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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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