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Abstract: Von Willebrand factor (VWEF) is a large multimeric hemostatic protein. VWF is critical
in arresting platelets in regions of high shear stress found in blood circulation. Excessive cleavage
of VWF that leads to reduced VWF multimer size in plasma can cause acquired von Willebrand
syndrome, which is a bleeding disorder found in some heart valve diseases and in patients receiving
mechanical circulatory support. It has been proposed that hemodynamics (blood flow) found in
these environments ultimately leads to VWF cleavage. In the context of experiments reported in the
literature, scission theory, developed for polymers, is applied here to provide insight into flow that
can produce strong extensional forces on VWF that leads to domain unfolding and exposure of a
cryptic site for cleavage through a metalloproteinase. Based on theoretical tensile forces, laminar
flow only enables VWF cleavage when shear rate is large enough (>2800 s~!) or when VWF is
exposed to constant shear stress for nonphysiological exposure times (>20 min). Predicted forces
increase in turbulence, increasing the chance for VWF cleavage. These findings can be used when
designing blood-contacting medical devices by providing hemodynamic limits to these devices that
can otherwise lead to acquired von Willebrand syndrome.

Keywords: von Willebrand factor; VWF; cleavage; shear; elongational flow; turbulence; acquired von
Willebrand syndrome

1. Introduction

Hemostasis is the process where bleeding is stopped and in the event of vascular
injury, the multimeric plasma protein von Willebrand Factor (VWF) mediates platelet
adhesion and rolling through the glycoprotein (GP) Ibx of the GPIb-IX-V complex in
regions of relatively high shear stress [1]. VWF is one of nature’s longest proteins, up
to 200 monomers for ultra-large VWF, with each monomer extending roughly 70 nm in
length [1-3]. However, lower molecular weight VWF multimers are found in plasma under
healthy conditions because ultra-large VWF from Weibel-Palade bodies in endothelial
cells become exposed and cleaved at the A2 domain found on VWF at the endothelial
cell surface by A Disintegrin and Metalloproteinase with Thrombospondin type 1 motif,
member 13 (ADAMTS13). High molecular weight multimers in blood tend to have a size
of roughly 5500-20,000 kDa, corresponding to 11-40 dimers, or 22-80 monomers. Cleavage
is a critical step in maintaining normal hemostasis because hemostatic capacity increases
with multimer size [4]. For example, lack of cleavage leads to thrombotic complications
in thrombotic thrombocytopenic purpura [2]. Alternatively, mutations that lead to low
molecular weight multimers results in a bleeding disorder known as von Willebrand
disease [5]. VWF is also found in platelet x-granules, with a wide range of multimer
sizes from dimers of 500 kDa to high molecular weight multimers and even ultra-large
VWE. Overall, VWF from both endothelial cells and platelets can play an important role in
hemostasis with the largest multimers contributing most to hemostasis.
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VWE is highly force-sensitive, making it an intriguing protein from a mechanics
perspective. It adopts a globular shape in normal circulation, where it is not very hemo-
statically active. Alternatively, when exposed to high shear stress or elongational flow,
it has been demonstrated that VWF extends roughly 50x from the globular form due
to mechanical stress across the multimer [6]. It is believed that this extension increases
the hemostatic function, whereas hemostatic capacity increases with the size of the VWF
multimer, as mentioned. Increased function is likely related to a local threshold tension of
roughly 21 pN, which unfolds the A1 domain, a subdomain of VWF that supports platelet
GPIbx binding [7]. In laminar flow this is a two step process, initially involving VWF
extension, followed by Al domain unfolding. Comparatively and counteractively, A2
domain unfolding supports cleavage through ADAMTS13 via exposure of a cryptic site
of the A2 domain and therefore reduces the hemostatic capacity. This process is critical
in preventing VWF from triggering the formation of blood clots in normal circulation [8].
Excessive cleavage can lead to acquired von Willebrand syndrome (aVWS), a bleeding
disorder seen in patients with mechanical circulatory support or some forms of heart valve
disease, e.g., aortic stenosis [9,10]. The flow conditions in these patients (e.g., high shear
stress and/or elongational flow), commonly described as pathologic, are proposed to cause
the excessive VWF cleavage [11,12].

Mechanical forces in laminar and turbulent flow can cause VWEF extension and cleav-
age. Multiple studies have assessed the effect of elongational flow and shear rate on VWF
cleavage, with the latter consisting of both an extensional (principal stresses) and rotational
component [13-18]. These studies demonstrated a globule-stretch transition near a shear
rate of 5000 s 1, as shear forces in the flow create tension on the polymer, or multimer in
this case, and extends it [19]. However, more recent studies have demonstrated that turbu-
lent flow conditions may significantly enhance VWF cleavage [20,21]. This could be due to
increased mixing, collisions, high instantaneous shear stress, or through the interaction of
turbulent eddies. To dissect out the processes leading to cleavage for turbulent flow, there
remains a need to quantify the fluid forces relative to forces expected in laminar flow in
relation to VWF cleavage.

Although given limited attention in VWF literature, polymer scission theories may
provide insight in VWF cleavage seen in experiments. Polymer chains can be cleaved by
mechanical forces in both laminar and turbulent flow with further modulation through the
local chemical environment. The degradation of polymer chain primary bonds is called
polymer chain scission in which the polymer chain breaks in one or several points along its
backbone [22,23]. Polymer chains experience breakage in fluid flow due to the coupling of
macroscale mechanical forces and microscale chemical processes. To link these disparate
scales, a scaling theory for polymer scission has been introduced to relate fluid forces to the
scission product distribution. The fluid force is typically quantified by the strain rate and
the scission product distribution is quantified by the molar mass distribution of ruptured
polymer chains [24,25]. Mechanically induced scission, such as the one caused by strong
extensional flows, has been studied experimentally since at least the early seventies [26-28].
Scission theories for laminar and turbulent flow hypothesize that the drag force experienced
by the chain creates sufficient tension to break the chain if the force is larger than the critical
strength of a polymer covalent bond [29]. The assumption in laminar extensional flow is
that the maximum tension is at the midpoint [30]. A threshold wall shear stress [31,32] or
strain rate [33] is necessary to have a randomly coiled polymer extend prior to this breakage.
This is the onset phenomenon. In predicting the onset phenomenon, researchers propose
both length scale and time scale models. For the laminar flow, in the length scale model,
the strain rate and polymer chain length affect the extensional force to initiate onset. In the
time scale model, the onset occurs when the time ratio of polymer relaxation time to flow
residence time (or Deborah number) is around unity. For the turbulent flow, onset occurs
in the length scale model when the ratio of the polymer length scale to the turbulent length
scale reaches a certain value. However, in the time scale model the onset occurs when the
time ratio, which is the ratio of polymer relaxation time and the turbulent time, is around



Fluids 2021, 6, 67

30f10

unity. Both length and time scale models have been used to study the onset phenomena
based on the polymer length, relaxation time, turbulent eddy size, and turbulent time scale.
If the polymer size is several orders of magnitude smaller than the turbulent eddy size,
the time scale model is typically used to compare the polymer relaxation time and the
turbulent time scale [31-34]. Overall, the scission theories may at least provide insight into
extensional forces existing along VWE, which may impact cleavage.

Because VWEF is a multimer that has many similar features similar to a polymer, and
because the mechanisms supporting VWF cleavage under fluid flow is not mechanisti-
cally fully characterized for laminar relative to turbulent flow, polymer scission theories
are extended and utilized here to study VWF behavior in different flow regimes. This
can improve our understanding of where and how VWEF stretch can occur in relation to
cleavage with a systematic mathematical approach. To do that, we have designed a study
to investigate the VWF extension and breakage in different flow regimes by calculating
the fluid forces that may work synergistically with ADAMTS13 to support cleavage. By
identifying theoretical extensional forces for both laminar and turbulent flow, while re-
lating them to cleavage seen in experiments, it is possible to assess what flow features
mechanistically lead to acquired von Willebrand syndrome and to utilize the theory in
both guiding surgical planning in the context of heart valve diseases and in the design of
blood-contacting medical devices.

2. Method

In the current study, we are using the theoretical drag force in laminar and turbulent
flow regimes to calculate the tensile force applied to VWF and to study its extension and
breakage relative to reported experiments. It is noted that this is a theoretical study. The
experimental data used in this study are taken from the literature listed in Table 1.

3. Laminar Flow

Based on a simple scaling theory for chain scission in laminar flow, the local fluid drag
force is modeled with the following equation [29,35].

Fg ~ xuR? ey
u is solvent viscosity, ) is principal strain rates and R is the polymer length scale, which is
a function of the Deborah number (De). De is defined as the ratio of polymer (or multimer)
relaxation time to flow residence time, and therefore defines how stretched VWF is likely
to be. The residence time is the period that the polymers experience a specific strain rate,
listed in Table 1. The time taken by the polymer to return from the deformed state to
its initial equilibrium state is called the relaxation time which is on the order of 100 ms
for VWEF [36,37].

When De << 1, chains are assumed fully stretched and R is defined as the VWF contour
length. Contour length is the length at maximum possible extension, which is equal to
the product of the number of monomers with their length. R exhibits a large range that
depends on multimer size from ~70 nm to 150 microns [4,7,38]. We note that ultra-large
VWEF multimers should not exist in plasma, except in pathological conditions. Alternatively,
when De >> 1, chains adopt a globular-like conformation where R is approximated by
the radius of gyration, estimated at 50-150 nm for VWF [39,40]. Because R is smaller for
De >> 1 compared to De << 1, the force is also inherently smaller.

Note that the impact of VWF rotation on the predicted force is neglected in the current
study, but it could impact upon the effective exposure time used to define the Deborah
number because VWF in shear would experience cycling tension and compression along a
specific axis, as opposed to sustained tension.

4. Turbulent Flow

In turbulent flow, the tensile drag force is conceptually set by the turbulent energy

cascade [29], : R @
d~TH
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where 7 is the strain rate of velocity fluctuations associated with a specific spatial length
scale (r), p is the dynamic viscosity of the solvent, and R is the polymer length. « is
characterized based on 3 different categories. In the analysis, it is assumed that velocity
fluctuations are on the order of the mean velocity, the largest eddy length scale is in the
order of the characteristic length scale, and the Kolmogorov length scale is 77 ~ dRe~3/4 [41].
The characteristic length is the dimension that defines the length scale of a physical flow,
e.g., diameter of a vessel, or gap size in a theometer [20]. By using the Taylor microscale

1/2
formula (7 ~ (%Vk) ), we can approximate vy. At the largest length scale, the strain rate

is given by _ pReg .
pL*’
where Rey, is Reynolds number, which is based on the characteristic length scale of the flow,

p is the density, and L is the characteristic length scale. In the inertial subrange (7 <r <L),
N yReL (1)*2/3 4
Y ol2 \L , 4)
where the strain rate increases as r decreases toward # which is the Kolmogorov length scale
where energy is theoretically dissipated by viscosity. Once r decreases to the Kolmogorov
length scale, the velocity gradient is assumed to be homogeneous and

3/2
N ]"REL/

pL?
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5. Result and Discussion

Table 1 shows the previous studies focused on VWF extension or cleavage in ex-
periments from the literature. Data provided in the table parameterizes calculations for
Equations (1)—(5) and is used to compare experimental VWF elongation and/or cleavage
to predictions of theoretical force.

Table 1. Parameters found in experimental studies where, NM: Not measured, N/A: Not applicable, x: principal strain

rate, 7y: turbulent flow strain rate, 7: Kolmogorov length scale, t,: exposure time.

Case Flow Regime v, x (1/s) 7 (um) te (s) Extended Unfolded Cleaved Ref.
1 Laminar 200-3000 N/A 0.2-0.5 NM NM No [20,21]
2 Laminar 4000-5000 N/A NM Yes Yes No [42]
3 Laminar 10,000 N/A 1200-8400 NM NM Yes [42]
4 Laminar 5000-10,000 N/A 0.1-0.3 Yes Yes NM [11]
5 Laminar 200-130,000 N/A 0.001-0.1 NM NM No [21]
6 Turbulent 2000-6000 10-40 0.0002-0.001 NM NM Yes [20]
7 Turbulent 5000-10,000 20-35 0.0001-0.001 NM NM Yes [21]
8 Turbulent 300,000 NM 10 NM NM Yes [43]

Drag force from Equation (1) for laminar flow is compared to VWF cleavage from the
literature, Table 1. Note that multimer size can vary substantially in a blood sample, from
500 kDa for a dimer with an estimated contour length of ~140 nm to >10,000 kDa for high
molecular weight multimers found in plasma, corresponding to a contour length of >2.8 pum.
However, the impact of VWF cleavage on hemostatic capacity occurs with the loss of high
molecular weight multimers (>~1.5 um), which is the focus of the current assessment. With
this range, the applied extensional force in laminar flow escalates with increasing contour
length for De << 1 which is shown in Figure 1, as flow residence time exceeds polymer
relaxation time (~0.1 s). To unfold the A2 domain, 10-22 pN [44-47] of tension must exist
locally across the domain, which is expected to occur near the multimer center. In addition,
the average lifetime of VWF and ADAMTS13 bonds is maximized at 22 pN [48]. For high
5500-10,000 kDa multimers, cleavage is expected when shear rates exceed 10,000 s~ but
could theoretically commence at shear rates greater than physiological values of 2800 s~ 1.
Increasing the contour length to 15 pum, requires a lower strain rate of 100 s~! for optimized
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A2 unfolding. Therefore, the largest multimers experience the highest tensile force across
A2, while cleavage to a smaller size leads to less chance for additional cleavage of less
hemostatically active VWF multimers. These results do not preclude cleavage at lower
shear rates because rupture/cleavage can still occur at lower tensile forces (<20 pN) if
enough time is given, just with less probability [45]. Overall, the combination of exposure
time, shear rate, and multimer size leads to cleavage, as in agreement with Lippok et al. [42].

i— -10pN|
10,000+ —22pN|
_Q A Y
Y
S 1000
£
©
n

100 -
1

VWEF length (um)

Figure 1. Force applied to VWF in laminar flow for a Deborah number much smaller than 1.

Compared to De << 1, De >> 1 exhibits much lower drag force values, as shown in
Figure 2 for a large range of strain rates. The maximum drag force for De >> 1 is larger
than the critical force to extend VWE, and is far beyond the critical force for A2 domain
unfolding. VWF in Case 5 (Table 1) experience a drag force larger than 0.4 pN, which is
enough force for VWF extension. Based on these results, extension, or cleavage of VWF is
unlikely when flow for De >> 1, which means that VWF would require long flow exposure
times to decrease De so that sufficient tension is experienced for VWF extension, which
would be required to achieve sufficient forces for deficient cleavage, which is in agreement
with the literature that demonstrates the need for a 2 step process of extension followed
by cleavage [7].

Turbulent flow is also considered because laminar flow requires both very high
shear rates, Figure 1, and very long (nonphysiological) exposure times [42]. Based on
experimental studies demonstrating cleavage in turbulent flow in Table 1 [20,21], the
spatial inertia scale (r) is in the range of 100 to 900 pm. The Kolmogorov length scale
() is in the range of 3 to 40 um. The drag forces when the spatial scale is equal to the
characteristic length scale are shown in Figure 3a. The drag force is not large enough to
cause unfolding or cleavage of VWE. Drag forces for the turbulent inertial range (7 <r < d)
are shown in Figure 3b. The drag force increases with VWF contour length, similar to
laminar flow. However, for a given contour length, it is much higher in turbulent flow, with
the largest molecular weight multimers receiving the highest tensile force. When the spatial
length scale gets close to the smallest value of 100 pm, the drag force is the largest, meaning
that the smallest eddies have the largest impact on VWEF extension and domain unfolding.
Conceptually, interactions between the smallest eddies would create large local transient
forces, while large eddies entrain VWF without the large fluctuations seen at the smaller
scales. A region of 10-22 pN is highlighted in the figure to show a threshold of where
cleavage is expected. As the inertial scale decreases down to the Kolmogorov length scale,
the drag force becomes very large, Figure 3c. High molecular weight multimers (>1.5 um)
have a high probability for cleavage at this scale based on the force magnitude, which is
in agreement with the literature, Table 1 [21]. Energy from turbulence at this scale would
be absorbed by viscosity, as well as protein and cell deformation. We hypothesize that
in the inertial and Kolmogorov length scales, VWF cleavage does not require a two-step
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Strain rate (1/s)

120,000

80,000

40,000

process of (1) extension and (2) domain unfolding. Instead, intriguingly, a concentration
of high intermittent stress could occur at many points around VWF in a globular state, as
opposed to a single point at the center of extended VWF in suspension, making cleavage
much more efficient [44]. Comparatively, even for shear rates of 5000 s !, substantial loss
of high molecular weight multimers is seen in experiments within minutes for turbulent
flow, compared to a time scale of hours for laminar flow [20,42]. It is noted that the analysis
does not account for intermittency and shear stress fluctuations, which can otherwise
significantly enhance instantaneous tensile forces [49]. In conclusion, a large Reynolds
number (Rey), leading to turbulence could increase the probability for the loss of high
molecular weight VWF multimers. Furthermore, higher Rey, leads to smaller scale turbulent
structure, which should lead to increased extensional force, as shown in Figure 3.

Force (pN)

0.01 2.9

0.05 0.1 0.15
VWEF radius of gyration (um)

Figure 2. Force applied to VWF in laminar flow when the Deborah Number is much larger than 1.

An overall summary of the findings is presented in Figure 4. VWF extension, where
De << 1, is required to obtain sufficient forces for domain unfolding and cleavage in laminar
flow. However, laminar flow is inefficient at cleaving high molecular weight multimers
because it cleaves at a single region in the center of an extended multimer, where tension is
highest, after sustained exposure [42]. The highest molecular weight multimers experience
the highest tensile forces, thereby exposing the largest region (largest number of adjacent
monomers) where A2 unfolding is expected, while smaller multimers may not have
efficient cleavage due to lower expected forces. Without high shear or nonphysiological
exposure times, cleavage is not likely in laminar flow [19,20] This extreme condition is
possible in laminar flow by using cone-and-plate viscometer [11]. However, the exposure
time needs to be large enough to cause VWF cleavage which is not physiological. The
exposure time in the body is the fraction of a second for the shear rates >5000 s~ [21].
Alternatively, for turbulent flow, interacting eddies might lead to cleavage at multiple
sites, while VWF remains in a globular form, regardless of the local shear rate, which
is in agreement with experiments [19]. In turbulent flow, primary parameters that can
influence VWF A2 unfolding include the Reynolds number and multimer size. As the
Reynolds number increases, there is an increased amount of turbulent structures, with
smaller scale structures. The current work demonstrates that the smallest scale turbulent
structures have the biggest effect on tensile forces within VWE, which can become much
higher than the forces found for laminar flow. Overall, turbulent flow is expected to lead to
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efficient cleavage of VWF when compared to laminar flow due to high spatially disperse
extensional forces.
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Figure 3. Force applied to VWF in the turbulent flow for different VWF contour length and spatial
scale of (a) largest length scale r ~ O(d), (b) the inertial range (7 < r < d), the critical force for unfolding
is in the range of 1022 pN (c) the smallest length scale r ~ O(y).
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Figure 4. Hypothetical drawing of the VWF stretch and cleavage in (a) laminar flow (b) turbulent
flow.

There are several assumptions in the current study. The calculated drag force is an
approximation for both the laminar and turbulent flow. For laminar flow, the exact tensile
force would depend on the instantaneous orientation of VWEF relative to principal stresses,
would depend on rotation, and specific shapes or conformations. In calculated the De
number, the exposure time is highly simplified, whereas VWEF extension likely depends on
the type of flow, i.e., shear vs. elongational flow. This is because rotation of VWF in flow
typical of shear flow would cycle VWF through compressive and tensile states, whereas
elongational flow would create sustained tensile forces along a single direction. A scaling
theory for Deborah numbers on the order of 1 becomes complex because polymers for a
sufficiently large strain rate exist in a transitional state between globular and extended
configurations as the relaxation time approaches the characteristic period of the flow. Such
trends are seen in experiments, but are difficult to characterize with simple analytical
approaches [50]. Therefore, only the limiting Deborah numbers (De << 1 or De >> 1)
are presented to demonstrate drag force limits that likely exist in specific laminar flow
environments. For turbulent flow, the actual tensile force and distribution of tensile forces
along a VWF multimer remains theoretical. The theories used in this study do not account
for effects from a solid wall. We assume homogeneous and isotropic turbulence. There
is no calculation for the transitional flow regime that might exist in some of the cited
experiments. Lastly, polymer scission theories are being applied to biological multimers,
which can otherwise experience different behaviors, such as self-association.

6. Conclusions

Scission theory, developed for polymers, has been applied to study theoretical forces
that could exist across the A2 domain of VWF in a suspension of fluid. Calculations
combined with experimental observations from the literature demonstrate how several
flow parameters can have an impact upon VWF cleavage. In laminar flow, either nonre-
alistic exposure times are needed to see cleavage based on the theory. However, in the
turbulent flow, large tensile forces are expected in VWE, regardless of prior extension.
These tensile forces are primarily dominated by small turbulent structures near or at the
Kolmogorov scale.
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