4th Micro and Nano Flows Conference
UCL, London, UK, 7-10 Semptember 2014

Behaviour of the von Willebrand Factor in Blood Flow
Kathrin MULLER', Dmitry A. FEDOSOV!, Gerhard GOMPPER'

1: Theoretical Soft Matter and Biophysics, Institute of Complex Systems and Institute for Advanced
Simulation, Forschungszentrum Jiilich, 52425 Jiilich, Germany
* Corresponding author: Tel.: +49 (0)2461 613913; Fax: +49 (0)2461 613180; Email:
k.mueller @fz-juelich.de

Abstract The von Willebrand factor (vWF), a large multimeric protein, is essential in hemostasis. Under
normal conditions, VWF is present in blood as a globular polymer. However, in case of an injury, vVWF is able
to unwrap and bind to the vessel wall and to flowing platelets. Thus, platelets are significantly slowed down
and can adhere to the wall and close the lesion. Nevertheless, it is still not clear how the unwrapping of the
vWF is triggered. To better understand these complex processes, we employ a particle-based hydrodynamic
simulation method to study the behaviour of vVWF in blood flow. The vWF is modelled as a chain of beads
(monomers) connected by springs. In addition, the monomers are subject to attractive interactions in order to
represent characteristic properties of the vVWF. The behaviour of vWF is investigated under different conditions
including a freely-suspended polymer in shear flow and a polymer attached to a wall. We also examine the
migration of vVWF to a wall (margination) depending on shear rate and volume fraction of red blood cells
(RBCs). Furthermore, the stretching of the vWF in flow direction depending on its radial position in a capillary
is monitored. Our results show that attractive interactions between monomer beads increase margination
efficiency and significantly affect the extension of vWF at different radial positions in blood vessels.
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1 Introduction with a contour length which can be larger than
100 wm (Schneider et al., 2007; Dong, 2005).
This multimeric protein is composed of iden-
tical subunits or dimers which have a length of
approximately 70 nm and a thickness of about
10nm. Assembled vWF can be released into
the blood plasma, stored in the Weibel-Palade
bodies, secreted basolaterally into the sub-
endothelium, or stored in platelet o-granules.
The stored vVWF is often unusually long in
comparison with plasmatic vWF. This ultra-
large vVWF (ULVWF) is typically released in re-
sponse to signals which indicate vascular dam-

As a response to a vascular injury, platelets
are able to adhere at the damaged vessel
wall to stop blood loss. The process of
the initial platelet-plug formation is called
primary hemostasis. ~ Even though recep-
tors on the surface of platelets can inter-
act with several sub-endothelial ligands (e.g.,
collagen (Nuyttens et al., 2011)), platelet ad-
hesion often still needs to be mediated by
proteins such as the von Willebrand fac-

tor (VWF) (Ruggen, 1997, Reininger, 2.008’ ages (Schneppenheim and Budde, 2008). UL-
Schneppenheim and Budde, 2008), especially . .

. . vWF has been experimentally detected in blood
at high shear rates. For instance, for wall

shear rates exceeding approximately 1500 s-! plasma not only after an induced release from
’ endothelial storage sites, but also in case of cer-

platelet velocities are too high for direct bind-

ing and their adhesion is practically mediated
by vWF (Reininger, 2008).

VvWEF is the largest protein found in blood,

tain blood diseases (Reininger, 2008).

The adhesion of platelets to vVWF is me-
diated by the glycoprotein Ibx (GPIbax) on



the surface of platelets. Platelet binding to
vWF is able to withstand very high forces
which would correspond to abnormally high
shear rates and may occur in a stenosed (con-
stricted) vessel (Reininger et al., 2006). How-
ever, GPIbx binding to immobilized vWF has
high association as well as dissociation rates
(Savage et al., 1996). Therefore, often platelets
slide along the vWF chains in the direction of
the flow (Maxwell et al., 2007). Their sliding
velocity typically corresponds to about 2% of
the velocity of freely flowing platelets. The
slow velocity of sliding platelets facilitates
the formation of bonds between platelets and
sub-endothelial ligands (e.g., collagen) which
lead to eventual platelet arrest (Savage et al.,
1996; Reininger, 2008). Several experimen-
tal studies (Moake et al., 1986; Ruggeri, 1997,
2003; Barg et al., 2007) indicate that adhesion
of platelets to vVWF mainly depends on shear
rate and the length of the vVWEF. These stud-
ies also suggest that an increased shear rate
leads to a conformational change of vWF from
a globular form to a stretched configuration,
which is accompanied by increased platelet ad-
hesion. Experiments with a single vVWF in
shear flow (Schneider et al., 2007) have shown
that the average extension of vVWF strongly de-
pends on shear rate. vWF extension dramat-
ically changes from a primarily globular con-
figuration to a stretched one when a critical
shear rate of about 5000s™! has been reached
(Schneider et al., 2007). Furthermore, adhesion
of a stretched vVWF to exposed collagen at a
site of injury is also enhanced. Recent numer-
ical simulations and experiments on the forma-
tion of aggregates consisting of VWF and col-
loids in shear flow (Chen et al., 2013) have con-
firmed that vWF length, adhesive interactions,
and shear rate are the most important factors
which govern aggregate size.

A dysfunction of primary hemostasis can
lead to extensive bleeding or undesired throm-
botic events. One of the most common inher-
ited bleeding disorders is the von Willebrand
disease (VWD) with an incidence of up to 1%
of the general population (Furlan, 1996). vWD
can be caused by a reduced number of vWF
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chains or their complete absence. Other forms
of the vWD are related to existing defects in
vWEF chains due to mutations leading to bleed-
ing symptoms of different severity. A differ-
ent type of blood disorder, thrombotic throm-
bocytopenic purpura, is caused by the dys-
function of vWF length regulation performed
by the enzyme ADAMTS13, which normally
cleaves long vWF chains and therefore, controls
their length; this dysfunction leads to the oc-
currence of long vWF chains in blood plasma.
As a result, spontaneous formation of vWF-
platelet aggregates may occur and these small
platelet clots (thrombi) can damage various tis-
sues and organs due to blood-flow blockages
(Schneppenheim et al., 2003).

Another important aspect of the primary
hemostasis process is the availability of all
necessary components near the site of injury,
which is affected by their distribution within
the vessel cross-section. Therefore, platelets
and vVWF have to migrate towards the wall
through the process called margination. Par-
ticle margination in blood flow is mediated
by red blood cells (RBCs), which migrate to
the vessel center (Goldsmith et al., 1989) due
to hydrodynamic interactions with the walls
(called lift force) (Cantat and Misbah, 1999;
Abkarian et al., 2002; Messlinger et al., 2009)
leading to a RBC-free layer (RBCFL) near
the walls. More precisely, the occurrence of
margination is a consequence of the compe-
tition between lift forces on RBCs and sus-
pended particles, and their interactions in flow
(Kumar and Graham, 2012). The hydrody-
namic interactions with the wall strongly de-
pend on the deformability and size of suspended
particles. For instance, the lift force on platelets
is lower than that on RBCs since platelets are
considerably stiffer and smaller than RBCs. As
a result, vVWF and platelets are expelled into the
RBCFL, and thus occupy a position near the
wall.

Numerical simulations of blood flow on the
level of single cells (Fedosov et al., 2014) al-
low us to explore primary hemostasis and the
margination process leading to a better under-
standing of the intricate interplay among blood



cells and vWE. Realistic simulations also con-
tribute to the quantification of experimental data
and elucidate physical and biological mecha-
nisms involved. Using a mesoscopic hydrody-
namics simulation approach, the behaviour of
VvWF in shear flow and blood flow is investi-
gated. We study the extension of vWF and its
margination properties. We find that adhesion
of vWF to a wall leads to efficient vWF ex-
tension at shear rates substantially lower than
the critical shear rate for the stretching of a
freely flowing vWF. Furthermore, the globular
form of vWF appears to be advantageous for its
margination.

2 Models and methods

Simulation method. We employ the
dissipative  particle  dynamics (DPD)
method (Hoogerbrugge and Koelman, 1992;

Espafiol and Warren, 1995), a mesoscopic
particle-based simulation approach, which
properly captures hydrodynamics. The simu-
lation system is represented by a collection of
n point particles. The particles interact locally
within a cutoff radius r. through pairwise
forces, which have conservative (FC), dissipa-
tive (F”), and random (F¥) contributions. The
time evolution of the velocity v; and position r;
of particle i with the mass m; is determined by
the Newton’s second law of motion dr; = v;dt
and dv; = = (FC + F? + F¥) dr.

Red blood cell model. RBCs in 2D are mod-
elled as a closed chain of N, connected beads.
The equilibrium distance between the beads is
imposed by a spring potential. In addition,
bending rigidity and area-conservation con-
straint are used for the RBC model. More de-
tails on the model can be found in Fedosov et al.

(2012).

Simulation setup. The simulation setup con-
sists of a slit geometry with a width of W =
20um. In case of a single vWF polymer in
shear flow, the length of a simulation box has
been set to Lo = 3.5W, while for blood flow
simulations L = 6W has been employed. The
channel was filled with fluid particles to model
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fluid flow and and with Np suspended polymers.
For blood flow simulations, Nzggc RBCs were
suspended in addition to Np = 6 polymers. The
number of RBCs has been computed according
to channel hematocrit H,, which is defined as
the area fraction of RBCs.

Boundary conditions. In flow direction, pe-
riodic boundary conditions were imposed,
while in the other direction the suspension was
confined by walls. The walls were modelled
by frozen fluid particles having the same struc-
ture as the fluid, while the wall thickness was
equal to r.. Thus, the interactions of fluid par-
ticles with wall particles are the same as the in-
teractions between fluid particles, and the inter-
actions of suspended polymers and RBCs with
the wall are identical to those with a suspend-
ing fluid. To prevent wall penetration, fluid
particles as well as particles used for mod-
elling RBCs and vWF are subject to reflec-
tion at the fluid-solid interface. We employed
a bounce-back reflection rule, since it provides
a better approximation for the no-slip bound-
ary conditions in comparison to specular reflec-
tion of particles. To ensure that no-slip bound-
ary conditions are strictly satisfied, a tangential
adaptive shear force (Fedosov and Karniadakis,
2009) has been also added to act on the fluid
particles in a near-wall layer of a thickness A, =
re.

System parameters. Shear flow has been ob-
tained by moving the two walls in opposite di-
rection with the same velocity magnitude. To
characterize the flow strength for simple shear
flow, we normalize the shear rate y = Av/W
by the characteristic time scale 7 = a*n/ksT,
where Av is the velocity gradient between the
walls, a is the monomer radius, 7 is the 2D dy-
namic viscosity, and k3T is the energy scale.

Blood flow is driven by a constant force ap-
plied to each solvent particle, which is equiva-
lent to a prescribed pressure gradient. To char-
acterize the flow strength in this case, we define
a non-dimensional shear rate as

¥ = 7T’TRBC =y -, (D



where ¥ = 7/W is the average shear rate (or
pseudo shear rate) and v is the average flow ve-
locity computed from the flow rate, while Tz
defines a characteristic RBC relaxation time.
Here, D, = Ly/n is the effective RBC di-
ameter with Ly being the RBC contour length
and «, is the RBC membrane bending rigidity.
The RBCs are further characterized by the re-
duced area A* = 4Ay/(nD?) = 0.46, where
Ay is the enclosed RBC area. Typical values
for real healthy RBCs are D, = 6.5um in 3D
(D, = 6.1um in 2D), n = 1.2 x 1072 Pas, and
k, = 50kgT for the physiological temperature
T =37°C.

Polymer (vWF) model. A polymer has been
modelled as a bead-spring chain with a bead
radius a as proposed by Alexander-Katz et al.
(2006) and Schneider et al. (2007). The inter-
bead interaction potential is given by

Ubeads
kgT

2)

N-1
=K 2= (ri+1,i - 261)2 +

+€2; ((rz_i)lz -2 (%)6)

where r; j = r; — r; is the distance between two
neighboring beads i and j. The first part of
the potential corresponds to harmonic springs
for inter-bead connections with an equilibrium
spring length of 2a. The second part is a
Lennard-Jones (LJ) interaction with a strength
€, which imposes excluded-volume interactions
between beads and may also add inter-bead at-
tractive interactions. One type of a modelled
polymer (repulsive polymer) employs only the
repulsive part of the LJ potential with a cutoff
distance of r;; = 2a. Other polymers (attractive
polymer), which mimic the vWF, were mod-
elled with the attractive part of the LJ potential,
where the attraction strength € has been varied.
The polymer used in all simulations consisted
of N = 26 beads corresponding to a length of
L =15.6pum.

3 Results

3.1 vWF extension in shear flow

To better understand the behaviour of VWF
under shear, we studied the stretching of dif-

4th Micro and Nano Flows Conference
UCL, London, UK, 7-10 Semptember 2014

(b)

Rg/L

()

R/L

d) o8 ———

07 i £ =2 ==
1 0.6 | repulsive =—e—
é\:m 05 ¢
V 0.4 ¢t

0.3 ¢

0.2 ¢t ‘ ‘ ‘

0.001 0.01 0.1 1 10

VT
Figure 1: Polymer extension in shear flow. (a) A
polymer snapshot with its extension Rs measured
along the flow direction. (b) Time-dependent ex-
tension Rg for a repulsive polymer normalized by
the contour length L. (c) Extension of an attractive
polymer with € = 4 in shear flow. (d) Average ex-
tension (Ryg ) for the repulsive polymer model (green
curve) and the attractive polymer model with € = 2
(blue curve) and € = 4 (red curve) depending on the
shear rate 7 normalized by 7 = a’n/kgT.



ferent polymer models in shear flow, includ-
ing a purely repulsive polymer, and a poly-
mer with different LJ attraction strengths which
mimic vVWF inter-monomer interactions. Poly-
mer stretching along the flow direction has been
measured through the extension Ry depicted in
Fig. 1(a). Under shear, polymers undergo a pe-
riodic stretch-and-tumble motion such that their
extension due to the velocity gradient is fol-
lowed by the tumbling and collapse, as studied
extensively for repulsive polymers (Smith et al.,
1999; Huangetal.,, 2011). Figures 1(b),(c)
show the time dependence of Ry for the two
polymer models and different shear rates. An
increase in shear rate results in a higher ro-
tational frequency which can be appreciated
through the frequency of extension peaks in
Fig. 1(b) for a repulsive polymer. An attractive
polymer displays on average much lower ex-
tension than a repulsive polymer; furthermore,
at low shear rates, the attractive polymer main-
tains its globular shape. Figure 1(d) presents the
average extension (Rg) for these polymer mod-
els with respect to the normalized shear rate y7.
For the investigated range of shear rates, a re-
pulsive polymer shows a weak dependence of
its extension on the shear rate, while an attrac-
tive polymer remains unstretched up to a critical
shear rate. The critical shear rate as well as the
width of globular-stretched transition strongly
depends on e. These results are in agree-
ment with recent experiments and simulations
of VWF in shear flow (Alexander-Katz et al.,
2006; Schneider et al., 2007). A detailed quan-
titative comparison with experiments is diffi-
cult, since the simulation results are obtained
for 2D systems. However, 2D systems pro-
vide interesting insights into the relevant mech-
anism.

Previous simulations have shown that poly-
mer extension is more pronounced if it is lo-
cated close to a wall (Alexander-Katz and Netz,
2007). Figure 2 presents our results which con-
firm this finding, but also illustrates the dif-
ference in extension between a freely-flowing
polymer and a polymer attached to the wall.
In comparison to a free polymer, the attach-
ment to the wall results in an increased exten-
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Figure 2: Polymer extension of adhered chains.
(a) Combined snapshots of a polymer in simulations.
Four different cases are investigated: polymer in the
middle of a channel (purple), near a wall (cyan), an-
chored with its one end to the wall (orange), and an-
chored with its one end to the wall and a platelet
attached to the other end (brown). Polymer average
extension versus the normalized shear rate y7 for (b)

the repulsive polymer and (c) the attractive polymer
model with € = 4.
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sion of both repulsive and attractive polymers
for the same shear rate. For the attractive poly-
mer adhered to the wall, the critical shear rate
for stretching is about an order of magnitude
lower than that for a free chain. In addition,
platelet adhesion to vWF further facilitates its
stretching.

There also exist differences in dynamics of a
free and attached polymer. The free polymer
generally shows a cyclic transition between an



extended and a globular conformation during
its rotation in shear flow, while the conforma-
tions of an attached polymer are quasi-extended
and more stationary without significant stretch-
ing/recoiling dynamics.
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Figure 3: Center-of-mass probability distribu-
tions. The distributions of RBCs (red curve) and
attractive polymers with € = 4 (green curve) across
the channel for H, = 0.3 and ¥* =~ 30. The purple
line indicates the width of the RBCFL.

3.2 vWF margination in blood flow

In order to elucidate the role of RBCs on vWF
stretching and margination in blood flow, we
investigate the behaviour of vVWF under vari-
ous blood flow conditions. Polymer positions
in blood flow sampled over time supply us with
distributions, which reflect the probability of a
polymer to be at a certain distance from the
wall. Figure 3 shows the center-of-mass dis-
tributions of VWF and RBCs for hematocrit
H, = 0.3 and the non-dimensional shear rate
v* ~ 30. The distributions were obtained for
an attractive polymer model with € = 4. The
RBCFL thickness which is computed from sim-
ulation snapshots through the analysis of the
RBC core boundary (Fedosov et al., 2010) sim-
ilar to experimental measurements (Kim et al.,
2007). The distributions have been averaged
over the halves of the channel due to symmetry.
The results imply that the vVWF migrates into
the RBCFL and remains quasi-trapped there.
In order to quantify the margination, we de-
fine a margination probability as a fraction of
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Figure 4: Margination probability diagrams.
(a,c) Margination diagrams and (b,d) correspond-
ing snapshots for the repulsive polymer model (a,b)
and the attractive polymer model with € = 4 (c,d).
The white squares indicate the values of hematocrit
H; and average shear rates 3" for which simulations

have been performed. The snapshots are for the sys-
tem parameters H, = 0.3 and y* = 30.

suspended particles whose center of mass is lo-
cated in a near-wall layer of thickness 6. Even
though different choices of ¢ can be made, here
we assume that ¢ is equal to the RBCFL thick-
ness. Compilation of the margination probabili-
ties for a wide range of hematocrits and shear
rates leads to the construction of margination
diagrams shown in Figs. 4 (a),(c). The margina-
tion diagrams indicate that the attractive poly-



mer marginates better than the repulsive one
due to the different conformations of the poly-
mers in flow. The repulsive polymer is fully
flexible, and thus stretches more and experi-
ences a stronger hydrodynamic repulsion from
the wall than the attractive one. The snapshots
in Figs. 4 (b),(d) illustrate that the polymer with
attractive interactions is more compact in blood
flow than the one with only repulsive interac-
tions. However, both polymers marginate less
efficiently than non-deformable particles with a
comparable size (Miiller et al., 2014).
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Figure 5: Polymer extension in blood flow. Aver-
age extension (Rg) normalized by the contour length
L of the polymer at different center-of-mass posi-
tions y in the channel. The results are shown for the
repulsive and attractive polymer models. Parameters
here are H; = 0.4 and y* ~ 48.

The analysis of the average extension of the
polymers with respect to their position across
the channel reveals that the extension of the re-
pulsive polymer is larger compared to the at-
tractive one, see Fig. 5. However, near the wall
the polymer extension increases in both cases.
The difference between the lowest and the high-
est extension is larger for the attractive polymer.
In addition, we find that the extension increases
with increasing local shear rate in the channel,
as observed for a single polymer in simple shear
flow.

4 Summary

In order to better understand primary hemosta-
sis, the behaviour of VWF and platelets, and
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their margination properties and interactions in
blood flow have to be explored. For a single
polymer in shear flow, a strong enough inter-
nal interaction leads to a model which is able
to reproduce VWF behaviour found in exper-
iments (Schneider et al., 2007). Adhesion of
vWF to a wall results in its enhanced extension
when compared to the freely flowing vWF at a
same shear rate. Thus, the critical shear rate,
at which considerable extension is observed, is
also lower for an adhered vWF than for a freely
flowing polymer. Consequently, an anchored
vWEF can expose binding sites for soluble vWF
and platelets already at low shear rates, where
no significant stretching of soluble vWF would
occur.

Polymers with a higher internal attraction
strength show better margination, since they
are less deformable than repulsive polymers.
Furthermore, the stretching of polymers with
attractive internal interactions, which mimic
vWEF, depends on the local shear rate. There-
fore, the extension increases close to the wall
compared to the middle of the channel. Con-
sequently, undesirable adhesion of platelets to
vWF is unlikely in the bulk flow, whereas
stretching of vWF close to the wall enables its
binding to collagen, other anchored vWE, and
platelets at a site of injury.
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