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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.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 106 

 


