige structuur, 
waarbij de hyaluronan polymeren zich uitstrekken vanaf het membraan oppervlak. Het 
toevoegen van aggrecan aan de glycocalyx van endotheelcellen in kweek had echter 
geen effect (hoofdstuk 1). Er is gewoon weg niet genoeg hyaluronan op het oppervlak 
aanwezig. Wanneer dit wel het geval zou zijn, blijkt uit het bovenstaande dat met de 
gebruikte meetmethode het mogelijk zou moeten zijn om mechanische metingen te doen 
aan de glycocalyx.  
 Een laatste poging is gedaan in hoofdstuk 6 om de mechanische eigenschappen van 
de endothele glycocalyx te meten en wel in capillairen van de cremasterspier van de muis. 
Tegen de verwachting in bleken deze bloedvaten helemaal visceus van binnen te zijn. De 
vaten waren op het moment van de metingen niet doorstroomd, wat misschien een 
oorzaak kan zijn geweest van de afwezigheid van een mechanische endothele glycocalyx. 
Deze eerste applicatie van het optisch pincet in vivo, waarmee bloedplaatjes gevangen 
konden worden en in het bloedvat verplaatst, opent tal van mogelijkheden voor 
toekomstig onderzoek. Met het optisch pincet kunnen lokaal bloedplaatjes-vaatwand 
interacties bestudeerd worden, een aantal eerste observaties hierover zijn gedaan in 
hoofdstuk 6.  
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overlap hebben gehad! Ik ben benieuwd naar jullie boekjes.  Heel veel succes met de 
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begeleiden dus dat moet goedkomen.  

Het gouden duo, Jeroen en Pepijn. Jullie stralen zoveel plezier uit, ik denk dat iedereen 
daar blij van wordt. Ik in iedergeval wel. Heel veel succes met al het cryomicrotoom-
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De afgelopen jaren stonden enorm in het teken van dit proefschrift. Het leek soms alsof 
het het einige was dat er bestond. Aafke, Esther, Roos en Yvette, bedankt dat jullie voor 
wat afwisseling hebben gezorgd! Ik beloof dat ik het na de 30e nooit meer over m’n 
proefschrift zal hebben! Woonden we maar wat dichter bij elkaar! Aafke bedankt voor al je 
raad en je gezelligheid. Esther en Roos, ik mis onze uitstapjes naar het Muziektheater. 
Yvette, waar ik ook ga wonen, ook al is het in het verste uitgat ooit, ik weet dat jij het kan 
vinden! Esther en Aafke, bedankt dat jullie mijn paranimfen willen zijn! Ronald’s familie, en 
dan vooral Carmelina, Hans en Demelza, bedankt voor alle warmte en voor het lekkere 
italiaanse eten! Pjotr en Andrea bedankt dat jullie zoveel op jullie hebben genomen in die 
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je het zelf ook had!  

Last but not least, I would like to thank the two persons to whom I am forever grateful and 
without whom this thesis would not have been here. Daisuke, I am going to thank you in 
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だいすけ様、 
 

あなたには、なんとお礼を申し上げればよいか、わかりません。あなたと 
一緒に研究させてもらった時間は、私の博士課程の期間の中で、もっとも大切な

時間です。ただ単に論文を終えられたことだけを、お礼として伝えたいのではあ

りません。十分に感謝のことばを伝えられませんが、あなたのような親切で信頼

できる人はなかなか他にはいません。 
また、ドイツでは滞在の手配から住居の手配まで本当にお世話になりました。

また、何度も楽しい時間を提供していただきました。健康的な？「真夜中デイナ

ー」でのおしゃべりは、すごく楽しかったです。また、VU の窓をすり抜けて、

登ったこともすごくいい思い出です。 
 私にとって、あなたは本当に意味での科学者です。そうしか考えられません。

忘れないでいてください。どんなにあなたが、他のすべての上司の方々のように

多忙になったとしても、Tinkering のための時間を持つことを！  
 
 
Ronald, mijn liefste, terwijl ik dit schrijf ben je nog een laatste keer mijn samenvatting aan 
het doorlezen. Ik kan je niet genoeg bedanken, en voor zoveel meer dan dat! Wij zijn de 
twee …………., dat maakt alles veel leuker! Ik ben heel blij dat we samen door deze 
ruimte-tijd gaan! 
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